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ABSTRACT

Aggradation occurs when the equilibrium of

an alluvial stream is disturbed in such a manner that

either the sediment carrying capacity of the stream is

reduced or the rate of supply of sediment is increased

over and above the carrying capacity of the stream.

Aggradation is thus found to occur in many situations.

The problem of aggradation due to supply of sediment,

in excess of what the channel can carry, has been investi

gated in the present study. The supply of additional

sediment is assumed to be continuous and at a constant rate.

The primary objective of the study is to provide

a computational procedure for prediction of transient bed

profiles on the basis of laboratory experiments. The

analysis 0f experimental data provided also for the

first time a clear understanding of resistance to flow

and sediment transport in alluvial channels under non

uniform flow condition.

The time dependent variations of a river bed

due to natural and/or human interference can be described

by equations of motion for flow and equations of continuity

for water and sediment. For large scale river morphological

processes such as aggradation and degradation analytical

models based on these equations have been presented by
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some investigators. The parabolic model proposed by de Vries,

9Z a2z
viz.,, . _____ _ K .____ _ 0

5t 8x2

has been solved for the boundary conditions of the present

problem and following expressions obtained :

x

Z = Z ( 1 - erf -_-—) . ... (i)
0 2YKt

Z A-G

- .'\P = 0.885 — ... (ii)
fit K(1-A)

1 = 3.66 TfKt ... (iii)

in which Z is the aggradation depth at time t at any

distance x from the section of sediment injection; Z
i o

is the maximum depth of deposition at x = 0;AG is the

sediment load at x = 0 in excess of the equilibrium sediment

transport rate; K is the aggradation coefficient; 1 is the

length of aggradation; and >, is the porosity of the sand

mass.

A tilting recirculatory flume of rectangular

cross-section 20 cm wide and 30 -p long was used for

experimental investigation of the problem. The sediment

forming the bed and the injected material was natural sand

with a median diameter of 0.32mm and a geom'etric standard

deviation of 1 *30. After the establishment of uniform flow
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for a given discharge and slope, the sediment supply rate

at the upstream end of the flume was increased to a known

value by continuously feeding excess sediment at the

upstream end of the flume. The bed and water surface

profiles downstream of the section of sediment injection

were recorded at intervals. The added sediment load was

varied from 0.30 G to 4.0 G , where G^ is the equilibrium
e c e

sediment transport rate.

The theoretical expression Z - z0(1~ erf x/."/^)

i.e. Eq.(i) has been arrived at after many simplifying

assumptions and it is to be expected that results from

this shall not fit the experimental data directly. On

comparison with the experimental data it has been found

that the form of the equation is correct, but the value

of the aggradation coefficient,K, enabling fit of this

equation to the experimental data Js different from the
1 * c>

theoretical value, KQ •^ g H,M ( Here b is ±YlQ
0 b

exponent in sediment transport law of the form G = a U

and S is the bed slope). This modified value of K

(enabling fit of Eq(i) to the experimental data) has

been empirically related to the theoretical value, KQ,

and to the relative rate of overloading AG/GQ. As such

this relation alongwith eq.(i) enables prediction of

transient bed profiles, when the value of Zq has been

computed from Eq.(ii) with the modified value of K.



The extent of stggradation can be known from the Eq.(iii)

using again the modified value of K.

The analysis of non-uniform flow data obtained

from aggradation runs has revealed the following facts:

(i) The sediment transport lav/ valid for uniform flow

conditions cannot be applied directly to non-uniform

flow conditions obtained i'n aggrading streams, (ii) The
i

concept of lag of sediment transport proposed by Kennedy

is only partially supported by the present data.

(iii) Resistance lav/ under non-uniform flow, conditions

is seen to be the same as for uniform flow provided the

local friction slope is used in place of Sq in the

former case. •
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Symbol Meaning Dimension

a Coefficient in sediment transport
law

L2-b Tb-1

B Width of the channel L

b Expedient in sediment transport law Dimensionleso

C Chczy's coefficient L1/2 T-1

Co Coefficient in sediment transport
law

L-1 T2

C1,C2
Celerities at the water surface L T .'

C3
Celerity for the propagation of
disturbance at the bed

L T '

C4
Constant -

d1 Constant -

d Median size of sediment, d^Q. L

Fr Froude number of the Flow Dimensionless

f Darcy-Weisbach resistance coefficient Dimensionless

•G Total sediment transport rate at a
cross-section in absolute volume per
unit width of stream per second

9 -1
L" T '

G
e

Average equilibrium sediment
transport rate by volume per unit
width per second

2 -1
ir t

g Gravitation acceleration L T"2

AG Sediment inj'ection rate in absolute
volume per unit width per second

? -1
L^ T '

h Depth of flow L

' ho Depth of uniform flow L

i



Symbol

i

D

K

K

Meaning

Critical depth of flew

Index for distance

Index for time

Aggradation coefficient

Theoretical value of aggradation
coefficient. b G

3 S (1-A)
o

11-] 5 _2 Coefficients

Constantsk3'k4,
k5'k6

v

vp

t
k

L

1

m

n

q

R

R,

Rw>

Velocity coefficient

Velocity coefficient for plane bed

Coefficient in sediment transport
law

Length of dunes and antidunes

Length of aggradation profile

Exponent in sediment transport law

Manning's roughness Coefficient

Discharge per unit width

Hydraulic radius of the channel

Hydraulic radius corresponding to bed

Hydraulic radius corresponding to
glass side walls

IX

Dimension

L

L2T"1

L2T-1

Dimensionless

Dimensionless

Dimensionless

Dimensionless

L

L

Dimensionless

t-1/3 T

L2T-1

L

L

L



Symbol

Rw'

oi

Meaning

Hydraulic radius corresponding to
painted steel-sheet side wall

Bed Slope

Initial bed slope

Dimension

Dimensionless

Dimensionless

sf Friction slope Dimensionless

U Average velocityof flow at a section L T~1

v* Shear velocity (* T0/p) L T-1

U*c Critical shear velocity L T-1

T T ime T

t Time T

*e
Equilibrium time T

^0 Initial reservoir volume per 2
unit width L

*t
Reservoir volume per unit width

0

1

at tine t

X Distance L

Z Depth of Deposition L

Z0 Maximum depth of deposition at
any time and at x = 0 I,

y Unit weight of water M
-2 -2

L c T c

^s Unit weight of sediment M L~2T"2

/ Mass density of water M L"5

4 Mass density of sediment M 1-3

T.

-A.

Dimensionless variable = ———

sfyTni
^ya Difference of unit weights of

H irV2
i

s sediment and water = / - /
_U __

'

o
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Symbol Meaning Dimension

"V Kinematic viscosity of water
2 -1

^T Dimensionless total load sediment

transport parameter
Dimensionless

y 1/2 - 1/2=(.JL ) ( 1 ) .G
X3- 7 ^

»1 \ Dimensionless celerities at the

water surface; o,/U and d?/U
respectively Dimensionless

^3 Dimensionless celerity of the
Led = c_/U

11

A Porosity of Sand, mass t •

6 Lag distance in Kennedy's analysi 3 L

6' Lag distance inEngelund's analys;Ls L

6mm Lag distance for section x = 0 L

a Constant -

P Constant -

"^o Average bed shear stress
-1 -2

M L 'T '

^0 Critical shear stress t t

»: Average grain shear stress
computed from Manning-Strickler
relation.

t t

^ Effective shear stress for total

load transport

i t

*n Dimensionless effective shear

stress for total load transport Dimensionless

T. Dimensionless shear stress

= r/(/s-y )d
0 s

Dimensionless average grain shear
stress computed from Manning-
Strickler relation.

i )

t;s
! I



LIST OF PICURES

Fig. No. Description

2.1 Definition sketch

2.2 Diagram showing relative celerities in unsteady

alluvial Channel Flow(Ref. 39)

2.3 Typical bed and water surface profiles

during aggradation (Ref.3)

2.4 Range. Raju resistance relationship for steady

uniform flow in alluvial channel s(Ref. 2^)

2.5 Variation of K. and K„ with sediment size(Ref.25)

2.6 Vittal?et al. total load relation for plane bed

data (Ref.38)

2.7 Variation of T#+ with (# for ripple and dune
bed data (Ref.38)

2.8 Engelund's relationship for lag distance 5'(Rcf.9)

3.1 Schematic diagram of aggradation due to

overloading ,

3.2 Definition sketch

4.1 Schematic diagram of the experimental set up

4.2 Grain size distribution of sand used for bed

material as well as for injection

4.3 Variation of G with T at the end of the flume

5.1 Sediment transport law for uniform flow data

5.2 Variation of (J)^ with "[*.+ for ripple and dune beds



Xlll

5.3 Author's uniform flow data plotted on RangaRaju

resistance relation

5.4 Typical averaging of bed and water surface profiles.

5.5 Transient profiles at various times after sediment

injection

5.6 Variation of Mannings 3 roughness coefficient with

distance and time

5.7 Definition sketch for computing sediment transport

rate along transient bed profiles

5.8 Variation of sediment transport rate with time and

distance

5.9 Effect of non-uniformity of flow on sediment transport

relation based on shear

5.10 Variation of $L with T#+ for non-uniform flow data

5.11 Variation of G with D for non-uniform flow

5.12 Definition sketch for determination of •S1

5.13 Figure showing exist once of lag distance '5' in

aggrading flows

5.14 Variation of 5 with x along transient bed profiles

5.15 Variation of 5/5m with x/l

5.16 Variation of 6m/R with Ut/R

5.17 Resistance law for non-uniform flow data

5.18 Variation of G with U* for uniform flow data

5.19 Variation of Z/Zq with x/2YlTt

5.20 Variation of 2 /ylHt withAG/lCoO -A)

r o« « -4-- * -7 A*¥+ with AG/K(1-A )5.21 Variation of Z /vKt '



XIV

5.22 Dimensionless plot of transient bed profiles

5.23 Length of aggraded reach

5.24 Variation of K/K with AG/G (de Vries model)

5.25 Variation of K/K with AG/G (Adachi and Nakatoh model)

5.26 Sediment transport law for the Colorado river

5.27 Computed transient bed and water surface profiles
for Colorado river at Taylor-Ferry



CEAPTER-I

INTRODUCTION

1.1 PRELIMINARY REMARKS

An in sight into the dynamic behaviour of

streams is essential in the planning of river basin

development. Many rivers are so delicately balanced

that any artificial or natural change of a permanent

nature in the flow of water and/or sediment may affect

the entire system. The rate at which the river will

adjust its regime to man-made river works or to natural

causes may be very slow or rapid depending on its nature.

Such natural adjustment of the river to the imposed changes

may prove detrimental to the proper functioning of the

engineering works located on or along the river. It is,

therefore, important to have methods for quantitative!,

prediction of the nature of the adjustment.

An alluvial stream flowing under equilibrium

conditions has been called a graded stream, a balanced

stream or a regimen stream. I.ackin (23) 1948, has

defined a graded stream as one ,! in which over a period

of years, slope is delicately adjusted to provide with

available discharge and with prevailing characteristics,

just the velocity required for the transportation of the

load supplied from drainage basin" . No natural stream.,



however, is truly in. equilibrium. The discharge of a

natural stream varies continuously with time, with a

ratio of high discharge to low discharge ranging from

unity to several hundred or more. The temperature, the

rate of sediment supply by tributaries and even the

character of the sediment also vary. The result of this

continuous change is that the stream under consideration

cannot be in true equilibrium. It appears, therefore,

that the graded condition is more a matter of degree of

balance than that of absolute balance. However, many

rivers approach this balance reasonably closely from an

engineering point of view in which relatively short

periods (compared to the geological cycle) and mostly

short stretches of the river are considered.

A change in a.ny of the controlling factors,

namely, slope, sediment size, water and sediment discharge,

will necessitate changes in one or more of the other

factors to restore the equilibrium. The above situation

can be explained qualitatively by the well knovm balance

analogy of Lane (22) 1955, where two controlling variables-

sediment discharge and diameter of sediment- are on one

pan and the other two controlling variables- water dis

charge and slope—are on the other pan. Thus if the

sediment load entering a stream in equilibrium is

increased keeping sediment size the same, equilibrium



can again be restored only if the water discharge and/or

slope are increased sufficiently*

The changes in discharge, slope, sediment load

and sediment size can be due to natural reasons-such as

occurrence of land slides, addition of sediment load by

tributaries in excess of what the stream can carry, etc.

It can also be due to artificial means such as construction

of a dam across a river, m-ovision of silt exclusion works,

withdrawal of clear water, etc. A stream disturbed in this

way tends to approach a new equilibrium condition through

a slow process of deposition or widespread lowering of the

stream bed. If the sediment carrying capacity of the stream

is decreased, the excess sediment load will be dropped on

the bed causing the bed slope to increase with the passage

of time; this phenomenon is knovm as aggradation. On the

other hand, increase In the sediment carrying capacity

will enable the flow to pick up additional sediment from

the bed and banks, and a progressive lowering of the

stream bed will result; if banks are erodible the stream

width may increase. This phenomenon is called degradation.

Both aggradation and degradation are large

scale time-dependent morphological processes of a river

and take very long time to reach near equilibrium

conditions. Obviously such phenomena create non-uniform,

and unsteady flow conditions in a channel.



The problem of determination of resistance to

flow, sediment transport and prediction of bed forms in

a stream in equilibrium (uniform flow conditions being

implied) is far from solved even today. The problem is

further complicated when non-uniform and unsteady condi

tions are created as is the case when this equilibrium is

disturbed in a manner explained in the preceding paragraphs.

1.2 AGGRADATION PROCESS

When artificial or natural changes disturb the

equilibrium of a stream in such a manner that either the

sediment carrying capacity of the stream is reduced or

the incoming sediment load is greater than the carrying

capacity of the stream, aggradation takes place. Thus

aggradation is found to occur under the following conditions;

(i) Upstream of a dam :- Due to backwater formation

the sediment carrying capacity of the stream is greatly

reduced and the excess sediment is deposited in the

reservoir.

(ii) When relatively clear water is withdrawn from an

alluvial stream in equilibrium for irrigation or water

supply purposes aggradation occurs downstream of the

point of withdrawal.

(iii) Downstream of branching streams where the division

of discharge leads to a decrease in the carrying capacity

of the stream.



(iv) When the tributary brings in more sediment load

than what the main stream can carry.

(v) When sediment load is increased in an alluvial

stream by series of land slides or dumping of mining

debris. Due to series of land slides in the Alaknanda

valley, in the year 1970, the Ganga canal (36)1974 , in

Uttar Pradesh, India, was virtually silted up in its

upstream reach; the canal had to be closed and silt

clearance done. Another example is the Mu Ewa river in

Formosa (22) 1955, the bed of which was raised about

12.0m in 12 years due to addition of sediment to the river

from land slides. A two storey hydroelectric power house

along the side of the river was completely buried.

Lane (22) 1955, reports that the bed of the

Yuba river in northern California, U.S.A. rose about 6.0m

due to increase in the sediment load resulting from the

dumping into the streams of large quantities of gravel

wasted in the hydraulic mining of gold. A similar case is

that of Serendah river in Malaya (22) 1955, where the

river rose about 6.5m in the years 1922-23 due to addition

of sediment load from the hydraulic mining of tin.

Aggradation of stream channels and natural

or artificial waterways has the effect of increasing

flood stage for a given discharge. Consequently the

area inundated and the extent of flood water damages



go on increasing although the discharge remains subs

tantially the same. Aggradation causes poor drainage of

irrigable lands and excessive wastage of water through

consumptive use of uncontrolled vegetation. It also

increases the ground water levels in areas surrounding

the stream.

1.3 MATHEMATICAL _______ FOR STUDY OP AGGRADATION

Time dependent variations of river bed due

to artificial or natural causes can be described by

combining equations of motion, equations of continuity

for water and sediment,the resistance lav/ and the sediment

transport lav/. Theoretically these equations can be

solved with prescribed boundary conditions of the problem

to determine the longitudinal bed profile of the river at

various times. However, such a system of equations being

nonlinear it is not possible to solve them analytically

without making simplifying assumptions. Models based on

such simplifying assumptions have been proposed by a fev/

investigators (1,8,10,31,35,39). However, in general, it

is necessary to check the results from such models against

a known situation ,i.e. against a set of observations. A

sufficient degree of agreement between analytical predic

tions and observations may exist but complete identity

cannot generally be obtained due to the complex nature of

the Phenomenon. One v/ay of improving the analytical



predictions is to adjust the values of those parameters

in the model about which certain simplifying assumptions

have been made; the adjustments have to be dependent on

the observed results.

1,4 UOUUHIPORM. PLOW III OPEN CHANNELS

Various investigators (14,29) have shown that

the friction factor for uniform flov/ in alluvial channels

can var;7" widely because of changes in bed form with varying

flow conditions. On the basis of both field and laboratory

data it has been found that friction factor of a sand bed

stream often changes by a factor of four to five, times

and in exceptional cases by a factor of even ten over the

range of discharges commonly occuring during a. year. This

property of streams is illustrated by Alam and Eennedy(2)l969,

for the Rio-Grande river in hew I'exico.

Friction factor predictors for alluvial

channels as of today are by no means as satisfactory as

their counterparts for rigid bed channel flov/. But one

may hope to predict the mean velocity to an. accuracy of

* 50 per cent under most circumstances from some of the

existing methods.

Regarding sediment discharge relationships,

it has been found (30) 1971, that the probable error in

sediment discharge calculations even under the most
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favourable circumstances can be as larga as 50 per cent

to 100 ner cent. When calculations are based on average

values of slopes, bed material characteristics, temperature

and estimated flow depth and velocity, larger errors can be

expected.

While there is an abundance of data on sediment

transport and channel resistance under steady uniform flow

conditions, there is almost total lack of data under

nominiform/unsteady conditions; as such no check has been

made so far as to whether the resistance and sediment

transport laws derived under uniform flow conditions can be

used under unsteady, nonuniform flow conditions.

Kennedy1s(19,20) 1963,1969, concent of lag distance-

that sediment transport lags local changes in velocity

nea.r. the bed—indicates -'chat the sediment transport

relation is affected by the non-uniform flow conditions.

However, no experiments have been carried out to find the

magnitude of lag distance and its variation with other

pertinent variables. So far as the resistance law is

concerned, nothing is knovm about its applicability for

nonuniform flow conditions. It may be emphasized that

nonuniform flow and unsteady conditionSare associated with

the Phenomenon of aggradation.

In view of the above, there is a great need

for collecting experimental data on aggradation. Such



experiments shall provide basic data, on sediment transport

and resistance to flov/ under nonuniform flov/ conditions.

Such information v/ould also help in evolving a procedure

for prediction of aggradation, either using an empirical

procedure or b3r modifying the results from a mathematical

model. It is to be pointed out that there is almost a. total

lack of data on aggradation in streams arising out of

sudden addition of sediment load* Bhamidipaty and

Shen(3) 1971, have collected a limited amount of data

on aggradation due to excess of sediment load but under

conditions of incipient motion prior to sediment addition.

Natural stream beds a.re generally mobile and as such their

study v/ould not be directly applicable to such streams.

1.5 3C0EB OP STUDY

The aggradation caused in an alluvial stream

in equilibrium due to increase in sediment supply rate

has been studied in this investigation. The stream bed

both upstream and downstream of the section of increased

supply of sediment snail aggrade; the aggradation in the

downstream reaen onlj has been considered here. The

primary objective has been to predict analytically the

transient bed and water surfa.ce profiles under such

conditions. Assuming a downstream control section, one

can see that after a long time, the aggradation downstream
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of the section of sediment addition ceases once hydraulic

conditions are compatible with the increased load.

Laboratory experiments have also been conducted.

The experimental data, have been used to support and modify

the results obtained from the analytical model. These data

have been utilised to study resistance and sediment

transport in nonuniform flow conditions.

1,6 LIMITATIONS OP THE STUDY

The following limitations have been imposed on

the study i

1. Aggradation downstream of the section of

increased sediment supply only has been

investigatod.

2. Graded sand .with median size equal to 0.32 mm

and geometric sta.nda.rd deviation equal to 1.30 was

used as bed material of the flume as well as

for injected material.

3. Water discharge was kept constant for a given

slope.

4. Channel width remained the same along the

length since flume of constant width was used.



CHAPTER-II

RBYILW OP LITERATURE

2.1 PRELIMINARY REKARXS

Basically there are two approaches to the

solution of aggradation problems—analytical and

experimental. The phenomenon of aggradation can be

described as a problem of propagation of bed profile

in a continuous medium. The system of equations governing

the phenomenon is nonlinear and it is not possible to

solve these equations analytically without making simpli

fying assumptions. Experimental investigations on the

phenomenon of aggradation are few and as such not

sufficient information is available on the basic

mechanism of the phenomenon.

One of the objects of the present study was to

check the applicability of uniform flow sediment transport

and resistance la.v/s to non--uniform flow, A number of such

relationships are available for uniform flov/. A few of

these intended to be used in later analysis are reviewed

here.

The literature reviewed here has been

classified as under :

(i) Analytical models;

(ii) Experimental work on aggradation;
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(iii) Resistance laws in uniform flows5

(iv) Sediment transport laws in imiforfci flows \ and

(v) Sediment transport under non-uniform flow

condition.

2. 2 AJ:yilYTICAL J^0DTfLS_ FOR. PR3DICT10!! OP AGGRAMT101:

For large scale river morphological processes,

which are time dependent, mathematical models have been

presented b3' various investigators. Some of these

investigators(16,21,27,31) consider variations in

channel width, while most others consider channels of

constant width and deal only with the variations of

pertinent variables along the length as well as with

time. The results of such one dimensional analyses have

been reviewed in the following sections.

G-oncharov (13) 1964, has dealt with one

dimensional theory of channel deformation indicating

that a theoretical analysis of each type of channel

processes-aggradation, degradation—requires the deve

lopment of special solutions, die has illustrated the

applicability of the one dimensional theory to river

flood problems and aggradation upstream of a reservoir.

Culling (8) 1950, has developed a. mathematical

theory of erosion along lines similar to that of the

classical Fourier theory of heat flow in solids. Assuming
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the material flow to take place at a rate proportional

to the surface gradient and applying the usual conser

vation principle he obtained :

1 5Z 32Z

K at 3x

(2.1)

in which K may be called the aggradation (or erosion)

coefficient; Z is the bed elevation; x is the distance

and t is the time. Since the basic hydro-dynamic equations

were not used in the derivation of Eq. 2.1, no expression

for K was obtained. This mathematical model could be used

for predicting transient phases of aggradation provided

K is a determinable quantity.

Tsuchiya and Ij_________35)_J_9__,» have developed

the basic differential equation .viz^Eq.2.1 and have given

an expression for evaluating the value of aggradation

coefficient. In their mathematical frame work tbey used

the equation of fluid continuity,i.e., q = U h,

resistance aquation for uniform flov/, bed load equation

of Sato, hikkawa and Ashida (28) 1958, and the continuity

equation for sediment moving; as bed load. In arriving

at the model represented by Eq.-2.1, the river bed slope,

oZ/Sx, has been used in place of the enevcj slope. The

model was used to predict aggradation upstream of the

Hongu Dam (located on the Joga.nji river, Japan). A good

agreement was found between the predicted values of
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deposition depths and the data, collected for a period of

fifteen years (1939-1954-).

De Vries (39) 1973, has developed the mathe

matical models by making use of the dynamic equations of

motion and equations of continuity both for water and

sediment. The dynamic equation of v/ater and continuity

equation for flow as quoted by Chow (5)1959, have been

combined with Chezy's equation to give (see Fig.2,15*

au BO 3h az

at

+ u -

3x
+ g "

8x

+ g •
3x

6h
+ u

5h

v__

+ h

eu
- _ 0

at 3„

gu|uj
C R

...(2.3)

in which h is the depth of flow; U is the average velocity

of flov/ at a section;: C is the Chezy's coefficient; R is

the hydraulic radius; and g is the gravitational

acceleration. The actual phenomenon is of three dimensional

nature due to va.ria.tion of depth a.nd velocity across the

section and also due to secondary currents; but crJg7" one

dimensional treatment is implied in Eqs.2.2 a.nd 2.3.

The continuity equation for sediment for

alluvial stream of constant width is s

6Z 1 6G A ,- n
_____ + • - 0 ... (2.4J
at 1- A 6x

In which G is the total load carried by the channel in
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absolute volume per unit time per unit width of the

stream and A is the porosity of the sand mass. This

equation can be used if the amount of sediment carried

in suspension does not change much with x and t. In fact

this equation holds truly for bed load only and strictly

speaking therefore its applicability is limited to streams

v/ith coarse sediment. However,it has been applied to streams

carrying medium sands.

He has \xse&. a sediment transport law of the

form ;

9 - a U*. ... (2.5)

It has been shown later in this Chapter that it is an

approximation of Colby's total load relation and may be

deemed to be satisfactory over a limited range of depth.

De Vries preferred to use the lav/ of the type given by

Eq. 2.5 because of its simplicity and also because of

his contention that the relations involving shear stress

are by no means more accurate. The sediment transport lav/

during unsteady/non-uniform condition Is assumed to follow

the same relationship as for steady uniform flow, i.e.,

no inertia effects are considered.

The set of differential equations governing

the phenomenon,vizvEqs. 2.2 to 2.5 are nonlinear partial

differential equations and as such are difficult to handle.
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In an attempt to simplify the analysis he examined mathe

matically the possibility whether water movement could

be treated as steady when the study of bed movement is

of primary interest. It has been shown by him that when

Rr is not close to unity, which is so in a majority of

practical cases,the celerity c , the one for the propa

gation of disturbance at the bed is very very small

compared to e, and Op—the celerities at the water surface

see Fig.2.2. The term $ in fig.2.2 is a relative

celerity _ c/U ; u/ is a transport parameter = h flTT' I
and Fr is the Proude number of flow - U/Ygh . This means

that the bed movement can be studied by assuming \$, 9|-*°°

and hence the water movement can be considered as quasi-

steady i.e., the terms 3U/9t oan^oe neglected in

comparison to other terms in Eqs.2.2 and 2.3.

Further considering wide rectangular channel

(so that R _ h) and water movement to be steady and

uniform during transient stages, Eq, 2.2 reduces to :

(2.7)

or ---- -— ... (2.8)
3x^ Chq 3x

Combining Eqs. 2.4S 2.5 and 2.8, he obtained his narabolic

3Z

_ _ .

U?

3x C2q

32Z
i

U2 8U

3x2"
— - 3

C2q 3x
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model,viz.

ez a2z
- K ------ _ 0 ... (2.9)

et ex^

1 C2q dG/dU
where „_ -.••'•- ' ... (2.10)

3 U2(1->\)

1 dG/dU U 3
or K * - U ( --2-) ... (2.11)

3 (1->te U

in which the subscript 0 refers to the original uniform

flow situation.

After linearization (U _* U )
o

1 U (dG/dU)
K _ - ° ... (2.12)

3 S0(1 ->)

If sediment transport lav/ of the form G = a U with

constant values of a and b is assumed, then

1 b G

i _ .. -g-g— ... (2.13)
3 S_(l-50

This theoretical value of K is designftfialas K subsequently..

The parabolic model represented by Eq. 2.9 can be solved

analytically for a number of aggradation problems. De Vries

points out that the parabolic model has restricted appli

cability and in certain cases this model might have to

be replaced by the more complicated hyperbolic model. The
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hyperbolic model is characterized by the following

differential equa.tion :

3S 32Z K e2z
___-_,]_____ _ _. —__. -o ... (2.14)
at 8x c_ 3x 3t

3

in which c- denotes the celerity of a small disturbance at

the bed; the expression for K after linearisation again

reduces to Eq.2.13. In the derivation of the above hyper

bolic model assumption of uniform flov/ during the entire

process is not made in advance.

His description of aggradation phenomenon is

qualitative only and no results have been obtained to show

growth of aggradation pattern either upstream of a dam or in

streams. However, he shov/ed that for steep slopes and for

relatively small depths of flov/, the results from the

simpler parabolic model are in good agreement with those from

the hyperbolic model.

Adachl and Nakatoh (1) 1969, made use of the

dynamic equation of fluid motion, viz., Sq. 2.2, equation

of fluid continuity^

q. m U h , ... (2.15)

equation of resistance to flov/,

U# _ ff/8 U , ... (2.16)
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and equation of sediment discharge,

G = C ul . ... (2.17)
o

Here,

U# is the shear velocity (= C_/P )',

T is the average shear stress;

<? is the mass density of water;

f is the Darcy-Weisbach coefficient under

uniform flow, and

C is a constant,
o

Neglecting the temporal and spatial changes in the water

depth and velocity and combining the above equations with

the equation of continuity for sediment moving as bed

load, they obtained a second order differential equation

of heat conduction type,viz.,

az a2z

o

at 3x2
_ _ ____ t ... (2.18)

ax2

where K - C g q fffo" ... (2.19)

Note that the same differential equation v/ith the different

value of the constant was obtained by de Vries. If the

discharge of water remains constant and f is assumed to

remain constant at the value under uniform flow^Eq. 2.18

can be solved analytically for a variety of aggradation

and degradation problems.

On the lines of Tinney's 'analysis (34) 1962,
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for prediction of aggradation, _______(10) 1965, has

formulated a model for prediction of aggradation

upstream of a reservoir. He has used the gradually

varied flov/ equation, resistance equation developed by

Garde and RangaRuju(l1)1966, and total load equation of

Garde and Dattaf>i(l2)l963, in this analysis.

The resistance equation can be v/ritten as :

u -V _)V6 ^¥1\f '•• (2*20)
in which k is a velocity coefficient, which has

different values depending upon the regime of flov/;

for ripples and dunes k - 3.2; and. d is the diameter

of the sediment.

The total load equation can be expressed as

G T - -T- m_~r =k+ (r^—2- ) ... (2.21)
u*d t r>s - w-

in which k. is a coefficient; m is an exponents;

T is the critical shear stress- and X_and X are the
s o s

unit v/eights of sediment and water respectively.

Making use of Iqs. 2.20 and 2.21 and neglecting higher

powers of U*_ /Tj , he arived at the following expression

for 3G/3x :



3G ( 7 q 2m+1 -V^2

3x ) 6 b k.
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14m-1
m(2m-l) k„ 2 -

(— ) h
h'7" *vnv —- c VIJ

14m+ 13
•(2m+l)h~ "6' 9h , (2.22)

JF
in which k is the value of velocity coefficient for plane

bed without motion (the suggested value being7.6.5) and

h is the depth of flow at the incipient condition for
c

a given discharge and sediment size. Since all the terms

in the parenthesis on the right hand side of Eq.2.22

except h, are constants for a given flow situation,

Eq.2.22 could be written as :

8G 8h
—_--. _ F(h) — ... (2.23)

3x 9x

The continuity equation for sediment,viz.^Eq 2.4 then

becomes

8Z 3h .
___ + E(h) — =0 ... (2.24)
at ax

The scheme of computation consists of determination of

h and 3h/cx at various sections by integrating the

varied flow equation, and calculation of 3G/3x from

Eq. 2.22. Substituting the value of 3G/3x in the continuity

equation for sediment, viz.^Eq. 2.4 the value of 9Z/8t

is obtained. Assuming a suitable time interval At,AZ

can be obtained by

3Z
__.Z _ £__ ).At ... (2.25)
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The aggradation profile after At is obtained by determina

tion ofA-Z at various sections. Calculationsfor the next

time interval can be carried out starting with the above

aggraded bed.

Because of the neglect of higher powers of U^ /U

in arriving at Eq.2.22, the formulation is not expected to

give reliable results for sections close to the dam where

U# /_ is approximately one. This formulation cannot,
_»

however, be used for the problem of aggradation in

streams due to excess sediment load since no back water curve

exists initially in such cases.

Swamee (33) 1974, has presented a numerical

method for predicting aggradation upstream of a dam for

a constant discharge flowing through the stream. The

method is based on the solution of set of equations

represented by Eq. 2.24 and the following equation J

8h So.- az/dx - Sf

ax 1 - Er2
in which So. is the initial slope of the stream bed.

The first deposition profile after timeAt is obtained

using Eq.2.24 after substituting the values of 3h/3x

from Eq.2.26 with 3Z/3x - 0. The subsequent profile

is predicted using the relation !

t \ 9Z
Z)0). , = Z. ., + 2At(— ) , • ... (2.27)i,D+1 1,3-1 st i,3

for various i, values. Knowing this profile the bed slope
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as well as 3Z/3x are computed at each section. Nov/ a new

water surface profile is obtained and then (8Z/3t) values

at various sections are computed. A new bed profile can be

computed as :

1 (o) At
Z. . . = Z. , 4 + —
1,3+1 i,D-1 2

ez 3z (o)

at ,3 at 1'3+1
(2.28)

This iteration is terminated when desired accuracy is

achieved. The high frequency undulations on the bed thus

obtained are smoothened using truncated Fourier sine series.

Such a smoothening is necessary for obtaining a stable

solution over a large period of time. The numerical

algorithm was found to be quite stable and results show

good agreement with experimentally observed bed profiles.

2.3 1_______________L___?!________

Compared to the analytical investigations of

the phenomenon, very little experimental v/ork on aggradation

has been carried out. Aggradation has been studied in the

laboratory under idealised conditions of a prismatic

channel carrying a constant discharge and sediment load-

assumptions which are also common to many analytical

investigations. As such a comparison between theoretical

and experimental results is possible.

______ (52^ 1962, observed aggradation upstream

of a weir in a rectangular laboratory flume. He has analysed
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these data (covering a range of h /(/^/X-l) . 13 to 25
C o

and S from 1/100 to 1/267) on the basis of dimensional
o

analysis to evolve empirical relations for the deposition

and depth of v/ater at the moving front of aggradation.

Bhimadinaty and Shen(3),1971, have conducted

experiments on aggradation caused by addition of sediment

load to a stream under conditions of incipient motion.

The increased sediment load creates a moving aggradation

front. The down-stream reach of the front at any time

remains unaffected by the sediment addition. The typical

v/ater surface and bed profiles as recorded by them are

shown in Fig. 2.3 They have found that the bed level at a

section rises as a logarithmic function of time, viz.,

Z = c In t + d1 ... (2.29)

in which c. and d. are constants. This equation does not

give zero deposition at t = 0 and also no attempt has

been made by the authors to evaluate the empirical

constants c.and d*.

gwamee<35) 1974, studied the problem of aggradation

upstream of a dam in a 20cm wide, 30 m long laboratory flume.

He found that the phenomenon of aggradation upstream of a

dam is a phenomenon of moving front. Upstream of this

front he found major peaks followed by minor peaks. As

time passes these peaks travel in the downstream direction.
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At the time the major peak reaches the dam its height

is nearly equal to the dam height and by this time a

major part of the reservoir is filled up. The front

causes the reduction in the reservoir capacity, for

which he obtained an empirical equation of the form :

*f (VO*6__i_. _i —_——— ... (2.30)

k3+ (t/t_) 4̂ 'o

which gives the reservoir volume 9% for time t; #_

being the initial volume. Here t is the equilibrium time r

and k-, k., k_ and k_ are constants. Empirical equation
3 4 5 o

have also been obtained by him for determination of the

height of the front as a function of its distance from

the dam and also as a function of the time.

2.4 __^ISTAFCEJjAWS UNDER UNIFORM. FLOW OO-EDI-IOtETS

The Task Committee on sediment transport

mechanics (29) 1971, has given an excellent review of

a majority of the resistance relations. As such literature

pertaining to these relations has not been reviewed here.

Only the resistance lav/ proposed by RangaRaju (25)1970,

is reviev/ed briefly since it appeared the most convenient

to use in this investigation apart from being reasonably

accurate. Garde and RangaRaju (11) 1966, had proposed a
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resistance relationship involving the parameters .

U/fcA/7p7R: R/d and Sf/(A/g/y ). Later, with the

availability of a large amount of additional data,

RangaRuju(25) 1970, modified the above resistance lav/
1/2 3/2/by considering the effect of parameter g d /U on

the resistance relationship. The resistance relationship

obtained by him for all regimes involving sediment motion

is shown in Fig. 2.4. This relationship is between the

parameters TLyV/fZJJf )»and K_(^) /J J
in which K. and E- are empirical coefficients related to

the sediment size as shown in Fig.2.5. On Fig.2.4, the

scatter of data drawn from nearly swenty sources is such

that an error of less than + 30 percent is indicated in

the predicted mean velocity.

2.5 SEpiifEHT JT_iAI,,Is.7-QJ-LJ^roER to^F01^ _3___ go^itIQI-s-

Kany relations for calculating sediment

discharge have appeared in literature. The hydraulic

engineer has to select one or more of these for solving

his particular problem. The selection is not straight

forward since the results of different formulae often

differ appreciably and it is not possible to find out

which one gives the most realistic results for the case

under investigation. After close examination of the

various formulae, two total load relations, one based
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on mean velocity of flov/ and other based on shear, have

been selected for use in the present analysis on the basis

of their simplicity and accuracy.

2.5.1 Colbyj s, Sediment Discharge Fp3_aula

Initially, Colby(6,7) 1964, gave a relationship

for the uncorrected discharge of sand in terms of mean

velocity for Six median sizes of bed materials, four

depths of flov/ and v/ater temperature of 60 F(15.5 C).

The relationship in functional form is 5

G-F (U, h, d5Q) , ... (2.31)

and consisted of sets of curves for v/ater depths of

0.1 ft., 1 ft., 10 ft., and 100 ft. and sediment sizes

of 0.10mm, 0.20mm,0.30mm, 0.40mm, 0.60mm and 0.80mm.

For getting the true sediment discharge he recommended

that certain corrections be applied to the uncorrected

sediment discharge to account for the effect of

temperature, presence of fine suspended sediment and

changes in sediment size.

Later Colby developed relationships, in the

form of curves, between the observed sediment discharge

and mean velocity for 5 sand bed streams at average

temperature of 60°F(15.5°C). These curves on logarithmic

paper have little curvature especially over the narrov/

ranees of discharge for Which the data are generally
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available and can be fitted satisfactorily by power

relations of the form,

G = a U13 , ... (2.5)

where a and b are functions of depth and sediment size.

In the evaluation of various sediment discharge formulae

by the Task Committee (30) 1971, it has been established

that Colby's relationship gitfes good agreement with the

observed sediment discharges.

For a given sediment size and a relatively

narrow range of depth'a'and '_' in Bq.2.5 v/ould be

approximately constant. This is supported by the

laboratory data collected by Kennedy (18) 1961. It may

be emphasised that Kennedy (19,20) 1963,1969, and

de Vries (39) 1973, use Eq. 2.5 in their analyses.

2.5.2 Vittal-Raju-Garde Sediment Discharge Formula:

Relations for rates of total load and bed

load transport in alluvial streams have been developed

hy Vittal-Raju-Garde(38) 1973, using.the concept of

effective shear stress. For plane bed they showed that
V 1 /*"> 1 1/?

the parameter §m defined as G(—•—---) ( -••.---" )
Ys~ 7 gd^

is uniquely related to "(* , see Fig. 2.6. Here

Xm = T /(X - y)d. -he effective shear stress for total

load T+ in case of undulated beds has been defined as
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the shear stress which would give the same rate of total

load transport (for a given value of d, V' and ) ) on a

plane bed as the observed rate of total load transport

on the undulated bed. Obviously \. for a plane bed is

equal to the average shear stress on the bed. For ripple

and dune beds it has been shown by the authors that T,
t

is greater than grain shear stress T computed by Manning-
_)

Strickler equation, the difference being large when the

suspended load is high, see Fig. 2.7. Here T*^. =T+/(Y~ 50d

and T#'- T7t/a- )0d.
O !_. / _)

Thus one can use Figs. 2.6 and 2.7 to compute

the total load transport in case of ripple and dune beds. The

scatter of data is small in comparison to that obtained

normally on sediment discharge plots.

2.6 SEDIMENT TRANSPORT TOILER I^T-UKIFORIT FLOW COHDITIQNS

The available sediment transport formulae

are all based on uniform flow data. It is not known clearly

hov/ far these are applicable to non-uniform flow conditions

as obtained in an aggrading stream. But a clue to the

possible effects of such non-uniformity can be had by

referring to the works of Kennedy and others ' ' '

who looked at the flow past a dune as non- uniform flov/

in the microscopic sense with a continual decrease in

depth from trough to the crest of the dune.
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Kennedy (19,20) 1963,1969, has introduced a

physical quantity '6' Into the sediment discharge formula

(in which transport rate is proportional to a power of

fluid velocity at the level of the bed) and using the

potential theory Investigated the stability of a small

disturbance at the fluid-bed interface. He defined the

quantity,6, as the distance by which the local sediment

transport rate lags the local velocity at the mean level of

the bed. In other words because of inertia, the sediment

transport rate at a section responds relatively slowly to

the changes in hydraulic conditions. Thus on the up-stream

face of a dune, the transport rate at a cross-section

would be smaller than that given by the equation G = a U

after substituting the local velocity for U. The reverse

would obviously be the case on the down-stream face.

Kennedy, however, did not give any relation for computing 6.

Kennedy's concept of lag distance has often been used

in subsequent treatments(15,17,26), and various qualitative

reasons have been given for existance of 5.

• Engelund(9).1966, considered a sand bed with

sinusoidal variation of bed shear (an idealised case) and

established that sediment transport is delayed in relation

•co the bed shear. This lag distance based on shear stress

may be designated as 5*. The lag distance^', was deter

mined by the structure of turbulent flow, He related 2rsS'/L
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to the Froude number of flov/ as shown in Fig. 2.8.

Here L is the length of dur.es and antidunes.

Parker (24) 1975, has gone a step further and

argued that if the lag in fact exists, it should be

obtainable from the very analysis that indicates ins

tability. He presented an instability analysis of flat

bed leading to antidunes and obtained an expression for

the lag distance. He showed that the lag distance is a

function of bed form wave number; ratio of sediment

transport effects to frictional effects; and the ratio

of sediment transport velocity to mean fluid velocity.

Thus it is seen that whether sediment-

transport rate is expressed in terms of velocity or

shear lag exists. But little is knovm about the magnitude

of this lag distance. The idea of lag distance has been

used primarily in connection v/ith the instability of

flat beds leading to the formation of micro-morphological

processes such as dunes, antidunes, etc. There is a need,

therefore, to explore the applicability of this concept

to unsteady and non-uniform flows occurring in case of

macro-mornhological processes like that of aggradation

due to excess sediment load.

2.7 CONCLUDING REUARKS

Review of literature indicates that matehmatical
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framework for the problem of aggradation and degradation

has been well established. Some v/ork has been done regarding

the quantitative prediction for the problem of aggradation

upstream of a dam but no such work exists for aggradation

in a stream due to overloading,Compared to the analytical

v/ork very little v/ork has been done on the experimental

side. In fact aggradation due to excess sediment load when

the sediment on the bed is in motion has not been investi

gated experimentally at all.

Little information on the resistance of alluvial

streams under non-uniform flov/ is available. Although no

studies of sediment transport under non-uniform flow have

been conducted, there is evridence to suggest that sediment

transport laws developed for uniform flov/s cannot be applied

directly to non-uniform flov/s.



'33

CHAPTEK-III

THEORETICAL ANALYSIS

3•1 PRELIMINARY REHARgS

The natural process of obtaining equilibrium between

sediment supply and sediment transport is complicated by

various factors such as variability of discharge in a river,

variations in total run off from year to year in different

parts of the drainage basin and periodic changes in the volume

of sediment transport, v/ith the actual mode of transport

differing from one stage to another. It is, therefore,

difficult to attempt a complete representation of the aggra

dation due to overloading as it exists in nature. It is,

therefore ^necessary to choose the simplest model v/hich clearly

incorporates the essential features of aggradation. Given

precise setting and. calibration the simplified model shall

respond to a given situation just like the natural phenomenon

of aggradation.

As mentioned in Chapter II, the following differential

equation for river" bed variation has been obtained by a number

of investigators :

az a2z , .
_ _, K _— = 0 . ... (2.9)
at 8X

The value of K varies from investigator to Investigator

depending upon the simplifying assumptions introduced.
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The parabolic model suggested, by de Vries(39) 1973,

is based on the equations of continuity of water and sediment,

equation of motion for water and a sediment transport law of

the form G = a U and the theoretical value of K is given by

1 b Ge

o* ~ "7TT3")
^ 0

The merits of de Vries' work have been outlined in Chapter II.

The model proposed by de Vries v/as chosen for detailed study

and his equation has been solved in this Chapter for the

boundary conditions of the problem.

Before presenting the theoretical analysis, the

salient features of the problem v/hich have a direct bearing

on the analysis shall be explained.

3.2 SULLEN DISCONTINUITY IN TRANSPORT RATE

Suppose that the sediment load at a section is

suddenly increased without changing the discharge and the

sediment size. This represents a case of sudden disconti

nuity in the variation of sediment transport rate along

the length. In case of aggradation through back v/ater or

degradation through draw down, such a discontinuity does

not exist; the transporting capacity is gradually increased

or decreased from the uniform flov/ value to some specified

value over the length of back-water curve or draw-down curve.



35

Due to sudden addition of sediment load, the equili

brium is disturbed. To reestablish equilibrium the slope of the

bed must increase. Ordinarily, after such a change in flow

condition, a new equilibrium tends to be established in the

follov/ing mannerj When the rate of sediment supply is increased

the stream betv/een sections 0 and A (see Fig.3.1) cannot carry

the increased load of sediment and some of it is deposited on

the bed downstream of 0 causing the bed to aggrade to 0 .

Deposition continues v/ith the addition of sediment load and

the bed level rises to 0 and the aggradation extends further

downstream. If the sediment addition continues for a long time,

a new equilibrium grade 0 A v/ould ultimately be established

such that the new slope with the prevailing water discharge is

able to transport the increased sediment supply rate.

The above mentioned changes v/ould also cause a change

of slope upstream of the secion 0. The rise of the bed level

to 0. would also cause a decrease in the slope upstream of the

section 0. The stream cannot transport the sediment brought

down on this decreased slope and some of it v/ould be deposited

upstream of 0. V/ith the continued aggradation of stream bed

downstream of 0, the bed level of the stream upstream would

also rise approaching a final equilibrium grade 0-E_ parallel

to original grade OB,

In the theoretical treatment in this Chapter and

subsequent analysis only aggradation downstream of the section
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of sediment injection is considered.

3•3 AGGRADATION DUE _Q OVERLOADING

Equation 2.9 shall be solved for boundary conditions

of the problem of aggradation, due to sudden addition of

sediment load to determine the transient bed profiles of the

stream. Injection of sediment load is assumed to be taking

place continuously and at a constant rate. The discharge of

the water and sediment size are assumed to be constant. It

is further assumed that the total load, transport may be used

in the equation of continuity for sediment implying little

change in the amount of suspended load from section to section

and with time. The width of the stream is taken to be constant.

3,3.1 -lathematical Model

The mathematical model governing the process of river

bed variation under simplified assumptions has been given by

de Vries (33) 1973, as

3Z a2z
__ _ k _-_- - 0 . ... (2.9)
at ax

The theoretical value of K designated as K_ is given by

1 * GQ ,
K _ .____ ... «.. . ... (2.13)

3 S0(1~>0

In the case of overloading at a constant rate at a section

x = 0, the value of deposition depth at this section shall

always be greater than that for x > 0. The magnitude of this
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depth shall go on increasing v/ith increase in time, Prior
,Cs__ Fc$- __}

to injection 2. is zero every>here^ At large distances for

t > 0, the deposition depths can be taken as zero. Hence

the boundary conditions for the present problem are l

Z (x,0) = 0

Z (0,t) = ZQ(t) for t > 0

Z (x.t) - 0 for x -* w
' • t > 0

,,, (3,1)

in which Z (t) represents the deposition depth at x = 0

as function of time. Assuming further that K is a constant,

and taking Laplace transform one gets

d22 ,„ .%st - K -^*ir = 0 , ,,, (3,2)
cbc

in v/hich bar over the symbol denotes Laplace transform of

a quantity and s denotes the transformed time variable, If

I represents Laplace transform of Z_(t), the solution of

Eq, 3,2 is obtained as (4) 1963,

I _ Z(x,s) - tQ fTW* . ,,, (3,3)
Knowing that inverse Laplace transform of e is

equal to -___g g-x /4Kt and maicing use of convolution
J~2 % K t3

theorm,one obtains(4) 1963,

Z(x,t) - h -~— Z"3/2 •* /^i) Z0(t-Z)dZ. ft. (3.4)
' o 2 fnK
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Letting u2 = x2/4 KZ, Eq 3.4 reduces to
2

2 oo 2 x_

Z(x,t) _— / e"u Z(t - 2 ) du, ... (3.5)
fRt x/2 Vlt ° 4Ku^

In case when Z (0,t) = Z , a constant value, v/hich is

representative of a situation very close to the attainment

of final equilibrium?i.e. v/hen t- ra, the solution of Eq.3.2

may be obtained as :

Z(x,t) __0(1 - erf i^) ... (3.6)

_ Z ( erfc Tl ), ... (3.7)
o *

where n = x/2 YKt and erf n and erfc n are defined as

21 _ 2
erf n - =_/ e u du and,

1 r^6 ... (3.8)
erfc m - 1 - erf j^.

The.solution obtained in Eq.3.7 is the same as obtained

by de Vries in the case of degradation phenomenon down

stream of a dam.

The variation of Z with t at x - 0 is not known

in the present problem and the explicit solution of the

integral Eq. 3.5 is not possible. As such the solution

for the transient bed profiles is not forthcoming directly

from Eq. 3.5. Purely theoretical considerations would not

lead to the determination of Z_(t) exnlicitly unless the

transient bed profile Itself is known. Hence, the
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information regarding the variation has to come from

experiments. The deposition depth at x = 0 i.e., Zq

shall be a function of many variables such as time and

fluid, flow, and sediment characteristics. The determi

nation of the correct form of such a functional relation

ship involving empirical coefficients may not be easy.

An alternative to the above scheme which shall avoid

determination of the explicit form, of ZQ(t) is proposed

below and shall be tested against experimental information.

Assuming that the solution obtained in Eq.3.6

be also applicable for transient stages meaning that ZQ

is now the value of deposition at x - 0 for any transient

bed profile, the value of the deposition at any distance

and time can then be computed from Eq. 3.6. It may be

pointed out that many simplifications v/ere made in arriving

at Eq. 3.6. These simplifications are i(i) Simple form of

sediment transport law of the form G _ a U is used

in which the effect of bed forms is not being explicitly

accounted for. (ii) The use of sediment transport lav/

under uniform flov/ conditions for non-uniform flow

conditions. (iii) The assumption regarding linearisation made

by de Vries. In view of the ahove it is exnected that the value
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of K enabling prediction of transient profiles in

agreement with the measured profiles may be different

from the theoretical value of K equal to K given by

Eq. 2.13.

3.4 I__TG_H OF AGGRADATION

It is obvious from Eq. 3.6 that at a given time

the aggradation depth Z, downstream of the section of

sediment injection decreases asymptotically in the longi-

tudinal direction. However, the region of asymptotic

charge in Z is taken to end at a section beyond which the

change in Z does not exceed some prescribed value. In that

case the length of aggradation^1, shall be the distance

betv/een the section of sediment injection and the section

where the aggradation is assumed to end.

Assuming aggradation ends where Z/Zq = 0.01

a usual assumption made in problems having asymptotic

behaviour e.g.,as in a boundary Hyer theory- one gets

from Eq. 3.6

Z 1

____, =0.01 - 1 r erf • ••

Z 2 Y_t
o

1

or ——_ = 1.83

2m ; (,.9)
or 1 - 3.66 fKt
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If the limit for aggradation is set at Z/Z - 0.02, one gets

1

2 yt*t
= 1.65

or 1 = 3.30 Vft

3.5 DE_ERMIHA_IO_ OF Z

In order that the transient bed profiles be

determined by Eq.3.6, the magnitude of Z must be lenov/n.

Eor the given rate of sediment injection'AG and the time t

during which this is taking place, the magnitude of Z can

be calculated, by equating the volume of sediment coming

in during time t to the area under the corresponding

transient bed profile,(see Fig.3.2):

AG • t = / (Z dx)(1 ->)

Combining Eqs.(3.6) and (3.11), one gets

v/hich yields

(3.10)

(3.11)

(3.12)

11 113 1 15
_.( ) -_(-—) +---(-__
4 V-T-fc 96 YKt 1920 TT

(•= )7 +4.30x104 V-t

1 1 9

( ™r) -
11x1o5 ' Y_t

1

32.44x10W YK1

(3.13)

l 11
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Taking the length of aggradation profile given by Eq,3.9,

the expression within the parenthesis on the right hand

side of Sq.3.13 works out to be 0.307. Equation 3.13,

therefore, reduces to ;

AG t
Z - ... (3^14)

0

i.i30-A)V_t

or 0
Z AG

- 0.385 _" ... (3.15)
Y5_t"- K(1-A)

3.6 TIME SCALE

Equation 3.6 shows that the solution for the

problem of aggradation under study involves only the

single dimensionless parameter x/2 "\1ft %, the time scale

of aggradation process can, therefore, be estimated from

this equation. Suppose at a section x, a fraction of

final aggradation has taken place, then the time t f in

which this v/ould have taken place can be computed from

this equation,

x

a - 1 - erf ... (3.16)
2 fKlT

cc

or erf •—»—— * 1 - _ »•• (3.17)
2 fKt'

a

From the table of error functions, the value of
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x/2 Y_t f can be determined say jS, then

x

2 ma
2 ... (3.18)

x

or t - •••_-:••-•

From Eq. 3,18 it follows that time required

for any section to reach a given deposition depth is

proportional to the square of its distance from the •

section of sediment injection and varies inversely as

the aggradation coefficient. For a -0.50, erf(x/2 fKt)= 0.5

and from tables of error function (3 - 0.477. Thus

2

t - ,.,*, , ,.. (3,19)
°-50 0.90K

Transient bed profiles at different times can

be completely determined by Eq.3.6, while the length and

maximum depth of deposition are given by Eqs,3.9 and 3.15,

These equations have been obtained on the basis of several

simplifying assumptions such as constant width of channel,

steady v/ater movement during transient stages, use of

resistance and sediment transport law developed for

uniform flow under non uniform conditions occuring during

aggradation,



44

The theoretical value of aggradation coefficient,

i.e..K is based on the value of b derived from uniform flov/

data. As already mentioned there is evidence to indicate

that the sediment transport law under nonuniform flow

conditions may be different from that for uniform flow

implying a possible change in the value of b. Also In the

prediction analysis, solution obtained for constant

boundary condition, i.e.,Z _ Z is being applied for the

case of Z = Z (t). These two assumptions are likely to

affect the results appreciably in a real situation.

It is therefore, logical to expect that the

derived equations would need some corrections such as

modification in the value of K. Such a modification in the

value of K can only be done on the baaos of known set of

data. Experimental data collected by the author are used

to find an empirical predictor for such a modified value of

K. Hence once the modified values of K is known Eq. 3.6 can

he used to predict the transient bed profiles.
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CHAPTER IV

EXPERIMENTAL IHVESTIGATIOH

4.1 ____________S_ REMARKS

The mathematical analysis developed in the

previous Chapter for predicting aggradation profiles
is based on many simplifying assumptions. As such there

is a need for comparison of the analytical results with

those observed either in the laboratory or in the field.

Ho laboratory or field data are available for the problem

of aggradation in streams arising due to increase in the
rate of sediment supply over and above the equilibrium

sediment transport rate.Experiments were,therefore, '

carried out in a laboratory flume to provide information

on bed and water surface profiles under such transient

conditions. Since aggradation creates non-uniform flow

conditions, the data collected also provide an opportunity

to study sediment transport and resistance laws under
unsteady and non-uniform flow conditions. The salient

features of the experimental set up and procedure are

described in the follov/ing sections.

4.2 ETPERIL-E-ITAL SET-UP

The experiments v/ere conducted in a 20cm wide,

50cm deep and 30m long recirculatory tilting flume located
in the hydraulicslaboratory of University of Roorkee,Roorkee.
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The flume was provided with glass side wall on one side and

a painted steel-sheet wall on the other side. The presence

of different materials on two sides necessitates a modi

fication to the side v/all correction procedure valid for

a flume with the same material on both sides. Such a

modified method v/as devised and is presented in Appendix-I.

However, the difference in the nature of the material is

not such as to cause un_3___etrical flow conditions; symmetry

about the centre line would in no case be obtained even

in flumes v/ith same material on both walls because of the

three dimensionality of bed undulations.

The recirculatory system consisted of a

rectangular tank having sloping bottom to collect the

sediment laden flow from the downstream end of the

flume (Fig.4.1). A 25-H.P. pump v/as connected with the

tank and a supply pipe for maintaining the recirculation.

A 10cm-dia supply pipe line was connected to the upstream

end of the flume. &*,orifice meter of 7.5cm diameter v/as

installed and calihrateo. in the supply line for the measure

ment of discharge, and the discharge v/as controlled by

a valve. The maximum discharge, that could be carried in

the flume was 15 l/sec. A floating wooden wave suppressor

provided at the entrance of the flume for damping the

disturbances at the free surface. Rails made from metallic

tube were provided on the top of side walls. A movable
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carriage with a pointer gauge having a least count of

0.01 cm. was mounted on a carriage which could move on

the rails. This was used for recording water surface and

bed elevations. An adjustable gate at the downstream end

of the flume v/as used to control the depth of flow in

the flume.

The sand was filled in the flume upto a depth

of 15 cm. and levelled parallel to the rails. The sand

forming the bed and injected material had a median sieve

diameter of 0.32 mm and a geometric standard deviation

of 1.30. The grain size distribution curve of the sand

used is shown in Fig.4.2. The specific gravity of the

sand v/as 2.65.

4.3 EXPBRII'IBHTAh PROCEDURE

The experiments conducted can be grouped under

two categories — uniform flow experiments and aggradation

experiments. Uniform flow experiments were conducted for

determining the relation for sediment transport and

resistance to flow under such conditions for the sediment

used in the study. Subsequently experiments were also

conducted in which the sediment v/as injected at the

upstream end and the aggradation downstream was studied.

Detailed measurements of the bed and water surface profiles

at various times were taken; these v/ere useful in the study
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of sediment transport and resistance to. flow undor non

uniform flow conditions, apart from providing the basic

data on aggradation.

The temperature of water v/as recorded at the

begin_ng and end of each run and.since the maximum difference
between these two was 1°C, the average of these was taken

as the average temperature for the run. A continuous

watch was kept on the discharge and it v/as ensured that

it remained almost constant.

4.3.1 _%__fo___ Flow __£_______§£___

A series of 24 uniform flow runs v/ere conducted

during this study. In these experiments the flume v/as

filled with sediment as mentioned earlier and then was

given the desired slope.

The recirculatory system was then filled with

water and the pump started. The valve v/as slowly adjusted
to give the specified discharge and uniform flow was
obtained by adjusting the tail gate at the down stream

end of the flume and allowing the bed to adjust. Because

of the effect of entrance and exit conditions on the

flow, about 3m length of the flurae at the upstream and
downstream ends v/as not considered in assessing the

uniformity of the flow. Uniform flow condition v/as

considered to have been attained v/hen the measured bed
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and water surface profiles v/ere parallel to each other.

About 4-6 hours were required to establish such a condition.

After the uniform flov/ was established the bed and water

surface profiles v/ere recorded at ten sections 2.50 m apart

and thus the average depth of flow determined.

The concentration of total sediment load was

measured at the downstream end of the flume. The individual

sample was obtained by a sampler (see detail 'A' in Fig.4.1),
which discharged the sand water mixture into a collector.

The sampler collects the total load as it is made to

traverse across the width of the flume at a uniform speed.

Minimum of 8-10 samples v/ere collected at an interval of

5 minutes. The contents of the collector for each of these
•fhrowjh <X- -ftuck £-W*< |"M'«i',

samples v/ere filtered^ The material v/as dried in an oven,

then weighed on a chemical balance and concentration in

gms/litre for each sample determined. From these data

average sediment concentration was determined for each

run. The basic data collected on uniform flow have been

summarised in Table i of Appendix-H.

4.3.2 Aggradation Studies

In order to study aggradation due to overloading
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uniform flow conditions were first established for .a

prescribed discharge and slope as described earlier. The

equilibrium concentration was also obtained. To simulate

the conditions of aggradation taking place in a Stream,

when the rate of sediment supply is increased over the

equilibrium sediment transport rate, additional sediment

was dropped manually at a desired constant rate into

this recirculatory system at the upstream end of the

flume. The section of sediment injection was located

near the upstream end of the flume but far enough from

the entrance to be unaffected by entrance disturbances.

The excess sediment load was progressively deposited in

the flume.

It was estimated that only about 5-10 per cent

of the injected material was deposited upstream of the

section of sediment addition. Since the study was concerned

only with the aggradation downstream of the section of

sediment addition, the amount of sediment deposited

downstream was used in the computation of amount of

additional load. It may be noted that in view of the

very small amount of deposition upstream, the amount of

material actually added is practical!,y equal to the

material deposited downstream.

The bed and water surface profiles were

measured at various times at eleven sections along the

length of the flume downstream of ^p_|^.on of sediment

CENTML UtMftY IHUVftSlfT IF MQAKEF
ROORiUBE
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injection. The profiles v/ere generally taken at intervals

varying from 10-20 minutes. This time interval v/as decided

on the basis of rates of deposition of sediment, the

velocity of propagation of aggradation front and the time

required to measure one set of transient profiles so that

a few profiles could be recorded before the injected

sediment became a part of recirculatory system. The runs

v/ere continued till the front reached close to the end of

the flume. During the progress of aggradation, the sediment

samples v/ere taken at the downstream end of the flume to

ensure that the injected sediment had not reached the

downstream end of the flume but all of it has been

deposited in the flume. Such a check was carried out

by studying the variation of sediment transport rate, G,

with time, t,at the end of the flume before and after

sediment injection. Two such typical plots are shown

in Fig. 4.3. These curves show that, on an average, the

sediment transport rate at the end of the flume after

sediment injection is equal to that prior to the addition

of excess sediment. This v/as true as long as the aggrada

tion front had not reached the downstream end of the

flurae. The bed and water surface measurements v/ere always

stopped well before a part of the added sediment reached

the down"Vtream end of the flume.

The area under each transient bed profile was
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determined and AG thus calculated during the time interval.

The average of the values so determined for all transient

profiles of a run v/as taken as AG for that run. The

maximum difference betv/een the individual A G values during

a run v/as 15 per cent.

The aggradation experiments v/ere conducted using

two discharges- 4 l/s and 7 l/s — and range of slopes

from 0.00212 to 0.00652 under different rates of sediment

addition. The rate of sediment injection v/as varied from

0.30 G to 4.00 G .
c s

A total of eleven runs v/ere conducted to obtain

thirty transient profiles of the bed and v/ater surfaces.

A summary of the data collected during such aggradation

runs is given in Table 2 of Appendix II. Here run

3.5O-U-4 means that the run U-4 listed in Table 1 of

Appendix II has been used for aggradation studies and rate

of overloading AG/G is equal to 3.50; and so is the meaning

of other runs listed in the Table 2.
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CHAPTER-V

ANALYSIS OF LATA '

5.1 ___________! __-__-_!

The experimental data obtained under the present

investigation pertain to uniform as well as non-uniform

flow conditions. The uniform flov/ data have been analysed

first to establish basic relationships for sediment

transport and resistance to flov/ that are valid for the

sediment used in the study. The non-uniform flow data

have been utilised for studying the characteristics of

flov/ during aggradation and establishing sediment

transport and resistance laws under such condtions.

Finally a comparison has been made betv/een the experimentally

observed aggradation profiles and profiles obtained from

mathematical analysis. As a result, a modified value

of K has been proposed for use in the mathematical relations.

This modified value of K can be predicted from the empirical

relation evolved by the analysis of data. Calculations of

transient bed and v/ater surface profiles v/ith the help of

the proposed relations have been illustrated taking the

case of Colorado river, U.S.A.

i

5.2 VERIFICA-ION OF RELATIONS FOR UNIFORM PLOW

Some of the existing uniform flow relations

for resistance to flov/ and sediment transport v/ere tested



54

using the data from uniform flov/ conditions. Agreement

v/ith the well established relations would indicate that

the data are reasonably accurate. Where only the form of the

relationship is well established, plotting of these data

in such form would help in determination of the constants

required in the later analysis. Throughout the analysis

presented in this Chapter the hydraulic radius with

respect to the bed v/as used in place 0f R and its value found

by the method explained in Appendix I.

5.2.1 Sediment Transport Law in Terms of Velocity

A simple sediment transport law of the form

G _ a Ub ... (2.5)

has been used by some investigators earlier (6,19,20)

and was used in the derivation presented in Chapter III.

This equation involves a coefficient 'ah and an exponent 'b'

v/hich must be determined experimentally. The- data from

the uniform flov; experiments can be utilised, to determine

the values of a and b. The experimental data are plotted

on a log-log paper as G versus U in Fig. 5.1, The relatively

small scatter of data permits fitting a straight line

through them justifying the form of Eq. 2.5. The best

fit line drawn through these points by visual inspection

yielded values of a and b as 1.45x10~5 and 5.0 respectively
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Eq. 2.5 then beomes

G - 1.45 x 10~3 U5,0 • ... (5.1)

in which G is in m /sec-m and U is in m/sec, and the

above equation is used in later analysis. The values of

a obtained by Kennedy (18) 1961, for sands v/ith sizes

0.549mm and 0.233mm are 0.17x10 J and 0.35x10 ^respectively;

the corresponding values of b are 3.4 and 6.2 respectively.

5.2.2 Vittal-Raju-Garde Sediment Transport Law.

Figure 5.2 shows Vittal-Raju-Garde1s curve

of dimensionless effective shear stress for total load,

T.**. »versus dimensionless total load transport rate, (J)-.,

for ripple and dune beds. These parameters were
_>computed for the sediment transport dataware shown

plotted in Fig.5.2. Although the data fall within the

scatter zone of the original graph, they plot consistently

lower, for which no explanation could be found.Nevertheless

a mean line has been fitted through the present data

purely for the purpose of subsequent comparison with

sediment transport data under non-uniform flov/ conditions.

5.2.3 Ranga Raju Resistance Law

Ranga Raju's resistance relationship in terms
U , v f R n1/3/ __f_ \

of parameters L, -=====__- -^~—' ST7 /v1iWTJJW 2 d Axs/y
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is shov/n in Fig.5.3. -he above parameters were computed

for the uniform flov/ data and these data are shown plotted

in the same figure. The data plot well within the band

of scatter in the original plot indicating a maximum

error of + 30 per cent in velocity. Uniform flov/ data may,

therefore, be taken to be represented by this resistance

relationship. In fact the above resistance relationship

and the two sediment transport laws discussed earlier form

the basis of subsequent comparison with the experimental

data for non-uniform flow conditions.

5.3 CjhffiAC_hJR^^

Aggradation of the stream bed takes place due

to injection of additional sediment at the upstream end

of the flume; this leads to the existence of non-uniform

flow conditions. The several intersting characteristics

of this phenomenon are discussed below.

5*3*1 _____gie_tt Bed and Water Surface Profiles

A typical plot of transient bed and water surface

profiles downstream of the section of sediment addition

is shown in Fig.5.4. This figure depicts the actual data

points and the mean bed and water surface profiles.

Averaging of these profiles v/as required because of the

presence of ripples and dunes on the bed. It v/as seen
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that the scatter of data around the averaged bed profiles

was generally smaller in the aggraded reach than in the

region of uniform flow indicating smaller undulations in •

the aggraded reach. This implies a smaller roughness

coefficient in the aggraded reach v/hich was confirmed

by calculation-discussed later. Figure 5.5 shows the

averaged transient bed and v/ater surface profiles for the

rates of overloading,A _/_fi, equal to 4.0 and 3.50
respectively. The deposition depth,Z, and depth of flow

at various sections and for various times during aggrada

tion (listed in Appendix-Il) are taken from such averaged

profiles.

The shape of the transient bed profile is

concave upwards and the ordinate of the curve is mono-

tonicaily decreasing with increase in distance. However,

aggradation was taken to end at a section beyond which

differences in Z between two consecutive sections v/as

so small that it could not be measured. This defined the

location of aggradation front and hence the length of

aggradation at various times. Water surface profiles at

small time intervals after sediment addition show a

considerable change in curvature indicating probably

that upto a certain time the deposit of the injected

sediment acts like a local hump on the bed.
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5.3.2 Variation of Planning.',s Ro___hne|j_sj_____f|__Lent

From the observed transient bed and v/ater

surface profiles during aggradation the mean velocity,U,

at various sectionscan be computed. The position of the

2
total energy line can then be determined as U /2g above

the water surface, after making an assumption that energy

correction factor is unity. Selecting a step lengthy x,

the local friction slope, S , at various points on the

energy line say ABCLE with end points A and E can be

calculated using central difference formula for interior

points,i.e., B, C and D; and right hand and left hand

difference formulae for points A and E respectively. For

example the values of the local values of friction slope

at C, A and E would be i

.(sf)c •
I'D

p

2A "V7"

YA -Xr,
J J

A Tx

YD

Csf)A - -__i - ••• (5-2)

in v/hich Y with subscripts A, B, C ...= represent the

ordinates of energy line at points A,B..etc. The value

of the local hydraulic radius corresponding to the bed

is computed by making use of the local mean velocity and

the local friction slope using the procedure explained in
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Appendix-I. After the computation of local values of

U, R and S the Mannings roughness coefficient, n can

be determined with the use of the following equation

U . -lR2/5sj/2 ... (5.3)

The variation of n in the longitudinal direction under

transient conditions for given rates of overloading was studied,

Three typical plots showing variation of n with x for values

ofA G/G equal to 1.0, 3.0 and 4.0 are shown in Fig.- 5.6.
e

In general the value of n in the aggraded reach is sme,ller

than that under equilibrium condition; the maximum

reduction in the value of n is about 30 ner cent. The

decrease in value of n is consistent v/ith the observation

that during aggradation the dunes are flattened out.

Further the variation In 'n' from equilibrium value seems

to be small for runs v/ith small values of _,G/G_. But

there is no systematic variation in the value of n v/ith

sediment injection rates. At any particular time after

sediment addition roughness coefficient,n,tends to

decrease v/ith increase in x initially and then again

apuroaches the equilibrium value.

5.3.3 ___a_i_3_a____Lo:n __f Sediment .ransnort Rate Along

Aggraded Reach.

The sediment transport rate at various sections
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downstream of the section of sediment injection for

t - t4, t0 ... etc.,can be determined from the equation

of continuity for sediment, vizJBq. 2.4. Reducing Sq.2.4 into

finite difference form and applying it to tv/o consecutive

sections A and B,_, x apart see Fig. 5.T£0, one obtains;

V - / G.dt
• A

/ G.dt
B

(5.4)

la whichV is the absolute volume under the transient bed
Customarily used Value <V' O-Uo IaJcw to.k.*n +or ^

profile =__Z ».A x (1 -_\).JThe manner of variation of G

with respect to time at both the sections being unknown,

the ahove equation cannot be solved directly. At the

section x = 0, the sediment injection is taking place

continuously at a constant rate. The sediment transport

rate at this section is thus constant and is equal to

G + aG. So if the sections of sediment injection is chosen
e

as one of the sections, then only one unknown is left

in Eq. 5.4. Even then the direct solution of Eq. 5.4 is

not possible because of lack of knowledge of variation of

G with respect to time. However, starting from the section

of sediment injection, Eq. 5.4 can be solved, by the

follov/ing graphical trial and error procedure.

On a G-t plot, (See Fig.5.7) draw a horizontal

line H-I at the knovm specified transport rate equal to

G + AG. Assume a trial G-t curve O-P-Q-R for a particular
e
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section say A. The area betv/een the assumed curve and

line H-I is calculated and compared with the area under

the transient bed profile for the same time interval

and between the sections 0 and A. In other words the tv/o

shaded areas must give the same vo.lume after taking into

account the porosity of the sand mass. In case of difference

the assumed G-t curve is adjusted in such a manner that

the areas become equal. The point P on the G-t curve

represents the sediment transport rate at the point(i,j+l)

on the transient bed profile. The trial G-t curve O^M-H-S

is assumed for the section B, the variation of the sediment

transport rate at section A now being knovm. The area

between the curves O-P-Q-R and O^Jtf-N-S between time t = 0

and t - t. is then comapared with the area under the

transient bed profile betv/een section A and B. In case

of difference the trial G-t curve namely O-M-U-S is

adjusted till the areas are balanced. The point M. on the

G-t curve now represonts the sediment transport rate at

the point (i+1,j+l) on the transient bed profile. Proceed

in a similar fashion for all the sections till the end of

transient bed profile for t - t,. •

The sediment transport rate for the second

transient bed profile for t _ t2,i.e.s for points (i,j+2),

(i+1,J+2),(i+2,J+2).. etc.,is determined by extending and

adjusting the previously assumed G-t curves in such a
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fashion that the requirements of continuity are satisfied.

The transient bed profile for t -t| serves as a base

for working out sediment transport rates for the transient

bed profile t _ t„. The sediment transport rates at various

locations for all the subsequent profiles are worked out

in a similar fashion.

Luring the process of adjustment by trial and error,

it was ensured that the calculated G-t curves are smooth

and that there is a general similarity in shape of these

curves at various x values. Apart from the possible errors "in

averaging, these computed valuesmay be prone to some error

because the above procedure is based on the presumption

that suspended load varies little v/ith x and t. While

it was observed that most of the added sediment settled

to the bed in a short length and then moved as bed load,

variation in suspended load along the length (and with time)
cannot be ruled out. Since this variation is likely to

be more significant close to the section of sediment

injection, computed values of G at small x values are

likely to be less accurate than those at large distances.

Further some inaccuracy may also creep in due to error

in measurements towards the tail end of transient bed

profile where very small deposition depths are involved.

Nevertheless, these computations provide useful information

on the variation of sediment transport rate along the

length of the channel. •
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Figure 5-8 shows typical curves of G versus t

with distance x as the third, parameter. It is seen from

these plots that the sediment transport at a particular
section increases very fast from the equilibrium value
once the aggradation frontreaches that section and then

gradually increases and approaches the increased sediment
transport rate GQ +-G asymptotically.

5.4 mmmi ___J______L LAW uTTO-R KOfMMIffaRK gLC_T
COIHDmOHS

As discussed in Chapter II data on sediment

transport under non-uniform flow conditions are practically
non-existent. The values of Gunder such conditions computed
in section 5.3.3 provide an excellent opportunity of
examining the applicability of the relations developed
for uniform flow to such non-uniform flow conditions as

are obtained under aggradation. The relations of Vittal,
et al. and the one discussed earlier in this Chapter are

used for this purpose.

5.4.1 ComjoarJ^on with Vittal. et al^R___g__i___

The parameter ^ v/as calculated by making use

of the computed sediment transport rates at various

sections along the length of the transient profiles at
various times. The values of the dimensionless grain shear
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stress (4 were computed by making use of the corresponding

local values of U, R and Sf. The values of dimensionless

effective shear stress (#. v/ere read against these (#

values from Fig.2.7. The parameter ta and T^.J obtained

for two aggradation runs 1.8-U-3 and 4.0-U-1 are shov/n

plotted in Fig.5.9, along v/ith the Vittal,et al.curve and

mean curve drawn through the uniform flow data of the

present study. The mean curves a.re drawn through these

points and shown dotted. The arrows on these tv/o mean

curves show that with increasing distance from the section

of sediment injection the data fall closer to the curve

for uniform flow and eventually merge v/ith the uniform

flow data of the present study as indeed they should. It

can, therefore, be concluded that in case of pronounced

non--uniformity the relation between the shear and sediment

transport is different from the relationship valid under

uniform flov/ conditions. The data of all the aggradation

runs is shown plotted in Fig. 5.10. It is interesting to

note from this figure that although majority of the data

points fall above the curve for uniform flow, there are

still a fair number of points falling below the curve.

Such dispersion of the data is clearly indicative of the

complexity of the problem of sediment transport under non-

uniform flov; conditions.

The relation betv/een the sediment transport "
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rate and the mean velocity v/as derived as under uniform
flow conditions. The local sediment transport rates

computed at various sections along the length of
transient bed profiles for various times are plotted

against the local mean velocity in Fig.5.11, on which
is also shown Eq. 5.1. From this plot it can be seen

that relationship between sediment transport rate and
velocity under non-uniform flow conditions is different
from the G-U relationship valid for uniform flow condi

tions. In general the transport rate is smaller than

that under uniform flow conditions for a particular mean

velocity.

5.4.2 Styfly of Va-rfe-tion o£ 6

It v/as concluded in the previous section that .

under non-uniform flow (and unsteady) conditions the

sediment transport relations for uniform flow are not

directly applicable. Based on such a speculation,

Kennedy introduced the concept of lag distance, 6, for
Which a physical explanation has been given but no
quantitative estimates of this parameter are available.
The data on aggradation can be used, as done below to

find 6 and study its variation.

The depth of flow at various sections in the

longitudinal direction was determined from the observed
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transient bed and water surface profiles . Knowing the

discharge of flow, the mean velocity at these sections

v/as computed. The velocity corresponding to the local

sediment transport rate was computed from Eq.5.1. The

section where this mean velocity occurs on the aggraded

profile was then determined. The distance of this section

from the section under consideration (for v/hich G was

knovm) is obviously the lag distance,6,(See Fig. 5.12).

The lag distance was considered positive v/hen the sediment

transport v/as related to the mean velocity at a section

downstream of the section under consideration and negative

when related to the mean velocity at a section upstream

of the section under consideration. The 6-vaIues computed

in this manner are tabulated in Appendix II.

Figure 5.13 shows the typical variation of G

computed with xj G being computed in two ways. In the

first case G is computed from Eq.5.1 and in the other

case it is computed from the continuity relationship as

explained in section 5.3.3. It can be seen that 6 shall

be positive throughout the length of aggradation profile

in run 1.8-U-3 because the curve representing G computed

from Eq.5.1 is lying throughout above the other curve;

whereas it shall be positive over a part of the length

and negative over the remaining length of the profile

in the second, run.
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The typical variation of the lag distance,6,

with x along the length of transient bed profiles is

shown in Fig.5.14 for the runs 3.5-U-4 and 0.90-U-9.

Extrapolating such curves on to the section x = 0, the

maximum values of the lag distance,6 , were determined for

all runs except one; and are listed in Appendix II. In

run 0.30-U-11 it was not possible to get values of 63

because the required mean velocity was not available in

the length over which measurements were made. Figure

5.15 depicts the nondimensional plot of 6/6 versus x/l

for the runs listed in Appendix II. The data disperse

greatly indicating no unique relation between these para

meters. It is further seen that for about 20 per cent of

the data, 6 values are negative. An attempt v/as made to

relate 6 with the relevant flow parameters. A plot of

6 /l versus Froude number of uniform flow (not shown)
m

showed poor correlation. Figure 5.16 shows the variation

of 6 /R with the nondimensional time Ut/R. The plot indicates

a general increase in 6 /R v/ith increase in Ut/R, but the

scatter of data indicates that there is no exact relation

between these parameters.

In his stability analysis of plane bed leading

to micro-morphological features-ripples, dunes, anti

dunes— Kennedy (19,20) 1963,1969, hypothesised that

sediment transport rate lags the local changes in velocity

at the mean level of the bed. In such a case, therefore,



sediment transport rate at a section is always related

to the velocity upstream, of this section, and hence as

per the author's definition 6 shall always be negativei

The analysi- based on non-uniform flow data has shown

that 6 can either be positive or negative. The above

analysis, therefore, does not fully support Kennedy's

hypothesis. Some explanation can be offered for the

discrepancy between the present results and .Kennedy's

hypothesis.

(i) Due to sudden injection of sediment, unsteadi

ness created in the flow is severe near the

section of sediment injection. There occurs

a sudden discontinuity in the sediment transport

rate at this section. Ho such discontinuity

occurs in Kennedy's analysis of instability.

(ii) It is emphasised that the G-values used in

the analysis are computed values and not

measured ones. G was computed considering the

variation of suspended load with x and t to

be negligible. If suspended load content in

a certain reach is assumed to increase in a.

particular period because of sediment injection,

the actual value of G v/ould be smaller than

those listed in Appendix-H.

(iii) Kennedy dealt with a micro-morphological



69

process-ripples', dunes,etc.- whereas in the

present problem a macromorphological process

like aggradation is involved.

(iv) Due to rise in bed level at x - 0 caused by

sediment addition, aggradation shall also take

place upstream of this section resulting in

lower velocities. Since no data v/ere collected

upstream of this section it was not possible

to check whether the required.velocity in the

first fev/ metres of the aggraded reach were

really available upstream also.

(v) Kennedy's potential flow model is based on

the velocity close to the bed. In the fore

going computations the mean velocity of flov/

at the section has been used because the

velocity distribution in the vertical v/as not

known and could not be predicted.

Figures 5.15 and 5.16 were prepared as a

logical step follov/ing the computation of 6. It is

emphasised, hov/ever, that not much significance can be

attached to the positive value of 6 and any significant

conclusions .regarding Figs. 5-15 and 5.16 must av/ait a

better understanding of the mechanics of sediment

transport in non-uniform flov/s.
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Summing up on the subject of sediment

transport relation under non-uniform flov/ conditions,

it has been shov/n that existing relations for sediment

transport cannot be used directly under such conditions.

The present analysis est_lishes for the first time that

lag distance,6, does exist and is a. real physical entity

and provides some idea.s regarding its order of magnitude,

in aggrading flov/s. Hov/ever, it has not been possible to

prove the hypothesis of Kennedy that sediment transport

at a section is always related to velocity upstream of '

the section. The possible reasons for such discrepancy

between actual data, and Kennedy's hypothesis have been

clearly mentioned. But it is quite possible that the con

cept of 6 introduced by Kennedy to discuss the micro-

morphological process of bed formation under uniform flow

may not be directly valid for macro-morphological process

of wide spread aggradation.

5•5 _5__________-________-l__- F0R MOiq- HNIFORT: FLOW

In rigid boundary channels, resistance law

valid for uniform flov/ is seen to yield reasonably

reliable results under gradually varied flow conditions

if local friction slope is used in place of the bed

slope. The uniform flow data'of the present study on

sediment transporting flows were found to agree with

dHTML LIBRARY UNIVERSITY OF ROORKEF
ROORfcEE
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resistance relationship proposed by Ranga Raju (25) 1970,

As such the non-uniform flow data were also plotted on

this figure using S in place of S to check the appli

cability of the above relationship for non-uniform flov/s?

see Fig. 5.17. The data plotted on this figure correspond

to various sections along the length of the aggraded reach

and at different times after sediment injection.

It is seen that all the data points, barring a

few fall around the proposed curve and well within the

scatter zone of the original plot. Detailed scrutiny of

-the data which fall quite far from the resistance curve

showed that most of these pertain to a single run 3.5-U-4.

This particular run is also the one which shov/s a departure

from the trend of other data in the plot of K/K versus

AG/G discussed later (Fig.5.24). This aggradation run

was taken on a flat bed slope covered with large undulations

and might have led to Inaccurate measurements at some

locations. But it seems logical to expect that in view

of generally good agreement of the rest of the data v/ith

the resistance curve, the relation may be used for

gradually varied flow ( as in case of aggradation) with

confidence after replacing the bed slope by the local

friction slope. In view of above, one is inclined to

conclude that any resistance relationship valid for a
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given river under uniform flov/ conditions can be used

on the same river under non-uniform flov/ conditions provided

local friction slope is used in place of bed slope.

5.6 __________IOH Qg_ TRAITSIEHT_ BED PROFILE

The differential•equation for the solution of

transient bed profiles due to overloading, namely Eq.2.9

has been used by de Vries and Adachi and Hakatoh. They,

hov/ever, propose different1 theoretical expressions for

the aggradation coefficient in this equation. A comparison

between the actual profiles and those predicted from

these models is presented below.

5.6.1 Adachi and Nakatoh Model

The theoretical expression for K proposed by

Adachi and Nakatoh is :

K - Cq g qV_78 ... (2.19)

in which C is a constant in the sediment transport law ;

G - C U_ , and f is the Larcv-Weisba.ch friction coefficient
o *

considered as constant for a particular run and is given

by

rrr- u*

8 U

(2.16)

The uniform flov/ data computed in terms of parameter
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U# (= yg"_f_-) and. G are shown plotted in Fig.5.18. A

best fit line with a slope of 1:3 (H:V) is drawn through

the plotted points and value of C determined as 0.372.

The sediment transport lav/ is, therefore,

G =0.372 U^ ... (5.5)

It is seen from Fig.5.18 that Eq. 5.5 is not the best fit

line to the data, as low and high sediment discharge data

fall away from this line. But there is no freedom in the

choice of exponent of U#1 the sediment transport relation
•z.

G - C Uii being an essential part of his analysis. Adachi
o *

and Hakatoh obtained simple diffusion model only v/ith _

the exponent of U# as 3. If any other value of exponent

is used the model shall become complicated. As a consequence

one is compelled to use Eq. 2.17 with 0Q - 0.372 even though

the equation may not be truly representative of the data.

As shall be shown later in section 5.6.5, _

showed poor correlation with a G/G v/hen theoretical value

of aggradation coefficient given by Adachi and Hakatoh

v/as used for nondimensionalising K,(see Fig.5.25).

With the sediment transport lav/ of the tjgoe

G • a U , there is complete freedom in the choice of the

exponent b. For any given situation, by pe.ssin" the best

fit line on a C—U plot on log-log paper, value of exponent b
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(and of a) can be determined. It means that the sediment

transport lav/ most representative of the situation is

obtained by this procedure. It has been already shown

that the relation G = 1.45x10~5 U5,0 (Eq.5.1) fits the

data of uniform flov/ very well.

In the light of the above, de Vries model

which makes use of the sediment transport law of the

type G _ a U shall be used in preference to that of

Adachi and Hakatoh in the prediction of transient bed

profiles.

5.6.2 Be Vries Model

The data concerning aggradation downstream of

the section of sediment injection was used to check

Eq.3.6. Letting K he the value of aggradation coefficient

computed from Eq. 2.13 with value of G = G , the experi

mental data for all the transient bed profiles v/ere

plotted on a plot of Z/Z and x/2 V_TTi ( not shown here).

It v/as seen that the form of the theoretical equation

is basically correct but the value of aggradation

coefficient K, enabling fit of Eg. 3.6 tc the experimental

data was different from the theoretical value K . To

illustrate the above point and for clarity the data

from only three such aggradation runs are shov/n in

Fig. 5.19 along with the theoretical curve i.e.,Eg. 3.6.
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A significant feature of this figure is that different

profiles for various times during any run fall on a single

curve v/hen Z/Z and x/Ztfff. t are used as the abscissa and
' o o

ordinate respectively. It may be recalled that in Chapter III

the scaling parameter for Z v/as changed from theoretically

obtained Z (t) to Z . That the data at various times
o o

are brought together on a single curve by the use of Z

as the scaling parameter indicates the validity of the

approximation introduced in this connection in Chapter III.

The parameter Z /VK~t is plotted against

£&/„ (1->\) in Fig. 5.20 in v/hich En.3.15 is also plotted

as a. solid line. One aggradation run is represented by

a single point on this figure as an average of the ZQ/YK ~t

values obtained for the individual transient bed profiles

of the run. This v/as done since the variation of the

individual values from the average was not large. The

data are seen to plot consistently above the line

corresponding to Eq. 3.15. I

In deriving the theoretical expression for

K,i.e., Eq. 2.13, "tv/o major simplifications v/ere made.

Firstly the linearization U « U was made where subscript

0 refers to the origonal uniform flow situation. Secondly

the sediment transport law valid for uniform flow

conditions v/as used for the aggrading case as well. But
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it has been shov/n that this law is not applicable during

the aggradation process. As such there is every _*"eason

to expect the value of _ to be different from the theore

tical value K . The value of _ v/hich provides agreement
o

between theory and the experimental data v/as determined

as described below.

From Fig 5.20, the slopes m,,^, .... of the

experimental curve such as OA v/ere determined. From this

line one obtains the expression

Zo AG
------ _ m -——— • • .. (5.6)
fl-E K0(1->)

in v/hich m represents the slope of experimental curve

and hence assumes different values for each run. Theoretical

relationship betv/een the parameters is,

Z AG
_______ _ o. 885 — ... (3.15)
V_Tt K (1 -A)

Lividing Eq. 3.15 by Eq 5.6 and simplifying one gets,

K
0.885 \ 2— - <*•**) * ... (5.7)

K •
o

The value of K was obtained from Eq. 5.7 for all the runs,

5.6.3 Limensionless Plpts_g./ith Modified

Af;gra.dation Coefficient

Figure 5.21 shows a plot of ZQ/"fKt versus
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AG/[K(1-^ )] based upon values of K computed as explained

above. As can be expected the data fall around the line

given by Eq. 3.15 and the scatter of data about the mean line

appears to be within acceptable limits. The bed profile

in dimensionless form is shown for all the runs in Fig.5.22:

it is based upon the above values of K. The data scatter

on either side of the theoretical relation given bv^ Eq.3.6.

In general the scatter of da.ta is small at small values

of x/2 Ylvt and relatively larger for higher values of

x/2 yl_t. This is partly ;due to the possible errors in

measurement of small depths of deposition near the end

of the aggradation profile. The aggradation depths will

be large at sections close to the section of sediment

infection and decrease rapidly in the downstream direction.

Thus the relatively sraa.ll scatter at small x/2 ~\fK-t values

ensures accurate prediction of the large values of Z close

to the section of sediment injection. The small depths

of aggradation at large values of x/2 Yht are not

predicted v/ith the same degree of accuracy. But for most

practical purposes this does not assume much importance.

5.6.4 Le_ngth _o_f _________,a.tion Profile

With the modified value of aggradation

coefficient,K, the experimental data in terms of 1 •

versus YEt are shov/n plotted in Fig. 5.23 alongwith the
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theoretical relationships Eqs-3.9 and 3.10. It is seen

that the experimental, data, lie closer to the line

corresponding to Eq.3.10 than Eq..3.9. This implies that

the length of transient bed profiles determined from

experimental plots (see Fig.5.5) are from the section of

sediment injection to a section where the depth of deposi

tion is about 2 percent of the deposition at the section

of sediment injection. Obviouslv values of Z v/ith Z/Z
o

less than 0.02 v/ere too small for measurement.

5.6.5 __________ of _/_ .With Increased Sediment

Load AG/G .
e

In the previous tv/o sections, good agreement

has t_#n shov/n between experimental data and theory

based on the modified value of K. Therefore, the

theoretical relations can be iised for prediction of

transient bed profiles provided K can be related to

the known sediment, fluid and flow characteristics.

The injection of additional sediment at a

section in the stream is responsible for aggradation

resulting in non-uniform flow conditions leading to

difference betv/een the actual and theoretical values

of the aggradation coefficient. The aggradation coefficient

K may, therefore, be expected to vary with the increa.sed
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sediment load, apart from the theoretical value of K,

vi_.„K . From dimensional considerations one can expect
" o

K/K to be a function of AG/G . A plot between these
' o e

parameters based on K^ values obtained from de Vries

model and Adachi and Nakatoh models is shown in Fig$, 5.24

and 5.25. It is obvious from these plots that Fig.5.24,

shows better correlation between K/K0 and AG/Ge as

compared to Fig.5.25. Hence de Vries model is adopted

for use in the prediction analysis.

It is seen from Fig. 5.24 that the value of

K/K increases with increase in the values of AG/G .
o e

Lespite some scatter a mean curve is fitted through the

plotted points. This plot would doubtless require modi

fication or inclusion of a third parameter as more data

on aggradation particularly with different sediment Sizes

become available. Until such modifications or refinements

1

are done, Fig.5.24 may be used for estimation qf the

correct aggradation coefficient required for prediction

of transient bed profiles. One can determine K from this

figure and then use Eqs.3.15, 3.6 and 3.9 to determine

the maximum depth of deposition, the profile and:the

length of aggradation.

In view of the uncertainties regarding

Fig.5.24, one may profitably use prototype measurements
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over a limited period (if available) to predict

successive bed profiles. The value of K can be obtained

from Eq. 3.15 if one knows. Zq at a given time t for a

given value of AG. Since the value of K remains independent

of time, this value of K can be used alongwith Eq. 3.6 to

predict the bed profiles at other times.

5.7 CQMPUfAflON OP WA-ER SURFAOE PROFILE;

Assuming uniform flov/ conditions to exist at

the end of the aggraded reach and making use of energy

equation at two sections of the aggraded reach, ax apart,

the following expression can be written for a wide

rectangular channel (see Fig. 5.27) :

uf 1 ' i u|
h + ~ + Z + - (S + S )Ax - Yl + *- + Z„ + SAx
1 2g 2 ' 2 2 2g 2 0

(5.8)

For constant discharge, q = Uh, the above equation can

be rewritten in the-form

(5.9)

Equation 5.9 can be solved for h? by trial and error

making use of the resistance relationship of Ranga Raju

which has been shown to he applicable under non-uniform
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flow conditions if friction slope is used in place of

Sq. The depth of flow is substituted in place of hydraulic

radius for wide rectangular channel.

The steps for the computation of v/ater surface

profiles are i

(i) Start from the downstream end of the ,

transient bed profile, where h,= h , the
1 o

uniform flow depth. Lecide the step length

and evaluate the left hand side of the Eq.5.9,

computations being performed in upstream

direction.

(ii) Assume a trial value of h0 and calculate S_
2 f2

from Eq. 5.9-
U

(iii) Compute the value of parameter _L •••—
VAjnr/p

ana read the value of the parameter,
q

K_(h/d)1'5(- 'A-v~7j )from Fig.2.4 and hence
determine the value of friction slope S .

(iv) Compare the value of S. against the value

determined in step (iii). If these values
1

are different, assume another value of h- i

and repeat the steps (ii) and (iii) till

these tally.

(v) Repeat steps (ii) to (iv) for the next step

length and work out the water surface profile

over the whole of the aggraded reach.
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5.8 HtEDICTION OF TRANSIENT BED A__TWATER SURPACE

PROFILES FOR COLORADO RIVER- A CASE STUDY

The bed material size of the sediment of the

Colorado River at Taylor Ferry, U.S.A is 0.32 mm, the

same as in the present laboratory investigation. With

the effect of size of sediment eliminated, it was,

therefore^decided to employ the proposed method of compu

tation for predicting transient bed and water surface

profiles for a large stream like the Colorado. In the

absence of any prototype data to compare with, the only

check can be whether the results arc realistic. The rate

of overloading£ G/G , v/as assumed to be equal to unity

and the aim was to predict the bed and water surface

profiles at the end of 6 months. The follov/ing are the

known hydraulic and sediment parameters of the river(37)l961

Lischarge, q _ 1.38 m/sec-m

Flow depth,h = 1.80 m

Equilibrium sediment _ 115x16 m/sec-m
transport rate,G .

Bed slope, S .= 0.000217

Median size of the bed

material, d _ 0.32 mm

From the known sediment transport rates and

corresponding mean velocities sediment transport ;. .-,.._•
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law in the form G = a U was determined for the river

reach under consideration as shown in Fig.5.26. The

valua of the exponent h was found to be 7.3. The values

of Kq and K wore found to be 2.07 and 0.414 respectively.

Following the steps of computation detailed in sections

5.6.5-and 5.7 the bed and water surface profiles at the >.

end of 6 months are computed and shown in Fig. 5.27.

The maximum aggradation at section x = 0, i.e., Z is
AecrecLS/nj _£ _• _>f °

found to be 1.01-mJin a distance of 9.42 kms; the bed

wave will travel to 6.67km, 9.42km and 13.40 km at the

end of three months, 6 months and one years respectively;

these values may be considered realistic. It can be seen

that the computed water surface maintains the essential

characteristics of the transient water surface profiles

observed in the laboratory

5 •9 CONCLUDING REMARKS

The elements of a transient bed profile, i.e.,,

maximum depth of deposition, deposition at any distance,

and length of aggraded profile can be worked out with

the help of rclationsdeveloped for these but using a

modified value of K v/hich can be determined using Fig.5.24

and Eq.2.13. It has been found that sediment transport law

under uniform flow conditions cannot be applied directly to

non-uniform flov/ conditions obtained in aggrading streams.
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Kennedy's concept of lag distance, 6, has not been fully

supported by the present data. However, the resistance

relationship developed by Ranga Raju for uniform flow

was seen to be valid under non-uniform flow conditions

if the local friction slope, S , is used in place of S .
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CHAPT3R-VI

CONCLUSIONS

The main objective of the present study was

to formulate an analytical computational procedure for

predicting transient bed profiles in case of aggradation

due to continuous overloading at a constant rate. It

was also intended that this procedure should be supported

by data from laboratory experiments. Theoretical relations

for the transient bed profile based bn the parabolic

model proposed by de Vries have been modified on the

basis of these data. The aggradation experiments conducted

during this study provide data for non-uniform flow

conditions as a by-product. The non-uniform flow data

have been utilised in studying the characteristics of

flow under aggradation and studying for the first time in

detail the sediment transport and resistance laws under

such conditions.

The main conclusions drawn from the analytical

and experimental investigation are summa.rized below:

(1) The maximum aggradation in a stream, Z
o >

occurs at the section of sediment' injection

and for a given time, t ,and rate of injection,
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AG, ZQ is given by Eq.3.15 namely

Z A &

__- = 0.885 ^q—r-Y

(2) Lownstream of the section of sediment addition

the extent of aggradation decreases mnnotoni-

cally in the down stream direction and

approaches a value of zero asymptotically.

The value. <?f aggradation at any section and

at any time t can be computed from Eq. 3.6,

namely

Z - Z ( 1 - erf —__- )
2 fit

(3) The region of asymptotic change in Z is

assumed to end at a section beyond which the

change in aggradation depth does not exceed

some small proscribed value taken as 1 per cent

of the maximum depth Zq. This defines the length,

1, of transient bed profile for time t, and is

given by the following equation:

1 - 3.66 "Y_t

(4) The aggradation coefficient K appearing in

Eqs. 3.6, 3.9 and 3.15 expressed as K/K is

related to the ratio of the excess load to the

equilibrium load,A G/G However, more data
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are needed in support of this relationship

shown in Fig.5.24.

(5) In view of uncertainities regarding Fig 5.24,

the value of K may be obtained from Eq.3.15

if one knows Zq at a given time,t, and for given

value ofAG from prototype observations. Since

the value of K remains independent of time, this

value of K can be used in Eq. 3.6 to predict

the bed profiles at other times.

(6) The sediment transport rate at a section on

the aggrading reach initially increases very

fast from the equilibrium value but it increases

gradually later and approaches the increased

sediment transporrt rate asymptotically.

(7) The value of Mannings roughness coefficient on

the aggraded reach is generally smaller than the

value of uniform flow; the decrease may he to

the extent of 20-30 per cent. However, there is

no systematic variation of n with sediment

injection rate and such other parameters.

(8) The sediment transport formulae for steady

uniform flows cannot be direc'Ly applied to

the unsteady non-uniform flow conditions

obtained in aggrading streams.
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(9) The sediment transport rate at a particular

section is not related to the mean velocity

of flow at this section by the same relationship

as for uniform flow. However, the local sediment

transport rate at a section is related by this

relation to the local mean velocity upstream

or downstream of thiSt.section. Kennedy's

hypothesis is that there would be a lag '5'

between sediment transport and mean velocity

(implying relation of local transport rate to

the velocity upstream of the section) and the

present data do not thus support the hypothesis

fully.

(10) The resistance law under non-uniform flow

conditions is seen to be the same as for uniform

flov/ provided the local friction slope is used

instead of S in the former case.
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-_____)II-I

_KC._1_____ FOR"AHgLYIHG SIDE WALL G_______TQW

'The side walls of the flume were made of different

materials— one side being of glass and other of painted

steel sheet. There is no standard procedure for applying

side wall correction to get the hydraulic radius corres

ponding to the bed in such a case. The following rarocedure

was, therefore devised-s

Let the total area of cross-section,A, be divided

into three parts— AW1 ,A^, and A^— representing the

areas corresponding to glass and steel wall and the bed

respectively.

i.e. A-Ab +AW1 +\j2 . |
r ... (a.i)or Bh -BRb+ hRW1 +hRW2 J

in which !L_( RW1 and RW2 are the hydraulic radii

corresponding to the bed and glass and steel walls

respectively. For any given run at any given section the

values of the friction slope,Sf,and the mean velocity,U,

are known. The values of RW1 and RW2 can be found from
_ ?
Mannings formula as i

Unw1. 3/2
Rw1 » ( tyg ) ... (A-2)

Sf



and R...w,

Unw9 3/2
( _JL )

s/2

HO

(A-3)

in which nw^ and nV/2 represent the Manning's roughness

coefficient for glass and steel side walls respectively.

Substituting Eqs. A-2 and A-3 in Eq.A-1 and simplifying!

R,
- 1-

h

U
1.5

"5775"
f

nw
5/2 3/2 •+ nW2

B
..(A-4)

In the present case, the width of the flume, B is equal

to 0.20m and values of nw and ]%« ^ead from pages 110-111

of 'Open Channel Hydraulics' by V.T. Chow are 0.010 and

0.013 respectively. V/ith the substitution of these numerical

values, Eq. A-4 reduces to s

R
_

h

1 - 0.0125 ~
U
1.5

~07T5 (A-5)

Here U is in metres/sec and R, and h are in metres.

Eq. A-5 was used in the calculation of R, .
b
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_____________

PROCTDURE TO" APHiYING 3ID1I WAT.T. nrmmsr.tiqn

The side walls of the flume were made of different

materials— one side being of glass and other of painted

steel sheet. There is no standard procedure for applying

side wall correction to get the hydraulic radius corres

ponding to the bed in such a case. The following procedure

was, therefore^devised t

Let the total area of cross-section,A, be divided

into three parts— AW1 ,A^, and Afe- representing the

areas corresponding to glass and steel wall and the bed

respectively.

i.e. A-Ab +AW1 +i_,2 |
f ... (A.1)or Bh -BRt+ hRW1 +hRW2 J

in which R^, RW1 and RW2 are the hydraulic radii

corresponding to the bed and glass and steel walls

respectively. For any given run at any given section the

values of the friction slope,Sf,and the mean velocity,U,

are known. The values of RW1 and RW2 can be found from

Mannings formula as t

Iftvt 3/2
Rw1 - ( ••••• ty'g ) ... (A-2)

Sf
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DISTANCES

9

TABLE-2 (Continued)

AGGRADATION STUDIES-BASIC AM) COI'PUTED P_R_]____$S:RUN 3.0-U-2
TEMPERATURE 27 , 5°C k -- O-1 _xTo

7 9 11 13 15 • 17 19

T _ 15 MINUTES- Zq .= 0.021 L _ 5.2 _t* - ,2._^
' x 102 1-50 0.60 0,;0G 0.00 0.00 0.00 0.00 0.00 0.00 0.00
hXl°6 3'9° 4'25 5.20 5,20 5.20 5*20 5i20 5>20 5,20 5;20
&X1°2 ';1'0C 2^00 15.00.1.2.r. 12.10 12.10 12.10 12.10 12.10 12.10
nx1° 1;*72 1.63 1.68 1.70.1.76 1.76 1.76 1.76 1.76 1.76

T _ 30 MINUTES z

zx1°2 2.30 1.40 0.65 0.20 0.00 0.00
hx1°^ 3.90 4.10 4.30 4.70 5.20 5.20
G x 10 44.50 36.00 28.50 21.00 14.75 12.10
nx102 1.77 1.82 1.62 1.45 1.63 1.70

T - 45 MINUTES ^ - 0.033 I - 12.0 <-?*_ n^£
z x 102 2-9° 2.00 1.10 0.60 0.30 0.10 0.00 0.00 0.00 0.00
h x 106 3.90 3.80 4.10 4.30 4.60 4.95 5.20 5.20 5.20 5.20
Gx102 4-5.25 38.75 33.00 27.50 22.50 18.00 14.00 12.50 12.10 12.10
nx10 . 1-77 1.61 1.62 1.50 1.47 1.50 1.60 1,76 1.76 1.76

M>3



T/_BIE-2(Continued)

AGGRADATION STUDIES-BASIC AND COMPUTED PARAMETERS:RUN 1.8-U-3

TEMPERjITURE 28.0°C k- O-Sc> XIO

DISTANCES 1 3 5 7 9 11 13 15 17 19

T a 30 MINUTES zo = 0.020 I - 6.0 ^=11-_xJ^
z X 102 1.60 0.80 0.20 0.00 0.00 0.00 0.00 0.00 0.00 0.00

h x 102
106

3.70 4.00 4.80 5.25 5.15 . 5.30 5.30 5.30 5.30 5.30

G x 29.00 22.00 15.00 11.30 11.30 11.30 11.30 11.30 11.30 11.30

n x 102 1.47 1.50 1.65 1.86 1.89 1.92 1.92 1.92 1.92 1.92

rp _ 60 MINUTES z _
0

0.025 _ =11.0 ^^-ivejcTo*"
_ X 102 2.20 1.40 0.80 0.30 0.10 0.00 0.00 0.00 0.00 0.00

h x 102 3.80 3.90 4.20 4.60 4.80 5.00 , 5.10 5.20 5.30 5.30

G x 106 30.50 26.75 23.50 19.75 • 16.50 13.25 '11.50 11.30 11.30 11.30

11 X 102 1.58 . 1.56 1.61 1.69 1.62 1.64 1.64 1.70 1.92 1.92

T - 90 MINUTES zo > 0.029 L _ 16.0 <5* _ |_.4 x~i_2'

Z X 102 2.70 1.90 1.20 0.70 0.45 0.30 0.15 0.05 0.00 0.00

h x 102 3.40 3.50 4.00 4.30 4.60 4.90 5.05 5.15 5.30 5.30

G x 106 31.00 28.00 25.25 22.50 20.25 18.00 16.50 14.50 13.00 12.00

n x 102 1.29 1.33 1.54 1'.50 1.53 1.66 1.74 1.80 1.90 1.92

__
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TABLE-2 (Continued)

AGGRADATION STUDIES—BASIC AND COMPUTED PARAMETERS;RUN 2.7-U-5

TEMPERATURE 29°C K-- iI_i vf-*"

DISTANCES 1 3 5 7 9 11 13 15 17 19

T = 10 MINUTES z
0

0.030 L = 7.5 Q*_ 3n_*n>

z x 102 2.50 1.50 0.60 0.10 0.00 0.00 0.00 0.00 0.00 0.00

h x 102 5.40 5.65 6.45 7.35 7.50 7.50 7.50 7.50 7.50 7.50

G x 106 96.00 73.00 50.00 33.50 29.50 29.50 29.50 29.50 29.50 29.50

n x 102 1.62 1.63 1.64 1.65 1.67 1.74 1.74 1.74 1.74 1.74

T = 20 MINUTES z
0

0.041 L m 11. 50 ^h* =3_-o?vi_

z x 102 3.10 2.00 1.25 0.70 0.45 0.15 0.00 0.00 0.00 0.00

h x 102 5.80 5.90 6.35 6.90 7.10 7.40 7.50 7.50 7.50 7.50

G x 106 103.00 92.00 81.00 68.00 56.00 43.00 34.00 30.00 29.50 29.50

n x 102 1.88 1.82 1.76 1.71 1.71 1.78 1.73 1.74 1.74 1.74

T _ 30 MINUTES ao = 0.041 L _ 15. 50 G,* - _6-o>Ti"-

z x 102 3.70 2.60 1.80 1.25 0.95 0.70 0.30 0.10 0.00 0.00

h x 102 5.90 5.80 6.15 6.55 6.85 7.10 7.25 7.50 7.50 7.50

G x 106 105.00 95.00 85.00 75.00 65.00 56.00 48.00 41.00 36.00 32.00

n x 102 1.92 1.79 1.73 1.61 1.66 1.80 1.83 1.83 1.76 1.74



TABLE-2 (Continued)

AGGRADATION STUDIES—BASIC AND COMPUTED PARAMETERS:RUN 1.35-U-6
TEMPERATURE 29°C k--6 48rxr-"

DISTANCES 1357 9 n 13 15
17 19

• _/%2
T = 15 MINUTES t? —

^_i —

0
0.016 L = 5. 0 ^-tf. - ZO^^t

z X 10

h x 102
G x 106
n x 102

1.30 0.50 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

6.20 6.90 8.50 8.50 8.50 8.50 8.50 8.50 8.50 8.50

35.50 26.75 20.50 16.75 16.40 16.40 16.40 16.40 16.40 16.40

1.55 1.02 0.68 1.80 1.87 1.87 1.87 1.87 1.87 1.87

_~2
_L — 45 MINUTES z =

0
0.024 L _ 11 .0 Gr*_ i&.tjui?

z x 10^

h x 102
G x 106

0

2.10 1.30 0.60 0.40 0.20 0.00 O.OO' 0.00 0.00 0.00

6.00 6.15 6.70 7.3O 8.20 8.50 8.50 8.50 8.50 8.50
37.00 32.50 28.50 24.75 21.50 19.00 17.00 16.40 16.40 16.40

n x 10 1.74 1 FO 1.27 0.59 0.95 1.76 1 .80 1.87 1.87 1.87

J 2
T ^ 75 MINUTES z =

0
0.029 L _ 17 . 0 _f^_ |_>_*/<>

z x 10^

h x 102
G x 106

o

2.50 1.70 1.10 0.80 0.60 0.45 0.30 0.20 0.00 0.00

6.10 6.20 6.60 6.90 7.30 7.60 7.80 8.00 8.50 8.50
38.00 34.50 31.00 27.75 24.75 22.00 19.75 18.00 17.00 16.40

n x 10" 1.81 1.71 1.50 1.29 1.33 1.24 1.27 1.42 1.69 1.80

_f_
_______



TABLE-2 (Continued)

AGGRADATION STUDIES—BASIC AND COMPUTED PARA.ESTERSs RUN 0.9-U-7
TEMPERATURE « 27.5°C |< „ 0.8^^-*"

DISTANCES 1 3 5 7 9 11 13 15 17 19

z x 102
h x 102
G x 106
n x 102

1.70

T _

1 .00

30 MINUTES

0.50 0.20 0.00

z ~
0

0.00

0.023

0.00 0.00

L _ 8.

0.00

5* ___. __XT04
0.00

6.00 5.90 6.25 6.80 7.25 7.20 7.20 7.20 7.20 7.20

62.50 56.00 49.00 42.00 37.00 34.40 34.40 34.40 34.40 34.40

1.99 1.75 1.58 1.60 1.75 1.88 1.88 1.88 1 .88 1.88

___.

z x 102
0

T = 60 MINUTES z =
0

0.029 _ _ 17 .5 <** _ 2._.&^s7o

2.50 1.70 1.20 0.90 0.70 0.50 0.35 0.25 0.10 0.00

h x 10*1

G x 106
n x 102

6.00 5.90 6.30 6.55 6.80 6.85 7.00 7.10 7.20 7.20

64.00 60.00 56.00 51.50 47.50 44.00 40.50 37.50 36.00 34.40

1.99 1.76 1.71 1.73 1.83 1.79 1.85 1.92 1.98 1.88

CO



TABLE-2 (Continued)

AGGRADATION STUDIES— BASIC AND COMPUTED PARAMETERS:RUN 1.0-U-8
TEMPERATURE = 29.0°C £ - O^S"*!^

DISTANCES 1 3 5 7 9 11 13. 15 17 . 19

,2
T _ 15 MINUTES z= 0.017 L _ 4.5 S* _i^ylo4

2 x 102 1-3o 0.40 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
hx106 6-4° S.70 7.35 7.60 7.50 7.50 7.50 7.50 7.50 7.50
Qr x 102 37*00 26-50 21.50 21.50 21.50 21.50 21.50 21.50 21.50 21.50
•n x 10 2.07 1.86 1.62 1.68 1.80 1.80 1.80 1.80 1.80 1.80

' T - 30 MINUTES z^ 0.025 1-7.0 ^< =-_-4^o4
10 2.00 1.00 0.30 0.00 0.00 0.00 0.00 0.00

hx1c^ 5.90 6.20 6.70 7.25 7.60 7.55 7.50 7.50
0.00 0.00

j.w o._u owu /.o r.bU 7.55 7.50 7.50 7.50 7.50

Gx 10 39.75 32.50 26.00 22.25 21.50 21.50 21.50 21.50 21.50 21.50
nx1°2 1-87 1.83 1.66 1.57 1.72 1.85 1.80 1.80 1.80 1.80

T _ 60 MINUTES Zq_ 0.030 L _ 12.0 ^,„l0^

z x 102 2.60 1.70 1.00 0.45 0.20 0.10 0.00 0.00 0.00 0.00
h x 106 6-00 6.20 6.70 7.10 7.30 7.45 7.60 7.50 7.50 7.50
Gx102 41.50 37.50 34.00 30.00 26.75 23.25 22.00 21.50 21.50 21.50
n x 10 1-89 1.89 1.90 1.82 1.80 1.81 1.87 1.88 1.80 1.80

4~
MO



TABLE-2 (Continued)

AGGRADATION STUDIES— BASIC AND COMPUTED PARAMETERS;RUN 0.90-U-9
TEMPERATURE _ 29.0°C j< _ o.31 x7^

DISTANCES 1

z x 102 1.85

h x 102
6

G x 10

6.90

34.25

n x 102 2.02

z x 102 2.20

h x 102 7.10

G x 10° 34.75

n x 102 2.28

5 5 7 9 11 13 15 17 19

TI 45 iSoSis V0_019~ I . 9J^7_T^
1.10 0.55 0.30 0.10 0.00 OvOO 0.00 0.00 0.00
6.90 7.20 7.70 8.65 9.20 9.20 9.20 9.20 9.20

30.25 26.50 23.00 20.25 19.00 18.80 18.80 18.80 18.80
1.77 1.32 2.08 1.88 1.88 1.88 1.88 1.88 1.88

T _ 75 MINUTES Zq_ 0.027 L . 13#5 "£7. y2.6-^
1.50 0.90 0.60 0.40 0.20 0.05 0.00 0.00 0.00
6.90 7.05 7.15 7.40 7.90 8.60 9.00 9.20 9.20

32.00 29.50 27.50 25.00 22.00 20.75 19.50 18.80 18.80
1.95 1.62 1.34 0.91 1.18 1.32 1.62 1.*oc 1.88



TABLE-2 (Continued)

AGGRADATION STUDIES—BASIC AND COINNJTED PARAMETERSjRUN 0.63-U-10
TEMPERATURE _ 26,5°C \c _ \ 3_ *7o;— _-

DISTANCES 1 3 5 7 9 11 13 15 17 19

T_10 MINUTES _7^oTo73 L- 8.5 '"^T_l__>7rf
zx 10, 1.80 1.00 0.50 0.20 0.00 0.00 0.00 0.00 0.00 0.00
h x 10 4.20 4.6O 5.40 5.85 6.20 6.20 6.20 6.20 6.20 6.20
Gx 10 171.00 155.00 138.00 122.50112.00111.00 111.00 111.00 111.00 111.00
n x 1°2 1-29 1.41 1.64 1.76 1.92 186 1.86 1.86 1.86 1.86

T _ 20 MINUTES Zq= 0.028 L _ 15.0 Q„-lo_.„A7_?
z x 10 2.30 1.60 1.00 0.75 0.50 0.30 0.20 0.00 0.00 C.00
h x 1°2 4.60 4.80 5.20 5.60 5.80 5.90 6.10 6.20 6.20 6.20
Gx 106 174.50 164.00 153.00 142.00132.50 124.00 117.00 112.50 111.00 111.00
n x 102 1-49 1.49 1.54 1.66 1.71 1.77 1.83 1.96 1.86 1.86

_i



TABLE-2 (Continued)

AGGRADATION STUDIES— BASIC AND COMPUTED PARAMETERS: RUN 0.30--U-11
TEMPERATURE - 29.5°C k ^ D.S+2m

DISTNACES 1 3 5 7 9 11 13 "15
17 19

T _ 15 MINUTES so= 0.015 L _ 8.5 Q*_92-_^£
zx 10 1.10 0.50 0.20 0.05 0.00 0.00 0.00 0.00 0.00 0.00
hx1°2 5.70 5.45 5.30 5.30 5.80 5.90 5.80 5.30 5.80 5.80
G x 1° 101.00 93.00 37.00 82.50 80.50 80.50 80.50 80.50 80.50 80.50
11x10 1-78 1.51 1.20 1.12 1.30 1.23 1.30 1.30 1.30 1.30

T _ 30 MINUTES _ = 0.020 L _ 14.0 ^ =7o^
0

9

z x 1° 1.60 0.90 0.60 0.40 0.25 0.15 0.05 0.00 0.00 0.00
hx 1°2 5.80 5.30 5.20 5.40 5.60 5.70 5.80 5.80 5.80 5.80
G x 10 102.50 95.50 90.00 86.00 83.50 81.50 80.50 80.50 30.50 30.50
nx 1°2 1.92 1.48 1.23 1.23 1.24 1.30 1.39 1.30 1.30 1.30

MT)

ro
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