Research Repository UCD

Provided by the author(s) and University College Dublin Library in accordance with publisher
policies. Please cite the published version when available.

Title Sediment transport formulae for compound channel flows

Authors(s) Karamisheva, R. D.; Lyness, J. F.; Myers, W. R. C.; Cassells, J. B. C.; O'Sullivan, J. J.
Publication date 2006-09-01

Publication information Proceedings of the ICE - Water Management, 159 (3): 183-193

Publisher Institution of Civil Engineers

Item record/more information [http://hdl.handle.net/10197/4047

Publisher's statement Permission is granted by ICE Publishing to print one copy for personal use. Any other use
of these PDF files is subject to reprint fees.

Publisher's version (DOI) 10.1680/wama.2006.159.3.183

Downloaded 2021-10-06T01:46:30Z

The UCD community has made this article openly available. Please share how this access
benefits you. Your story matters! (@ucd_oa)

© Some rights reserved. For more information, please see the item record link above.


https://twitter.com/intent/tweet?via=ucd_oa&text=DOI%3A10.1680%2Fwama.2006.159.3.183&url=http%3A%2F%2Fhdl.handle.net%2F10197%2F4047

Proceedings of the Institution of
Civil Engineers

Water Management 159
September 2006 Issue WM3
Pages 183—193

Paper 14461
Received 04/10/2005
Accepted 18/04/2006

Keywords:
floods & floodworks/hydraulics &
hydrodynamics/river engineering

Ralica D. Karamisheva
Formerly Research Student,
School of the Built
Environment, University of
Ulster, Newtownabbey, UK

John F. Lyness

Reader, School of the Built
Environment, University of
Ulster, Newtownabbey, UK

— L
John O’Sullivan
Formerly Research Assistant,
School of the Built
Environment, University of
Ulster, Newtownabbey, UK

W. Robert C. Myers

Reader, School of the Built
Environment, University of
Ulster, Newtownabbey, UK

Jason B. C. Cassells
Formerly Research Assistant,
School of the Built
Environment, University of
Ulster, Newtownabbey, UK

Sediment transport formulae for compound channel flows
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W. R. C. Myers PhD, CEng, MICE, ]. B. C. Cassells PhD and J. O’Sullivan Msc, PhD

Nine sediment transport formulae were reviewed and
applied to both inbank and overbank flows in straight and
meandering compound channels. The predictive capabilities
of the formulae were evaluated using experimental data
obtained from the large-scale UK Flood Channel Facility
and the small-scale Ulster Channel. The Yang formula
(1979) was found to give the best prediction for sediment
discharge, performing well for both straight and
meandering channels. The Schoklitch (1962) and Yang and
Lim (2003) formulae also gave very good predictions for
most of the data sets studied. The Ackers and White
formula (1973) gave very good prediction for the large-
scale facility but overpredicted the sediment discharge for
the small-scale channel. The Karim and Kennedy (1981)
formula could also be a good sediment discharge predictor,
for the studied flow conditions, but the coefficient of
proportionality used in the formula needs to be calibrated.

NOTATION

C total sediment concentration (ppm)
C, coefficient of variation

Dy, dimensionless particle diameter

D, sediment size such that 1% is finer
d flow depth

Fg dimensionless shear stress parameter
f Darcy-Weisbach friction factor

Gy, dimensionless sediment transport parameter
g gravitational acceleration

ILJ parameters

k; coefficient

m; coefficient

n Manning roughness coefficient

n Manning-Strickler grain roughness coefficient
o discharge

q unit flow rate

b bed sediment load

qs suspended sediment load

q: total sediment load

R’ regression coefficient

r discrepancy ratio

S channel slope

s specific gravity of sediment

T transport stage parameter

U shear velocity

v effective bed shear velocity
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V mean velocity

w sediment particle fall velocity

Y relative depth

e coefficient

(2] Shield’s dimensionless shear stress parameter
v kinematic viscosity

4 dimensionless bed load discharge

4 universal stream power

Subscripts

cr critical value of a parameter

I. INTRODUCTION

The transport of non-cohesive sediments during steady uniform
flow is a complex process, which becomes more complex to
describe mathematically during overbank flow because of the
interaction between the floodplain and main channel flows.
For compound channels with meandering planforms a further
degree of complexity is added. Sediment transport mechanisms
have been studied for decades and a large number of sediment
transport formulae for the calculation of the total, suspended or
bed load sediment discharges have been developed. Sediment
transport formulae are based on the physics of particle motion,
similarity principles or dimensional analysis.

Sediment transport formulae are usually calibrated and verified
using inbank flow data. In the present study they are applied to
both inbank and overbank flows in compound channels with
straight and meandering planforms. The data were obtained from
the large-scale UK Flood Channel Facility (FCF) and the small-
scale Ulster Channel (UC)."? Overbank flows with both smooth
floodplains (OBS) and artificially roughened floodplains (OBR)
were studied. For all experiments a bed of uniform sand in the
main channel was used.

Previous studies of sediment transport formulae performance do
not give comprehensive answers about their range of
applicability. The same formulae can be reported to have different
ranges of accuracy by different authors for similar flow
conditions. The goal of the current study is to demonstrate the
performance of some specific sediment transport formulae for
use with both inbank and overbank experimental data from
channels with different sinuosities without the ambitious aim

of providing a ‘fully comprehensive’ guide to performance of

all possible sediment transport formulae.
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2. SEDIMENT LOAD FORMULAE

The formulae proposed by Meyer-Peter and Muller,® Schoklitch,*
Engelund and Hansen,” Ackers and White,*’ Yang,? Karim and
Kennedy,”? Van Rijn,'®'" Molinas and Wu,'? and Yang and Lim"?
were originally developed using inbank flume and field data from
straight channels. In the current study, these formulae were
demonstrated by their use with both inbank and overbank flow
data from straight and meandering compound channels.

The sediment discharge, ¢, and the sediment concentration, C,
are usually expressed as a function of some of the following
parameters: the sediment size, D, water slope, S, flow depth, d, unit
flow discharge, ¢, flow velocity, ¥, fall velocity, w, shear velocity,
U”, resistance coefficients, n or f, specific gravity of sediment, s.
In some formulae these parameters are combined in dimensionless
parameters such as the dimensionless shear stress parameter, 0,
particle parameter, Dg,, sediment transport parameter, G, and
transport stage parameter, 7, which are given below
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A short review of the sediment transport formulae in their original
form is given below.

Meyer-Peter and Muller® derived a bed-load transport formula
using the results of an extensive experimental investigation

15 15
q, = 8(s — 1)°°Dlrg*°10° K;) 6-— ecr}

where ¢, is the bed-load discharge per metre width in m?/s; D is
the mean sediment size, s is the specific gravity (ratio between the
density of sediment and the fluid density), n is the Manning
roughness coefficient; n’ is the Manning-Strickler grain
roughness coefficient, 6 is the Shield’s dimensionless shear stress
parameter and 6., is Shield’s critical dimensionless shear stress
parameter.

Schoklitch* proposed a relationship between the bed-load
sediment discharge, ¢y, and the difference between the flow
discharge per unit width, ¢, and the critical flow discharge, ¢,
given by the following expression

25
@ = 753/ (g — qo)

Gor = 0215 \ gD?G
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where ¢, is the bed-load sediment discharge per metre width in
m?/s, S is the energy slope, and D is the size of sediment for
which 16% of the sample is finer.

Engelund and Hansen” applied the stream power concept and the
similarity principle to obtain a sediment transport equation. The
dimensionless sediment load discharge, & is expressed as a
function of the dimensionless shear stress parameter, 8, and the
Darcy-Weisbach friction coefficient, f, and the total sediment
discharge is expressed as follows

0-16 %2
t = f

7 q Vlgls — 1)D%]

where ¢, is the total sediment discharge per metre width in m*/s.

Ackers and White®” applied dimensional analysis techniques to
develop a general sediment transport function in terms of the
three dimensionless groups: particle parameter, D, mobility
parameter, F,,, and sediment transport parameter, G,. They
showed that the transport of fine materials is best related to the
total shear velocity and the transport of coarse sediments is related
to the mean velocity. The total sediment concentration, C, is
expressed by the following equation

Fo—Fuou\"/ V \" Dys
C = gr gr,cr 35
t '”3( Fy U d

U™ Vv
V/[gDss(s — 1)] \/3—210g (a_d)
Dss

1—my

Fy =

where C; is the total sediment concentration in ppm, d is the flow
depth, Ds; is the size of sediment for which 35% of the sample is
finer, o is a coefficient, Fy, . is the value of Fy, at initial motion,
and m,, m, and m; are parameters. The parameters Fy o, m;, M,
and m; depend on the dimensionless particle parameter, Dg,.

Yang® hypothesised that the unit stream power, V'S, defined as
the time rate of potential energy dissipation per unit weight of
water, is the dominant factor in determining the sediment
concentration in alluvial channels. The relationship between the
unit stream power and the total sediment concentration, G, is
expressed by

log C, =1+ Jlog (%)

*

D U
J = 1-780 — 0-360 log% — 0-48010g —
w

s

D U
[ =5165— 0153 10g% — 0297 log —
w

where C, is the total sediment concentration in ppm, V is the mean
cross-section velocity, U" is the shear velocity, w is the fall
velocity, ¥'S/w is the dimensionless unit stream power, v is the
kinematic viscosity, and I, J are parameters determined from
multiple regression analysis of a large range of experimental data.

Karim and Kennedy® used dimensional analysis to develop a
power relationship between the total sediment discharge, ¢;, and
the flow velocity, ¥, shear velocity, U”, the fall velocity, w, and

Karamisheva et al.



Sediment transport formula Depth, Slope, Particle Viscosity, Mean Shear Fall
d S diameter, D v velocity, V velocity, U* velocity, w
Meyer-Peter and Muller? Yes Yes Yes - Yes - -
Schoklitch* - Yes Yes Yes - -
Engelund and Hansen® Yes Yes Yes - Yes Yes -
Ackers and White®’ Yes Yes Yes Yes Yes Yes -
Yang8 Yes Yes Yes Yes Yes Yes Yes
Karim and Kennedy’ Yes Yes Yes - Yes Yes Yes
Van RijnIo Yes Yes Yes Yes Yes Yes -
Molinas and Wu'? Yes - Yes - Yes - Yes
Yang and Lim'3 Yes Yes Yes Yes Yes Yes Yes

Table |. Comparison of the input data needed for different calculation methods

the mean particle diameter, Dy,

) (5
=5\ Vgl — 1Dy)

w

)‘ Vlgls — 1)D%]

where ¢, is the total sediment discharge per metre width in m?*/s
and k; = 0-00139 is a coefficient of proportionality.

Van Rijn,'®!'" in a series of papers, presented theories for bed-load
and suspended sediment transport. He proposed the following
bed-load formula

21

g = 0053 155 (s — 1)g]>°Dig

gr

where ¢, is the bed-load sediment discharge per metre width in
m?/s, and T is the transport stage parameter, which expresses the
mobility of the particles in terms of the stage of movement relative
to the critical stage for initiation of motion.

The suspended load transport is calculated from

V-V, S
12 °]045} D”°DyyV

qs = 0~012{ e ——T
’ [(s — 1)gDsp

where ¢ is the suspended-load sediment discharge per metre
width in m?/s, and V. is the critical mean flow velocity based on
Shield’s criterion. The total sediment transport is calculated as the
sum of the bed-load and the suspended load.

Molinas and Wu'? developed a sediment transport relationship
based on the stream power concept. They replaced energy slope

owing to grain resistance with a velocity term using the
Darcy-Weisbach equation and a resistance equation for
estimating the friction factor and established the following
relationship between total sediment concentration, C;, and the
universal stream power, ¥

c _ 14300086 + Vo'®
e 0-016 + ¥
V3

d 2
(s — 1)gdw{log (D—)]
50

Yang and Lim'? used dimensional analysis to develop a sediment
transport formula for flow in alluvial channels. They related the
sediment discharge to a total load transport parameter, which
involves the bed shear stress, T, grain shear velocity, U, critical
grain shear velocity, U}, and the fall velocity, w

S
= kZ[S_ 1)T0<

where ¢, is the total discharge per metre width in kg/s/m, and
k, = 12-5 is a coefficient of proportionality.

U=

14 9t

#/2 */2
U~ -Ug
w

A summary of the independent variables, which influence the
results of the sediment discharge calculation for the various
calculation methods, is presented in Table 1. All formulae include
the sediment characteristics and mean flow velocity as input
variables. The energy slope is also included as an input variable in
all formulae except in the Molinas and Wu formula. The shear
velocity, which relates to the fine particles sediment transport,
is not included in the bed-load Meyer-Peter and Muller and
Schoklitch transport formulae,

Table 2. Data ranges for different calculation methods

Water Management |59 Issue WM3
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but it is necessary to calculate

Sediment transport formula Depth, Slope, S Particle size, Mean velocity, the suspended part of the total
d:'m D: mm V: m/s .

sediment transport. The ranges

M P d Muller? 0-01-1-20 0-0004-0-02 0-4-29-0 0-36-29 of depth, slope, grain size and
eyer- eter an uller ‘Ul—1" - i " - "50—4L" . .

Schoklitch® 001-022  0:00012-0-055 03-49 024-1-4 mei‘f Veflomyl applicable to all
Engelund and Hansen® 0-06-0-31  0-000055-0-019 0-19-0-93 0-19-1-90 studied formulae are given in
Ackers and White®” 0-18—11-5  0:000022-0-0015 0-04—4-0 0-33-0-87 Table 2.
Yang8 0-01-150 0-000043-0-028 0-15-1-7 0-24-1-95
Karim anlgl Kennedy’ 0-03-5-20 0-00015-0-024 0-14-28-65 0-31-2-84 3. EXPERIMENTAL
Van Rijn 0-10-16-0 NA 0-19-3-6 0-34-1-55
Molinas and Wu'?2 1-50-62-2 0-000002-0-0025 0-02-26 0-20-2-42 PROCEDURES AND
Yang and Lim'? 00I-165  0:0003-0-013 002-57-0 NA RESULTS

Comparisons of the accuracy

of the sediment transport
calculation methods have been

Karamisheva et al.



inclined at 45° and top width

n?:ﬁggr n?g;ﬁggr of 2:0m for the straight

belt . belt i .
- L Meander belt width R channel expen@ents and 16 m
< < pe > for the meandering channel

experiments. For the
meandering channel

/ experiments, the main channel
was designed to have a

Right floodplain channel sinuosity of 1-34.

pr b BfP

The experimental tests were
carried out using a uniform
sediment sand of

Dy, = 0-835 mm. The sand was

Yy

Fig. 2. The FCF with straight and meandering planforms

made using 69 data sets obtained at the large-scale FCF described
previously by Myers et al.'* and Lyness et al.'® and in the small-
scale UC described previously by Cassells' and 0’Sullivan.? The

cross-section of both channels is shown in Fig. 1.

The large-scale FCF channel is 45 m long by 8 m wide (Fig. 2).
The main channel is trapezoidal in section with side slopes

screeded to a mean bed level
0-2m below the floodplains.
The facility recirculated both
sediment and water and the
sediment transport rate was
measured by an infrared meter.

The overall length of the small-
scale UC is 18 m and its total
width is 1-89 m (Fig. 3). The
main channel has a top width
of 0-5m and side slopes of 45°.
For the meandering channel
experiments sinuosities of 1-:34
and 1-17 were tested. The tests
for the 1-17 sinuosity UC were
undertaken in two phases, with
valley slopes of 0:001859 and
0-0025. The channel was filled
with sediment sand to a depth of 0-:05m below the floodplain.
The sediment particle diameter was D5, = 0-890 mm. The UC only
recirculated water and not sediment, so a sediment feeder was
provided to keep the bed in equilibrium.

The discharges for these experiments are in the range
0-01-0-75m>/s and flow depths are in the range 0-044-0-360 m.
For straight channel
experiments, the trapezoidal
main channel was extended
with sidewalls during the
inbank tests, allowing flow and
sediment behaviour in
channels with trapezoidal and
compound channel sections to
be compared. The maximum
value of relative depth, Y,

(Y = (d — d,)/d, where d,, is
the bankfull depth) for the
overbank experiments was
0-67. Overbank flows with both
smooth and artificially
roughened floodplains were
studied. All tests were
conducted in channels
incorporating a mobile sand
bed using uniform sand with a
density of 2:65t/m>. Particular
care was provided to ensure
that steady, uniform flow was

Karamisheva et al.




cross-sections were close
to the sediment discharges
measured during inbank
tests and corresponding to
the same flow discharge.

(b) For overbank flows the
sediment discharge did not
necessarily increase with
the flow discharge; for UC
with rough floodplains the
sediment discharge started
to decrease steadily after a
certain flow discharge.

(c) For overbank flows in the
FCF the sediment

Fig. 4. Sediment discharges measured at the FCF
()

obtained and that bed load rates were in dynamic equilibrium for
the duration of all tests.

According to the Rosgen classification system,'® the compound
channels studied here can be classified as sand dune-ripple
alluvial channels, slightly entrenched (total width-main channel
width ratio varied between 3-8 and 5-0), low to average channel
slope (0-00186-0-00250), low width-depth ratio (8-0-10-0), with
low to moderate sinuosity (1-0-1:34).

The results for the measured sediment discharges in the FCF and
the UC with different planforms and floodplain roughness are
shown in Figs 4 and 5. For the UC with rough floodplains and
meandering planform, sediment transport was not observed.
Relations between the measured sediment discharge and the main
channel flow were investigated and the following observations
were made.

(a) For straight channel experiments, the sediment discharges
during overbank flow in channels with compound

0-15 4
—&— FCF OBS straight
----a---- FCF OBR straight
—0— FCF OBS 1-34 sinuosity
% ----a---- FCF OBR 1-34 sinuosity
< 0.104 | ——¢— FCF inbank straight
()
<)
IS
<
2
kel
€
o
£ 005 -
©
[0
(%]
0‘00 T T T T 1
0-00 0-10 0-20 0-30 0-40
Main channel flow: m%/s

0-50 discharges were lower for
channels with meandering
planforms, but this was not
observed for the UC.

No clear relation between

the main channel flow
discharge (or mean main channel velocity) and the sediment
discharge was observed.

4. COMPARISONS OF ACCURACY FOR SEDIMENT
TRANSPORT FORMULAE
The main objective of this paper is to select sediment transport
formulae, which are reliable for both inbank and overbank flow
and for compound channels with different sinuosities by
comparing the measured sediment discharges and those calculated
using different formulae. The following statistical parameters
were used to assess the predictive capability of the sediment
transport formulae: the discrepancy ratio between computed and
measured results, r, the coefficient of variation, C,, the sample
percentages of the discrepancy ratio values within the ranges
0-75-1:33 and 0-50-2-00, and the regression coefficient between
the computed and measured results, R%. In order to compare the
results, some assumptions about the ‘acceptable ranges’ of
statistical parameters were made: mean discrepancy ratio, r,
should be between 0-75 and 1-33; coefficient of variation, C,,
should be less than 0-50; percentage of discrepancy ratio values in
the range 0-50-2:00 should be

greater than 75%; and
coefficients of regression, R
should be greater than 0-75.
Results are compared
separately for inbank and
overbank flow, for straight and
meandering planforms of the
main channel, for the FCF and
the UC and summarised in
Table 3. Formulae with
statistical parameters within
the ‘acceptable ranges’ were
considered to give very good
predictions of the sediment
discharge (these values are

Fig. 5. Sediment discharges measured at the UC
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0-015
—&— UC OBS straight
----a---- UC OBR straight
—o— UC OBS 1-34 sinuosity
‘\O”) ----g---- UC OBR 1-17 sinuosity
AE:S 0.010 4 | —— UC inbank straight
2
IS
<
[
2
©
<
()
£ 0.005
e
[0
(%]
0'000 T T T T T
0-00 0-01 0-02 0-03 0-04 0-05
Main channel flow: m%/s
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shaded in Table 3). The
sediment transport formulae,
which did not give good
discrepancy ratios but did give
good statistical results of the

0-06
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Statistics Formulae Meyer-Peter Schoklitch* Engelund ~ Ackers Yang® Karim  Van Rijn'®  Molinas Yang
and Muller? and and and and and

Hansen®  White®’ Kennedy9 wu'? Lim"?

FCF inbank 0-29 0-87 191 0-97 0-79 0-53 0-72 1-38 0-94
C, 0-59 0-35 0-58 0-54 0-49 0-41 0-58 0-31 0-40

UCinbank r 570 135 0-66 1-89 0-99 0-78 2:39 5-58 1-68
C, 1-08 0-89 0-18 0-75 0-48 0-56 1-14 0-87 0-74

FCF straight r 0-27 0-86 191 0-99 0-90 0-54 0-63 1-20 0-96
C, 0-53 022 0-20 0-40 0-32 0-29 0-47 0-27 0-37

UC straight r 1-83 0-95 0-86 1-52 0-78 0-60 1-18 321 125
C, 0-72 0-33 0-79 0-42 0-27 0-24 0-56 0-29 0-28

FCF straight r 0-11 2:98 11-78 0-88 175 1-03 0-45 1-65 0-99
C, |-45 0-47 0-60 0-41 0-34 0-32 0-57 0-31 0-57

UC meander r 1-63 121 1-34 133 1-03 071 0-94 334 1-16
C, 0-42 0-48 0-74 0-47 0-35 0-34 0-57 0-39 0-46

Overall r 1-48 1-22 2:37 1-28 0-97 0-66 1-04 275 1-17
C, 1-68 0-73 165 0-57 0-47 0-42 1-08 0-80 0-52

R? 0-21 0-84 0-66 0-80 0-84 0-85 073 0-87 0-84

0-75-1-33 9% 54% 26% 32% 57% 26% 28% 17% 39%

0-50-2-0 19% 84% 57% 70% 84% 70% 61% 41% 80%

Table 3. Comparison of accuracy of the sediment transport formulae

regression coefficient and the coefficient of variation, were also
considered and further studied.

The predicted sediment discharges were calculated using the
sediment transport formulae described above and the measured
data for flow velocity, flow depth, channel slope, cross-section
geometry and so on. For the straight channel experiments,
sediment transport occurred in the main channel only and the
sediment discharges during overbank flows were calculated using
the main channel data. For the meandering channel experiments,
sediment transport takes place in the main channel (with vertical
divisions) for relative depths up to 0-4.'” For higher relative depths
the sediment transport occurred on both the main channel and
floodplains. Thus, for overbank flows in meandering channels,
the mean velocity, ¥, and the discharge, Q, used in the sediment
transport formulae are

For Y <04
For Y > 04

V="V,
V:Vob

Q = Qc
Q = VobAob

where V. is the mean main channel velocity, calculated from
the integrated discharge for the apex, Q.; V', is the average
velocity for total channel cross-section; and A, is the main
channel plus part of the floodplain cross-section area where
sediment transport was observed. For the experiments included
in this study, it was observed that the fraction of the
floodplain participating in the sediment transport was
approximately 200%.

The Meyer-Peter and Muller formula was developed for bed-load
transport prediction only. To calculate the total sediment
discharge the suspended load calculated from the Van Rijn
formula (equation (12)) was added. The Meyer-Peter and Muller
formula overestimated the sediment discharges for the UC and
underestimated them for the FCF. The coefficients of variation
were high, the regression coefficient was low (R* = 0-21) and
only 19% of all discrepancy ratio values lay in the range
0-5-2-0.

Sediment transport formulae for compound channel flows

The Schoklitch formula has been reported as the best predictor for
bed-load transport in mountain streams.'® Bravo-Espinosa et al.'®
compared seven bed-load equations and found that it gave the
best prediction for the 22 alluvial streams studied. The Schoklitch
formula gave very good prediction for the sediment discharges
in the FCF and in the UC, as well. As this formula was developed
for bed-load prediction, the suspended load calculated from
equation (12) was added to calculate the total sediment discharge.
The Schoklitch formula gave very good prediction of the sediment
discharge for inbank flow and for overbank flow in straight
channels, but overpredicted the sediment discharge for overbank
flow in the FCF with meandering planform (Fig. 6). The Schoklitch
formula gave overall mean discrepancy ratio of 1:22, 54% of the
discrepancy ratio values between 0-75 and 1-33 and 849% of the
discrepancy ratio values between 0-50 and 2-00. The formula is
simple and the sediment discharge is expressed as a function of
unit flow discharge, and not flow depth that is often difficult to
predict accurately during overbank flows.

The Engelund and Hansen formula gave better prediction for the
sediment discharges in the UC than for the FCF. The velocity,
obtained during the calculation procedure from the effective depth
and channel slope, increases with increasing depth and
subsequently the sediment discharges increase. This velocity
calculation method does not reflect the influence of the
interaction between the subsection flows or the channel’s
sinuosity on the velocity. When the experimental mean channel
velocity was used instead, the percentage of discrepancy ratio
values in the range 0-50-2-00 increased from 57 to 74% but still
the Engelund and Hansen formula overpredicted the sediment
discharge for the large-scale FCF (Fig. 7).

The Ackers and White formula was calibrated by using a wide range
of flume and field data with depths between 0-18 and 115 m. The
authors stated that the formula is applicable for Froude number less
than 0-8 and sediment with a mean particle size greater than

0-04 mm. The Ackers and White formula gave very good prediction
of the sediment discharge for both inbank and overbank flow in the

Karamisheva et al.




FCF with straight and
® FCF straight meandering planform (Fig. 8).
: : 0 FCF meandering The formula did not show very
0-8 a UC straight good predictability for the
: : A UC meandering small-sale UC, which
06 investigated depths smaller than
£AF A A the depth range used to calibrate
Che f A : 2! the Ackers and White formula.
o4 a & : The mean discrepancy ratio for
. u & the UC was 1-52 and the
& = coefficient of variation was

n 0-82. Overall, the Ackers and
0.0 . ! : White formula gave a mean

0 05 1 2 3 4 5 discrepancy ratio of 1-28 and

70% of the results in the range
0-50-2-00.

Relative depth

0-2

Discrepancy ratio

Fig. 6. Sediment discharges prediction with the Schoklitch formula

The Yang formula is a power
relationship between the
sediment concentration and the
unit stream power. The
coefficients, I and J, have been
1.0 calibrated using a large range
; m FCF straight of data sets covering sediment
0 FCF meandering particle diameters between
4 UC straight 0-15mm and 17 mm, flow
: i 4 UC meandering depths between 0-01 and
06 " A 15:0 m, channel slopes up to
K. ‘" 0-028 and total sediment
concentrations varying
between 3 and 58 500 ppm.
- s} i . & i This .sugg.e.sts go.od

Al r : o g predictability using the Yang

0-8

| 3
"
> B p

0-4 A

Relative depth

R formula for alluvial channels
' with sand bed. As only the
0 05 1 2 3 4 5 6 7 grain shear stress is considered
as effective for bed-load
transport, the grain shear
velocity calculated by using the
Manning-Strickler equation
was used. For the studied data,
the Yang formula gave very
good prediction of the sediment
discharges in compound
1-0 : ; channels with straight and
' ® FCF straight meandering planforms (Fig. 9).
O FCF meandering The mean discrepancy ratios
: 4 UC straight . and the coefficients of
& UC meandering variation were within the
: ‘acceptable’ ranges for most
Sa y i LA data sets. The Yang formula
A N

A ‘4 A gave a very good distribution of
the discrepancy ratio values:
57% of the results were in the
- " range 0-75-1+33 and 84% of the
results were in the range
0-0 : : 0-50-2-00. The good predictive

0 0-5 1 2 3 4 capability for sediment

transport of the Yang formula
was also demonstrated by
Alonso,” Yang and Molinas,”'
and Nakato”® among others.

0-0

Discrepancy ratio

Fig. 7. Sediment discharges prediction with the Engelund and Hansen formula
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Relative depth
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Fig. 8. Sediment discharges prediction with the Ackers and White formula
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the Karim and Kennedy

formula could be used for
sediment discharge prediction
in both inbank and overbank

flows in channels with straight

and meandering planforms
but the coefficient of
proportionality needs to be
calibrated.

The Van Rijn formula is
preferred by a number of
researchers but some

Fig. 9. Sediment discharges prediction with the Yang formula
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g = :
0-0 :
0 0-5 1 2 3 4
Discrepancy ratio

modifications to the original
formula were introduced in
some studies.”>** When the
Van Rijn formula was applied
to the studied data as originally
proposed, it underestimated
the sediment discharges for the

FCF with straight planform,

overestimated them for the UC
with straight planform and
underestimated the sediment
discharges for both studied
facilities with meandering

planforms (Table 3). For some
studied flows the value of the
transport parameter was even
negative. Julien and Klaassen?®
also mentioned that the grain
shear stress calculated from the
logarithmic relationship for the

Fig. 10. Sediment discharges prediction with the Karim and Kennedy formula (with calibrated

coefficient)

The Karim and Kennedy formula was developed using a wide
range of data covering flow depths between 0-:03 and 5-2 m, mean
particle diameters of the sediment between 0-14 mm and

28:65 mm and mean sediment concentrations between 20 and
49 300 ppm. The formula underestimated the sediment discharges
for most data sets but it gave the lowest coefficient of variation
(0-43) and a very good regression coefficient (0-86). The results
obtained with the original formula are shown in Table 3. Using the
experimental data from the current study, a multiple regression
analysis between the dimensionless parameters used in the Karim
and Kennedy formula was carried out. The power coefficients were
close to those estimated by Karim and Kennedy (291 against 2-:97
and 1-30 against 147) but the coefficient of proportionality was
larger (0-0022 against 0-00139). Subsequently the constant was
re-estimated using the same power coefficients as in the Karim
and Kennedy formula. The regression coefficient was 0-80 and the
significance P < 0.001. The results for the discrepancy ratio
values obtained using the Karim and Kennedy formula with the
calibrated coefficient of proportionality are shown in Fig. 10.
The calculated mean discrepancy value was 1:00 and 95% of
the results were in the range 0-5-2-0. These results suggest that

1-0 .
B FCF straight
: : O FCF meandering
0-8 : ! 4 UC straight
; A 4 UC meandering
=S :
2 0.6 Y
g al® e
2 o\ K ¢ @
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0 05 1 2 3 4
Discrepancy ratio

Sediment transport formulae for compound channel flows

Chezy coefficient reaches the
same order of magnitude as the
critical shear stress and

negative values of T are
possible at low transport rates.
Therefore, some modifications
of the Van Rijn formula were
made. Instead of using the
Vannoni and Brooks method (cited in French?®), the
Manning-Strickler equation was used to calculate the bed-shear
velocity, U*'. The grain roughness was assumed equal to Dgo. The
modifications of the Van Rijn formula led to improvement of the
mean discrepancy ratio values for the studied data sets (Fig. 11).
The overall mean discrepancy ratio was 1-03 but the coefficient of
variation was still high (1-09) and only 61% of the discrepancy
ratio values were between 0-5 and 2-0.

The Molinas and Wu formula overestimated the sediment
discharge for the FCF and highly overestimated the sediment
discharge for the smaller-scale UC. The overall coefficient of
variation was high but the coefficients of variation for the
individual data sets were low and the regression coefficient was
high. Therefore, the relationship between the concentration and
the stream power given by the Molinas and Wu formula was
compared with the calculated values for the FCF and the UC. The
FCF data followed the curve of the proposed relationship but for
the UC the calculated values of stream power corresponding to the
measured concentrations are much higher (Fig. 12). The Molinas
and Wu formula is based on the stream power concept but the
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Wau substituted the friction
factor related to grain
resistance with a logarithmic
function of flow depth and
grain size using a resistance

1.0

u FCF straight

O FCF meandering
A UC straight

4 UC meandering

06 i A equation valid for wide

08 :

4 a o channels. The use of a

A resistance equation suitable for
the overbank flows and the
e A calibration of the coefficients

0-4 A
DI
0.2 - G A A for particular flow conditions
m

Relative depth

E—' B might improve the accuracy of
: ; the Molinas and Wu formula

0 05 1 > 3 4 for s'ed?mer'lt discharge
Discrepancy ratio prediction in small streams.

0-0

Fig. I'l. Sediment discharges prediction with the Van Rijn formula (modified) The Yang and Lim formula
gave very good prediction of
the sediment discharges for
most data sets studied (Fig. 13).

600 For the FCF with meandering
A FCF planform and rough
500 o uc floodplains the calculated shear
g_ — Large rivers velocities related to grains were
& 400 4, i = o 4 lower than the critical shear
S o velocity but most formulae
§ 300 . o o? oo Ho failed to predict accurately the
g o oo o0 o diment discharge for this dat
% 200 “ E g 8 g Py : a a sediment disc a.rge or this data
3 a 4 8, set. Yang and Lim used
100 Ag O dimensional analysis choosing
o the grain shear stress, the flow
0 depth and the specific weight of
0-00 0-10 0-20 0-30 0-40 sediment as the representative
Stream power variables. They used a wide
range of flume and field data
Fig. 12. Sediment discharges prediction with the Molinas and Wu formula covering sand and gravel

sediments with Dy, between
0-02 and 57-0 mm and flow
depths in the range 0-029-
1.0 ) ) 16:5m.”” The Yang and Lim

: ® FCF straight formula is user-friendly and
B FCF meandering showed very good agreement

U ) between measured and
4 UC meandering

0-8

>

' predicted sediment discharges
Ax g for the studied data sets.

06 T e

a i
04 Al A A The Yang, Schoklitch and Yang
o and Lim formulae, which
02 Ay umg ‘ performed best for the studied
: I: A data, were originally calibrated
using data from experiments

Relative depth

00 : : with a wide range of energy

Discrepancy ratio slopes. The Yang formula was

previously tested for channels

with a sand bed only, while
Schoklitch and Yang and Lim
formulae are suitable for both

Fig. 13. Sediment discharges prediction with the Yang and Lim formula

sand and gravel bed channels.

parameters have been calibrated using data from medium and In the current study, these formulae were tested with data
large rivers with depths between 15 and 62:2 m. In order to avoid  obtained in laboratory channels with flow depths up to 0-36 m and
the use of the energy slope, which is very sensitive to a bed of uniform sand in the main channel. The accuracy of the

measurement errors when it is of the order of 10>, Molinas and  sediment transport formulae when applied to overbank flow in
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rivers with uniform or non-uniform sand beds needs to be
evaluated further.

The aim of the current study was to demonstrate which of the
sediment transport formulae give least discrepancies between the
predicted sediment discharges and the sediment discharges
measured during both inbank and overbank flows in channels
with different scales and sinuosities. Nevertheless, the
determination of the sediment discharge with good reliability is
important for river engineering practice and the accurate
evaluation of the sediment transport formulae for each particular
case is essential.

5. CONCLUSIONS

Nine sediment load transport formulae were investigated in this
study. They were tested with experimental data obtained during
inbank and overbank flows in compound channels with straight
and meandering planforms. The comparisons between the
measured and predicted sediment discharges showed the
following.

(a) The formulae, which gave good predictions for sediment
discharge for inbank flow, also predicted the sediment
discharges for overbank flow with a good accuracy. Most
formulae performed more poorly for overbank flow in
meandering channels than for overbank flow in straight
channels, but the mean discrepancy values were usually close.

(b) The Yang formula gave very good predictions of the sediment
discharge and concentration for all studied data sets. The
Yang and Lim and the Schoklitch formulae also gave very
good agreement between the measured and predicted
sediment discharges for most data sets. All three formulae
failed to predict accurately the sediment discharges for the
studied flows in the FCF with meandering planform and
rough floodplains.

() The Karim and Kennedy formula could be a good predictor of
the sediment discharge for inbank and overbank flows in
channels with straight and meandering planforms but the
constant of proportionality needs to be calibrated.

(d) The Ackers and White formula gave very good prediction for
the FCF and a good overall mean discrepancy ratio but
overpredicted the sediment discharge for the small-scale UC.

() The Molinas and Wu formula gave better prediction of the
sediment discharges in the large-scale FCF while the
Engelund and Hansen formula performed better for the
small-scale UC.

(f) The Meyer-Peter and Muller formula and the Van Rijn
formula did not give accurate predictions of the sediment
discharges for the studied data sets.
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