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Giving an Equilibrium Sediment Discharge
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I. Introduction

The processes of erosion, transportation
and deposition of fluvial sediment are com-
plex. The entrainment and transportation de-
pend on the solide particle(density, shape,
size, status of surface) and fluid mouvement
(type of flow, velocity and viscosity of fluid).

The problems created by the deposition of
sediments are varied and serious. The
sediments deposited in a channel reduce the
flood control or carring capacity. The depo-
sition of sediment in irrigation and drainage
canal, navigation channel, reservoir and mar-
ine port cause to augment the cost of man-
agement or reduce the original purposes of
structure.

A better understanding of sedimentation
phenomenon is a vital interest for the conser-
vation, development and utilization of water
resources, It 1s necessary to know and under-
stand the nature of sedimentation problem in
the planning, design and management of the
land related to the water resource develop-
ment projects.

The principal object of studying the fluvial
sedimentation is to predict that a condition of
equilibrium or erosion-deposition will produce
and to determine the quantity transported by
the river,

Many formulas have been developed after
Duboys(1879) had presented the first formula,
We have to choose a formula to apply the real
situation in nautral river and canal where we
would like to apply sediment formula, Many
formulas can be selected which will be appli-
cable to each case. This selection is not easy
because the different formula give very dif-
ferent results.

In this study,
comparisons of these formulas in the litera-

diverse evaluations and
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ture have been made. Some formulas have
been selected to analyze the sensitivity of for-
mula with the hydraulic parameters(dis-
charge, energy slope, velocity, depth, width
and Froude number). The results can be used
for the selection of the sediment transport
formula applicable in irrigation and drainage
canal, natural river and computer simulation,

II. Analysis of some selected
sediment transport formulas

1. Literature study of sediment
transport formula

In the following table (Table., 1), 21
formulas were selected which were utilized

(Table. 1> Sediment transport formulas(1~20)

Author Dm | Velocity |Remark
Duboys( 1879) 0 X c
Schoklitsch( 1935) ++ X C
Shields( 1936) O X [
Meyer—Peter and Muller( 1948) @] X c
Einstein —Brown( 1950) o) X c
Einstein Bed Load function(1950) ++ O 1,5,C
Laursen( 1958) O X T
Shinohara—Tsubaki( 1959) @] X T
Garde and Albertson(1961) O O T
Colby{ 1964) O O T
Engelund—Hansen( 1967) 0] (0] T
Inglis—Lacey( 1968) O 0] T
Toffaleti( 1969) ++ @) T,S.C
Ackers —White(1973) (@] O T
Yang(1973) ++ (0] T
Engelund — Fredsoe( 1976) (0] (@] T,S,C
Holtorff( 1983) ++ (@] T,SC
van Rijn( 1984) O O 1.S,C
Celik and Rodi{ 1991) O (@] S
Samaga, Ranga Raju and Garde(1986) +-- (0] T,S,C
Rickenmann(1991) [e] @] C

where

O : This term exists explicitly in the formula

X : This term does not exist explicitly in the formula
++ : Serveral Classes of Sediment

T : Total Load

C : Bed Load

S : Suspended Load

Dm : Reperesentative Diameter
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ing)

very often, In this table we noted that T is
total load, S is suspended load and C is bed
load.

In the following figures <Fig. 1 and 2),
those formulas of Shields, Einstein-Brown and
Duboys tend to overestimate the sediment
discharge and Meyer-Peter Muller formula
tend to underestimate the sediment dis-
charge. These formulas and the Schoklitsch
formula give the results with less slope than
straight lines fitted to the data. Those of
Colby, Toffaleti and Engelund-Hansen give
best agreement with the measured sediment
discharges. The curves for the Einstein bed
load function, Laursen and Inglis-Lacey
formulas are close to those of a mean line for
the data but the curves do not fit the data.
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{Fig. 2) Sediment discharge as function of water
discharge for  Niobrara River( after
vanoni, 1977, Sedimentation Engineer-

ing)

The curve of Blench formula has a small slope
intersecting the data (13).

The Cobly formula is not applicable to sedi-
ment transport in the river with a sand diam-
eter, D>0.6mn and a depth, h>3m. The
Engelund and Hansen equation is applicable
to the stream with dune and ripples in the
bottom, The Ackers and White equation is
applicable for 0.04mm<D<2.5mm and for
Froude number, Fr<(0.8. Those formulas of
Yand, Engelund and Hansen, and Ackers and
White were better than others in the predic-
tion of sediment discharge in the field and
laboratory (20),

The bed-load prediction by the Einstein-
Brown formula seems to be more than 10
than those predicted by

times greater
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Meyer-Peter Muller and Schoklitsch for-
mulas. The suspended-load discharge predic-
tion by the Toffaleti formula was the best
among all the formulas tested, Yang’s(1973)
predictions of the total-load discharges seem
to be very close to the measured suspended
load discharges at a higher range of sediment
discharge, but they are seen to be much
greater at a lower range of sediment dis-
charge. Both the Toffaleti and Yang formulas
were able to predict sediment discharges for
all the flow events (7).

Of seven formulas available in the literature
for predicting the entrainment of uniform
sediment into suspension, the relationships
put forward by Smith and McLean(1977) and
van Rijn(1984) perform best to the data(4).

(Table. 2) Performance of various formula

Formula Me Ad
Einstein( 1950) 1.37 3.45
Engelund and Fredsoe( 1976) 0.50 5.3
Smith and McLean(1977) 0.88 2.42
Itakura and Kish(1980) 6.70 2.22
van Rijn( 1984) 1.31 2.19
Celik and Rodi(1984) 2.57 2.03
Akiyama and Fukushima( 1986) 0.12 8.15
Proposed formulation 1.00 2.12

Where
Me : mean value of discrepancy ratio Caep/ Caeo

Ad : mean absolute deviation of discrepancy ratio

Caep/ Caeo
Caeo, Caep : observed and predicted values of equilibrium
near-bed sediement concentration

The method of Yand yields excellent results
for the flume data and the small scale river
data, but very poor results for large-scale
rivers(flow depth>1m). This method must
have serious systematic errors for large flow
depths. On the average, the predicted values
are much too small (14).
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In summary, the formulas of Engelund-
Hansen, Ackers-White and van Rijn were
preferable in various cases. And the formula
of Meyer-Peter and Muller is also tested for
calculating the sediment discharge.

Therefore, seven formulas. were used to
test the perfomance in various hydraulic
conditions ; Engelund-Hansen(E & H),
Ackers-White(A & W), Meyer-Peter and
Muller(MPM), van Rijn Part [ (Rijn 2B,
Bed Load), van Rijn Part I (Rijn 2S, Sus-
pended Load), van Rijn Part lI(Rijn 3B, Sim-
plified Bed Load), van Rijn Part Il (Rijn-3S,
Simplified Suspended Load).

2. Selected sediment transport
formulas

The formulas of MPM, E & Hand A & W
can be easily found in the literature, In this
section the formulas of van Rijn is only _
presented.

Van Rijn have developped the empirical
formulas for the bed load and suspended load
(14, 15). After he gave the method of
predicting the bed form, the effective rough-
ness, the formulas of simplified bed load and
simplified suspended load (16).

The following notations will be used to dis-
tinguish 4 equations :

van Rijn Part I, Bed load : Rijn 2B

van Rijn, Part I, Suspended Load : Rijn
25

van Rijn, part [I, Simplified Bed Load :
Rijn 3B

van Rijn, Part I, Simplified Suspended
Load : Rijn 3S

Rijn 2T=Rijn 2B+Rijn 25

Rijn 3T=Rijn 3B+Rijn 3S

A. Bed Load(Rijn 2B)
For calculating the bed load in w /s/m,
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the following formula can be used :
C{b:O. 053[ (S _ l)g:lo.stol.stl /D*o.3
or
G=Cs Vs
where,
@y : bed load(m' /s/m)
T : transport stage parameter
D* : particle parameter
Cb : bed load concentration,
Cb=0.117T /D*
Vb : velocity of bed-load particles,
Vb=V*[9+2.6logD* — 8(fcr/6)*7]
V* : overall bed-shear velocity
fcr : critical particle mobility parameter
0 : particle mobility parameter §=V*? /
[(s— l)gDso]
d, : saltation height, §,=0.3D**"T**D

B. Suspended Load(Rijn 2S)
For obtaining suspended load in m' /s/m,
the following steps will be followed :
(1) Calculate the particle parameter, D*
D*=D50[(s—1)g/v2]”3
where
v : kinematic viscosity coefficient
(2) Calculate critical bed-shear velocity ac-
cording to Shields, V*cr

V*er=[0cr(S—1)gDy]*°
(3) Calculate the transport stage par-
ameter, T

T =V =(V* cr)?
(V* cr)?

where

V*': bed-shear velocity related to
grains

V*cr : critical bed-shear velocity ac-
cording to Shields

(4) Calculate the reference level, a (Fig. 3)

a=0.5A

or

a=Ks(with am»=0.01h)

averaged
bed

where
A : bed form height
Ks : equivalent roughness
(5) Calculate the reference concentration,

Ca

D 15
Ca=o.015r—ai ET,@

-—concentration profile

reference level

——— g ———1 _——

/- real bed

reference concentration

(Fig. 3) Definition sketch for reference level and

reference concentration

(6) Calculate the representative particle di-

ameter of suspended sediment, Ds

Ds=Ds[140.011(6s —1)(T—25)]
where
Jds : geometric standard deviation,
8s=0.5[Dys /Dss+Dss /Dso ]

(7) Calculate the particle fall velocity, Ws

Ws=(s—‘1213§§M 1< Ds< 100
_10v (1..0.01(s—1)gDs® 05 _
Ws= Ds {[l T v2 :| 1}

100< Ds<1,000zm
Ws=1.1[(s—1)gDs]*® Ds>1,000um
The above formula of Ws 1s valid in a clear

and still fluid. For normal flow conditions this
formula must be modified, (Wsm)

(A) Richardson-Zaki formula
Wsm=(1—-C)‘Ws
where

C : Concentration of Sediment
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(B) Oliver formula
Wsm=(1-2.15C) (1—0.75C"*)Ws

In this article the Oliver formula is chosen
for calculating the particle fall velocity, (Fig.
4

(8) Calculate overall bed-shear velocity, V*

V*=(ghl)"*

(9) Calculate the ratio of sediment diffusion

and fliud diffusion coefficient, Cb
Cb=1+2[Wsm /V*}?

(10) Calculate the overall correction factor
due to the reduction of particle fall velocity
and damping of turbulence, Fc

Fc=2.5[Wsm /V*]** [Ca /0.65]*
(11) Calculate suspension parameter Z and
. Z’
Z=Wsm /(CbxV*)

where
x . Von karman constant (=0.4)
Z'=7Z+Fc
10
08 P
\
0.8 AY
W 07 \ A\
W, A\WIRN
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\\
0.4 ;
3
0.3 =
\\\
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o1 T
~
0
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— concentration(%)

——  Oliver X Test of Mc Nown
and Lin(measured)
Test of Oliver
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—--—-— Mc Nown and Lin
— - —- Richardson and Zaki

{Fig. 4) Comparison of the fall velocity formulas
with measured data

(12) Calculate the correction factor of sus-
pended load, F
F={la/h])*—=la/h])"3 /{{1-a/h]*
2-7'}
{13) Calculate the suspended load trans-
port, gqs
gs=F Vh Ca
C. Simplified Bed Load Formula and Simpli-
fied Suspended Load Formula(Rijn 3B, Rijn 3S)
ab=0.005{(V—Ver) / [(s—1)gDs]"*}**
Dy, 2V
qs=0.012{(V—Ver) / [(s—1)gDs "}
Dy, D**V
with
Ver=0.19Ds," log(12R /3Ds,) for 100< Ds<
500,
Ver=8.5Dy,”* log (12R /3Dy)
for 500< D5, <2000
where

Ver : critical mean velocity

3. Application of selected sediment
transport formulas

The selected 7 transport formulas were
tested about various hydraulic conditions by
computer simulation.

The following hydraulic parameters were
used (Table, 3~Table. 4. The diameter of
sediment between 0.005mm(5m) and 100mm
(10cm) were tested for analyze the sensibility
of the formulas with the following hydraulic
parameters(discharge, energy line, velocity,
depth, width and.Froude number),

4. Evaluation of sediment transport
formula

The results of the above 7 formules(4
formulas of van Rijn, MPM, E & Hand A &
W) were obtained for various conditions.
About 32 figures were obtained, but here 6
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(Table. 3) Hydraulic parameters used by computer simulation

Depth Width Area n Hydraulic Velocity Discharge . Froude
h(m) B(m) A(m') (Kst) | Radius R(m) I . V(m/s) Q(m/ s) number Fr Remark
0.2 1.0 0.2 0.014 0.14 1/ 500— 0.88~0.23 0.17~0.05 0.62~0.16 Test 11~15
(72) 1/ 7500
0.8 50 4.0 0.018 0.61 1/ 500— 1.78~0.46 7.12~1.84 0.64~0.16 Test 21~25
(56) 1/ 7500
10 10 10 0.020 0.83 1/ 500— 1.98~0.44 19.8~4.44 0.63~0.14 Test 31~36
(50) 1/ 10000
15 30 40 0.022 1.36 1/ 2500~ 1.12~0.51 50.3~23.0 0.29~0.13 Test 41~45
(46) 1/ 12000
4.5 200 900 0.031 431 1/ 2500— 1.711~0.78 1537~1701 0.26~0.12 Test 51~55
(32) 1/ 12000
10.0 300 3000 0.035 9.38 1/ 2500— | 2.54~0.90 7622~2695 0.26~0.09 Test 61~66
(29) 1/ 20000
where
n : Manning roughness coefficient I : Slope of energy grade iine Kst : Strickler coefficient
(Table. 4) Hydraulic parameters for Test 11—66
Depth Width Area n Velocity Discharge Froude
Test No. Mm) B(m) A(m') I V(m/ s) Qm/ s) number Fr
11 1/ 500 0.87 0.175 0.62
12 1/ 1000 0.62 0.123 0.44
13 0.2 1.0 0.2 0.014 1/ 2500 0.39 0.078 0.28
14 1/ 5000 0.28 0.055 0.20
15 1/ 7500 0.23 0.045 0.16
21 1/ 500 1.78 7.12 0.64
22 1/ 1000 1.26 5.03 0.45
23 0.8 5.0 4.0 0.018 1/ 2500 0.80 3.18 0.28
24 1/ 5000 0.56 2.25 0.20
25 1/ 7500 0.46 1.84 0.16
31 1/ 500 1.98 19.80 0.63
32 1/ 1000 1.40 14.00 0.45
33 1/ 2500 0.89 8.85 0.28
u 10 100 100 0020 1 4/ 5000 063 6.26 020
35 1/ 7500 0.51 5.10 0.16
3% 0.44 4.44 0.14
41 1/ 2500 1.12 50.31 0.29
42 1/ 5000 0.79 35.57 0.21
43 15 30.0 45.0 0.022 1/ 7500 0.64 29.00 0.17
44 1/ 10000 0.56 25.12 0.15
45 1/ 12000 0.51 2294 0.13
51 1/ 2500 1.1 1537.0 0.26
52 1/ 5000 1.21 1087.0 0.18
53 45 200.0 900.0 0.031 1/ 7500 0.99 886.0 0.15
54 1/ 10000 0.85 768.0 0.13
55 1/ 12000 0.78 701.0 0.12
61 1/ 2500 2.54 7622.0 0.26
62 1/ 5000 0.80 5389.0 0.18
63 3000.0 0.035 1/ 7500 147 4394.0 0.15
64 100 3000 1/ 10000 127 38110 0.13
65 1/ 12000 1.16 3479.0 0.12
66 1/ 2000 0.90 2695.0 0.09
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representative figures are given in figure
5~10. In these figures the variation rate of
sediment discharge /water discharge(Qt/Q)
in function of diameter D is given, but the
parameter or h(depth), n(Manning roughness
coefficient) and I(slope of energy grade line)
were fixed for each case.

The following results are obtained :

A. The sediment discharge of MPM in-
crease abnormally with the sediment diameter
and diminish rapidly in all cases. For the
depth(h>1.5m) the formula of MPM give
almost constant sediment discharge during
the diameter change from 0.000mm to 100mm
(Fig. 5~10).

The MPM formula is not sensible to diam-
eter when the depth is greater enough(h>1.
5m). Because the value of hl(depth*slope of
energy grade line) is more greater than the
term of diameter of sediment, this formula is
not sensible to diameter with mild slope of en-
ergy grade line,

This formula is based on the experiences of
uniform flow in laboratory test with a follow-
ing parameters(6) :

(1) Slope of energy grade line, 1 :
1/50~1 /2,500

(2) Representative diameter, Dm :
0.4mm < Dm< 30mm

(3) Depth, h : 1en<h<1.2m

Therefore the MPM formula is applicable
to steep slope of energy grade line and to
small depth. It is not suitable for mild slope
of energy grade line and large depth.

B. The A & W formula give an abrupt aug-
mentation of sediment dishcarge for the fine
sand(D<0.2mm) about almost all the cases of
simulation test{Fig. 5~10).

For a coarse sand(D>1mm) with a little mild
slope of energy grade(I<1/7,500) it is
diminished rapidly{Fig. 7~10. For a sand
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with very small depth(h=0.2m) the result
can be obtained within a certain limit of sedi-
ment diameter(0.4mm<D<2m). According to
the articles of A & W, they mentioned that
their formula are valuable for a range of sedi-
ment diameter of 0.04mm<D<2.5mm(1). But
this equation give an inacceptable sudden
variation at a limit of application because of
the exponential coefficient, m in the formula

In this figure the exponent, m of A & W
formula tend to infinite when Dgr decrease to
0.

C. The E & H formula give the results
varying in a good sense when the sediment di-
ameter vary in the range of 0.005mm~ 100mm.

D. The results given by the Rijn 2T and
Rijn 3T were very close to the sediment dis-
charge given by E & H and A & W in the
sediment diameter range of 0.1mn~3.0mn for a
depth h=0.8m and I=1/1000<{Fig. 6. But
for a very small depth(h=0.2m ) the result of
Rijn 2T and Rijn 3T can not be obtained for
the diameter D<0,4mm{Fig. 5).

If the sediment diameter is more finer than
0.1mm(D<0.1mm), the sediment discharge of
Rijn 2T diminish regularly when D diminish in
the case of steep slope of energy grade line
with a small depth (h<1.0m )<Fig. 6).

It is abruptly diminish when D increase in
the case of I<1/7,500¢Fig. 7~10>.

If the sand diameter is more coarser than
D=2.0mm, the sediment discharge of Rijn 2T is
close to that of E & H in the case of steep
slope of energy grade line and small depth
(Fig. 6).

But for a mild slope( I <1/7,500), if D de-
crease, the solid discharge decrease very rap-
idly, but this is not a reasonable sense {Fig.
7~10).

Therefore the Rijn 2T formula is generally
valuable for the range of 0.1m<D<2.0mn ex-
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cept in the case of steep slope(I
=1/500~1/1,000) and the small depth(h<1.
Om), but for a mild slope with coarse diam-
eter the solid discharge decrease abnormally.

The results of Rijn 3T are very close to
that of E & H in the case of steep and me-
dium slope of energy grade line(I
=1/500~1/5,000) and the small depth(h<1.
Om). But the sediment discharge given by
Rijn 3T diminish abnormally with the diam-
eter of sediment D>2.0m<{Fig. 6.

In the case of mild slope of energy grade
line( T <1/7,500) and small depth, there is a
constant difference between the curve of Rijn
3T and that of E & H and the sediment dis-
charge also diminish rapidly when the solid
diameter D>1.0mn<Fig. 7,8,10).

For the case of large depth the curve of
Rijn 3T have a same slope of that of E & H
in the all cases of slope of energy grade line,
But if D>2.0mn, the sediment discharge of
Rijn 3T augment abruptly for the slope of en-
ergy grade line T=1/500~1/5,000.

Therefore the equation of Rijn 3T is appli-
cable to the range of 0.005mm <D< 2.0mm.

M. Conclusion

The MPM formula is not sensible to solid
diameter when the depth is greater than
h=1.5m and it is not recommendable for a
mild slope of energy grade line,

This formula is not suitable for a mild slope
of energy grade line and deep water,

For the A & W formula the author stated
that it is applicable for 0.04mm<D<2 5mm. But
in this study this formula give an
inacceptable. results at a limit of its appli-
cation. It is not preferable to use this formula
for D<0.2mm and D> 2mm.

The E & H formula gives a good result of
sediment discharge with a particle diameter
of 0.005mm —100mm.

The Rijn 2T formula is generally applicable
for the range of 0.lm<D<2m with a mild
slope of energy grade line and deep water.

For a small depth(h<1.0m) and a sleep
slope of energy grade line, this formula works
well for the range of 0.1m<D<5mm. For a
very small depth(h=0.2m) and a sleep slope
of energy grade line, the sediment discharge
of this formula is bigger than that of other
formulas for 0.4m<D<2mm. Attention is
recommended for ‘using this formula for a
very small depth and very find sand.

The Rijn 3T formula is generally applicable

" in the range of 0.005m<D<2mm except for a

very small depth(h<0.8m). But for the mild
slope of energy grade line with this upper
limit of application(D>2mm) the sediment dis-
charge decrease abruptly. For a very small
depth with a mild slope of energy grade line
this formula is not suitable,
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