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APPLICABILITY OF SEDIMENT TRANSPORT FORMULAS

Chih Ted YANG' and Caian HUANG?

ABSTRACT
The paper provides a comprehensive testing of the applicability of 13 sediment transport formulas
under different flow and sediment conditions, The dimensionless parameters used for testing the
reliability and senshivity of formulas are dimensionless particle diameter, relative depth, Froude
numiber, relative shear velocity, dimensionless unit stream power, and sediment concentration. A total
of 3,391 scts of laboratory and river data are used in the tests, FEngineers may find the test results
useful to their selection of formulas under different fow and sediment conditions.

Key Words: Accuracy, [Mmensionless parameter, Sediment transport formula, Stream power, Unit
slreai power

1 INTRODUCTION

The selection of appropriate sediment transport formulas under different flow and sediment conditions is
important to the sediment transport and river morphologic studies of & river. There are numerous
formulas published in profiessional journals and swmmarized in sediment transport textbooks.  Most
texthooks shy away from direct comparisons of the accuracies of transport formulas. Computed results
based on different transport formulas may differ significantly from each other and from measurements.
Students and engineers often face the dilemma of selecting the comect formula for solving river
engineering and sediment-related problems. In his review of Yang's (1996) book, Fang (1998) stated “If
we take into aceount the fact that there are too many sediment transport formulae, 1 believe it is better to
seriously evaluate and compare existing commonly used sediment transport formulae than to give a new
formula.”

Comparisons of accuracies of sediment transport formulas were published by Schulits and Hill {1968),
White, et al. (1973), Yang (1976, 1979), Alonso (1980), Brownlie (1981), Yang and Molinas (1982},
ASCE Task Commitiee (1982), Yang (1984), Vetter (1989), German Association for Water and Land
Improvement (1990}, Yang and Wan (1991), among others.  The ranking of the accuracy of formulas in
the above comparisons are not consistent because they were based on different sets of data.  Some of the
comparisons are not strictly valid because data outside of the range of application recommended by the
authors of the formulas were used in the comparison.  Although there is no lack of data for comparison,
the accuracies of data, especially field data, may be questionable.

This paper provides a comprehensive comparison of 13 sediment transport formulas to determine their
limits of application. Published reliable data by different authors are used to give unbiased comparisons.
Different amounts of data may be used for different formulas because only the data within the applicable
range of a formula are used o test its accuracy. Dimensionless parameters are used to determine the
sensitivities of formulas to these parameters, Engineers may use this paper as a reference in their
selection of formulas under different flow and sediment comditions.

1 SEDIMENT TRANSPORT FORMULAS

There are numerous sediment transport formulas proposed by different investigators. Stevens and
Yang (1989) published FORTRAN and BASIC computer programs for 13 commonly used sediment
transport formulas in river engineering. The complete source codes in both FORTRAN and BASIC and
a floppy diskette of the programs are included in Yang's (1996) book Sediment Transport Theory and
Practice. The 13 formulas are those proposed by Schoklitsch (1934), Kalinske (1947), Mever-Peter and
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Miiller (1948), Einstein (1950) for bedload, Einstein (1950) for bed material load, Laursen (1958),
Rottner (1959), Engelund and Hansen {1967), Toffaleti { 1968), Ackers and White (1973}, Yang (1973} for
sand transport with incipient motion criteria, Yang (1979) for sand transport without incipient motion
criteria, and Yang (1984) for gravel transport. These formulas are selected for detailed COMPErisons
because the computer program used in comparison is readily available to the writers and other engineers.
Many of these formulas have been incorporated in sediment transport models, such as the U.S. Army
Corps of Engineers'HEC -6 computer model Scour and Deposition in Rivers and Reservoirs (1993), and
the U.S. Bureau of Reclamation's Generalized Stream Tube model for Alluvial River Simulation
(GETARS) by Molinas and Yang (1986) and its revised and improved versions of GSTARS 2.0 (Yang, et
al., 1998) and GSTARS 2.1 (Yang and Simoes, 2000). A brief description of the formulas tested in this
paper are summarized in Appendix L

IDIMENSIONLESS PARAMETERS

The accuracy of a sediment transport formula may vary with varying flow and sediment conditions. To
determine the sensitivities of a transpert formula to varying flow and sedimeni conditions, seven
dimensionless parameters are selected for comparison.

3.1 Dimensionless Particle Diameter
Different transport formulas were developed for sediment trangport in different size ranges, The
dimensionless particle diameter used in this paper is defined as:

1'3
D. =dF—’-_—?gﬁvi] (1)
¥

where d = sediment particle diameter: ¥;o ¥ = specific weight of sediment and water, respectively; g =
gravitational acceleration; and v = kinetic viscosity of water.

3.2 Relative Depth

The relative depth is defined as the ratio between average water depth [ and sediment particle diameter
d. The inverse of relative depth is the relative roughness, which has been considered by many
investigators as an important parameter for the determination of sediment transpoti rate and resistance (o
flow. One major difference between laboratory and river data is that the former has much smaller value of
relative depth,  If the relative depth is small, say less than 50, the water surface wave and the size of bed
form may affect accuracy of measurements.

1.3 Froude Number
Froude number is one of the most important parameters for open channel flow studies,  Most sediment
transport formulas were developed for suberitical flows,

3.4 Relative Shear Velocity

Relative shear velocity is defined as the ratio between shear velocity Us and sediment particle fall
velocity @ . Many researchers consider W/ as an index of flow intensity for sediment transport,
For example, Julien (1995) believes that there is no sediment movement if W@ < 0.2: sediment
transport is in the form of bed load if 0.2 < U@ < 0.4; sediment transport is in the form of both bed
load and suspended load if 0.4 < Us/ @ < 2.5; sediment transport is in the form of suspended load if
Lefp=125.

1.5 Dimensionless Unit Stream Power

Yang (1973) defined the dimensionless unit stream power as FS/@ , where ¥ = cross sectional average
flow velocity; § = energy or water surface slope; and @ = sediment particle fall velocity.  Yang (1973,
1996) considered FS/¢ the most important parameter for the determination of sediment concentration or
sediment transport rate,
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3.6 Sediment Concentration
Sediment concentration is defined as the ratio between sediment transport rate and water discharge by
weight.

3.7 Discrepancy Ratio
Discrepancy ratio is defined as the ratio between computed sediment concentration and measured
sediment concentration, Le.,
R=C./C, (2
where C. = computed sediment concentration in parts per million by weight; C, = measured total
bed-material concentration in parts per million by weight. The average discrepancy ratio is defined as:

>R
-

¥
where { = data set number; and j = total number of data used in the comparison.

(3)

4 DATA ANALYSES

A total of more than 6,200 sets of sediment transport and hydraulic data were available to the writers for
preliminary comparison and analysis, One of the difficulties in the selection of data for final
comparison and analysis is the determination of accuracies of data published by different investigators.
The following criteria are used to eliminate data of questionable accuracy.

1. Only those data published by an investigator with more than 50 percent in a range of discrepancy ratio
berween 0.5 and 2 based on two or more of the 13 formulas are included.  Data with less than 10 sets are
excluded. A total of 3,391 sets of data meet this requirement. These data were compiled by Yang
(2001).

2. To avoid the uncertainties related to incipient motion, measured sediment concentrations less than 10
ppm by weight are excluded,

3. Most of the laboratory data are fairly uniform in size. The median particle diameter is used for all
sediment transport formula computations.  The gradation coefficient is defined as:

1{ dyy, dﬂ]
=2ty 5 (4)
2'[ l:iill dlﬂ.ﬂ

where dysg dsp dag; = sediment particle size corresponding to 15.9 percent, 50 percent, and 84,1 percent
finer, respectively. Data with & = 2.0 are excluded from further analysis.

4, To avoid the inclusion of wash load, dats with median particle diameters of less than 0.0625 mm are
excluded.

5. All the laboratory data must be collected under steady equilibrium conditions, Natral river
sediment and hydraulic data must be collected within a day, and flow conditions must be fairly steady to
ensure a close relationship between sediment and flow conditions for a given set of river data,

Based on the above criteria, a total of 3,223 sets of laboratory data and 166 sets of river data are selected
for final analysis and comparison. These data are summarized in Table 1.

Some of the transport formulas were intended for sand transport and some for gravel transport.  The
second step of comparison is 0 determine the range of application of sediment particle size based on
discrepancy ratio for each formula. The results are shown in Table 2. Based on the results shown in
Table 2, the ranges of application of the 13 formulas are given in Table 3. Only those data within the
range of application of each formula as shown in Table 3 are used for further comparison and analysis in
this paper.

The sensitivity of the accuracy of formulas as a function of relative depth is summanzed in Table 4.
The relatively large variations of discrepancy ratio for 13 formula with 4 < D4 < 50 suggest that the
influence of water surface wave and bed form may be significant.  If we exclude the data with 4 < Dvid <
50, Yang's 1979 sand formula is least sensitive to the variation of relative depth, followed by Yang's 1973
sand formula, and Yang's 1984 gravel formula,  The most sensitive formulas are the Rottner formula and
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the Kalinske formula. The Ackers and White formula has a tendency fo overestimate sediment
concentration with increasing flow depth while the Engelund and Hansen formula has the reverse
tendency,

The sensitivity of the accuracy of formulas as a function of Froude number is summarized in Table 5 and
Figure 1. The Rottner formula is most sensitive to the variation of Froude number, followed by
Einstein's bed load and bed-material load formulas and the Kalinske formula, Yang's 1979 and 1973
sand formulas are least sensitive to the variation of Froude number.  Table 5 also shows that Yang's 1973,
1979, and 1984 formulas can be applied 1o suberitical, supercritical, and transitional flow regimes, while
other formulas should be applied to subcritical flow only. The sensitivity of the accuracy of formulas as
a function of relative shear velocity is summarized in Table 6. The Rottner and Kalinske formulas are
most sensitive to the variation of relative shear velocity. Yang's 1973, 1979, and 1984 formulas are least
sensilive to the variation of relative shear velocirty.
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Fig1 Comparison of discrepancy rutio based on Frowde number

Yang considered the dimensionless unit stream power the most important parameter in his 1973, 1979,
and 1984 formulas. Table 7 shows that Yang's three formulas consistently and reliably predict sediment
concentration or transport rates.  The formulas by Ackers and White and by Engelund and Hansen also
can give accurate estimation of sediment concentration or load for a wide range of dimensionless unit
stream power.  The least reliable ones are the Rovner, Kalinske, Finstcin’s bed load and bed material
load formulas. While the Kalinske and Laursen formiulas consistently overestimate sediment
concentration and transport rate, the Meyer-Peter and Miller formula consistently underestimates
sediment conceniration and transpori rate,

The accuracies of transport equations as a function of measured sediment concentration are summarized
in Table 8 and Figure 2. There is an apparent increase of accuracy for all formulas when the measured
sediment concentration is greater than 100 ppm by weight. This may be related to the fact that it is more
difficult to measure accurately when the concentration is low, If we limil our comparisons with
concentration greater than 100 ppm by weight, the most accurate formulas are those proposed by Yang in
1973, 1979, and 1984, The Ackers and White and the Engelund and Hansen formulas can also give
reasonable estimations. The least accurate ones are the Kalinske, Rottmer, Einstein bed load and
bed-material load, Taffolesti, and the Meyer-Peter and Miiller formulas.

The difference between Yang’s 1973 and 1979 formulas is that the 1973 formula includes incipient
motion criteria, while the 1979 formula does not have incipient motion criteria, Consequently, the 1973
formula should be used where measured total bed-material concentration is less than 100 ppm by weight.
The 1979 formula should give slightly more accurate results at high concentrations because the
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uncertainty and the importance of incipient metion criteria decrease with increasing sediment
concentration. The comparison between Yang's 1973 and 1979 formulas is summarized in Tables & and
9 and Figure 3. It is apparent that the 1973 formula should be used where total bed material
concentration is less than 100 ppm by weight, while the 1979 formula is slightly more accurate where the
concentration is greater than 100 ppm by weight.
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The Meyer-Peter and Miiller and the Yang 1984 formulas should be used for bed materials in the very
coarse sand to coarse gravel range.  Figure 4 shows that the Yang 1984 formula gives more reasonable
prediction than that of the Meyer-Peter and Miller formula.
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Table 10 summarizes the recommended ranges of application and the accuracy of 13 formuolas, 1t is
apparent that formulas based on energy dissipation rate either directly or indirectly, such as those by Yang,
Ackers and White, and Engelund and Hansen, owtperform those based on other approaches.  The
Einstein transport functions were based on probability concepts, In spite of the sophisticated theories
and the complicated computational procedures used, the aceuracy of Einstein's bed load and bed -material
transport formulas are less accurate than others for engineering applications. This is mainly due to the
lack of generality of Einstein's assumptions, such as step length, hiding factor, and lifting factor (Yang
and Wan, 1991). Einstein's formulas should fot be used in any computer model if sediment routing
based on size fractions is performed. Yang and Wan {1991) pointed out that if computation is based on
size fraction using Einstein's formulas, sediment in transportation would be coarser than the original
bed-material gradation, and coarser materials would be transported further in the downsiream direction at
& higher rate than the finer materials.

The Rotiner formula is a pure regression equation without much theoretical basis. The results shown in
table 10 indicate that the Rottmer formula is less relighle than others based on discrepancy ratio,
Formulas purely based on regression analysis should not be applied to those places other than where the
data were used in the original regression analyses.

Table 10 also indicates that the classical approach based on shear stress, such as the Kalinske and the
Meyer-Peter and Miller formulas, are less accurate than those based on the energy dissipation rate
theories used by Yang directly and by Ackers and White, and Engelund and Hansen indirectly, Yang's
approach was based on his unit stream power theory, while Ackers and White and Engelund and Hansen's
applied Bagnold®s (1966) stream power concept to obtain their transport functions (Yang, 1996, 2002),

Most of the river sediment transport studies involve sediments in the coarse silt to coarse gravel size
range. Table 10 indicates that the priority of selection should be Yang (1979) for dy < 2 mm plus Yang
(1984) for dy > 2 mm, followed by Yang (1973) for dsy< 2 mm plus Yang (1984) for dsp> 2 mm, and
then followed by Ackers and White (1973) and Engelund and Hansen (1967). If the local conditions on
the range of variations of dimensionless particle diameter, relative depth, Froude number, relative shear
velocity, dimensionless unit stream power, and measured bed-material load concentration are available,
tables 2 to 9 should be used as references to finalize the selection of the most appropriate formula for
engineers to use,

5 SUMMARY AND CONCLUSIONS

A comprehensive and systematic analysis of 3,391 sets of laboratory and river sediment transport data
were used to test the accuracies of 13 commonly used sediment transport formulas, Only those sets of
data applicable to a given formula are used to determine its accuracy and sensitivities to the variations of
five dimensionless parameters. These dimensionless parameters are relative depth, Froude mumber,
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dimensionless shear velocity, dimensionless unit stream power, and sediment concentration in pans per
million by weight. The analyses reached the following conclusions:

1. Sediment transport formulas based on energy dissipation rate or power concepl are more accur ate than
thoge based on other concepts,  Yang's (1973, 1979, 1984) formulas were derived directly from the unit
stream power theory while the formulas by Engelund and Hansen (1967) and by Ackers and White (1973)
were obtained indirectly from Bagnold's {1 966) stream power concept.,

2. Among the 13 formulas compared, Yang's 1973, 1979, and 1984 formulas are most robust and their
accuracies are least sensitive to the variation of relative depth, Froude number, dimensionless shear
velocity, dimensionless unit stream power, and sediment concentration.

1. With the exception of Yang's (1973, 1979, 1984) dimensionless unit slream power formulas and
Engelund and Hansen's (1967) formula, the application of other sediment transport formulas should be
lirmited to suberitical flows.

4. Table 10 should be used by engineers as a reference for the preliminary selection of appropriate
formulas for different size ranges of sediment particle diameter. Tables 4 to 8 should be used to
determine whether a formula is suitable for a given range of dimensionless parameters before the final
selection of formula is made.

5. Yang's 1973 and 1979 sand transport formulas have about the same degree of accuracy. However,
the 1973 formula with incipient motion criteria is slightly more accurate when the sand eoncentration is
less than 100 ppm, while the 1979 formula without incipient motion criteria is slightly more accurate for
concentrations higher than 100 ppm.

6. The Einstein bed-material load (1950) and bed load (1950) formulas and those by Toffaleti {1968) and
Meyer-Peter and Miiller (1948) are not as accurate as those formulas based on the power approach.
Some engineers use the Meyer-Peter and Milller formula for bed load, and the Einstein bed-material or
Toffaleti formula for suspended load for the estimate of total load.  This kind of combined use may not
be justified from a theoretical point of view nor from the accuracies of these equations based on the
results shown in this paper.
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Appendix 1

Table 1 Summary of basic daia

Avshor | o | & [ ou | we | we | ¢ | & |
a datn
Gillert (1914} TEI-1753 | L06-034 | S742040 | 02023540 | 02400008 | ooos7a0sems 77-35340 BEG
Cruy et sl {1994 475300 ) 125167 | 1092-1700 | 0.220-1.688 | 0.FS.0.250 0.0014-0.5533 16-30000 27
Willis et al. [1972) 150 1.3 1096-3780 | 0.218-1.005 § 4207-10427 | 00016703810 ET. 19800 £
Willis {1979) 13.5 1.12 190 52766 | 02TE-0.084 | 0437-1376 | 0.00080 1248 __I5-66 32
Wilkis {108 52) L3 160 | 69852800 | 00610645 | RI76:2360 | 0000400693 274610 42 |
Willis { 19ETS] 13.8 180 AIRI-6400 | QEE4-1,159 | 0,395-1533 | Q00d)-n, 1603 G| S50 27
Barion & Lin i 1955) 440 1.2 S08.0-1321 OI61-0.ET2 | 1.4268-3.428 | 0.0109-0.1041 13-3776 28
Sieim (1965} 100 1.50 2IBA-TTE | 0243-1664 | 07472467 | ooods-niia Y1.35293 57
Mondis (1976} 625 144 UEL0-343E | 2231028 | 130E-3.722 | 0102744 1517204 45
Fodey {15753 T.24 1.37 IORE-162% | DAS6-E375 | 0.593-1.554 | 00303020493 B4 1691 12
| Tinyor (1571 5.70 1.52 M6.2-7008 | DITE0088 | LE0G6-2653 | 0.0010-001046 14-2270 13
Wilisams (1970 338 1. 2011648 | 01435502 | 0.216-1460 | 0.000-0.5207 L0-345T4 175
| Kenmedy (1961} SEL037 | B 04-147 [ A004857 | oudseel 064 | da3ed37 | oossa e 200-SE5040 4
Beroaks (1957 2I0-36% | 111007 | 32580437 | 8374079 | 25458907 | apdgs0rise 180330} 21
Vismons & Brooks (1957 143 I.38 SIT3-1230 | 0220800 | 20814377 | u0TE-0.0813 17-30HH) 14
Momicos (193&) 180 1.7 AELLSORT | L2RT-0086 | EMESTES | 003202036 J0- 56041 12
Laiirsen 1955) .75 .30 SA2.7-2757 | 0.243.0863 | 4440-6.626 | 0.0234-0 1580 L4i-51 %0 16
Davis (1971) 178 11T J08.0-3002 | 00900625 | 1083-3844 | 0007TL00 1024 11-1T60 ]
| Prate {1 9°N0)p 120 1.11 15849365 | 0.2000.502 | 0.407.1074 | 0.0016-0.0195 12-560 pi]
| Singh {1960 15.5 1.0 236-3294 | 00031244 | 02600954 | 0ol ass 1 6 286
| Znamenskays (1963} 200 1.6 6252348 | 0422-1213 | 02080862 | 0005500478 1 26- 3000 2
| Siraub {1954) 4.7 L4 1B 1252 | 0350-1799 | 1B00.2.626 | 0022207788 A2% 1 25IM) 1
Kristesippan & Engel ET LM 11379 | 04500784 | 02830745 | 000400045 EE-2087 15
15EE)
| Wang et al. (1559) 1.78 154 BASEIXE | 0EM-1028 ) SRS 15716 | 000450064 | I3TGigiEn | 3%
Ay (1963} 5,83 113 1570 | 2M00-3.362 | 2023446 | 10822063 | 29576 1uEsed h
| Chym {1935} 195210 | 1.23-1.58 | S94.0060 | 05040768 | 02610440 | 00043-0.0152 123-151 p]
| MacDuugal (1933} 165315 | L2817 ) 2961903 | 04330799 | oa1Ros07 | aoosonnz | 1z 74
LISACE (1935) AS0-125 | 131194 | s66-1021 | 02530738 | 0.208-3.260 | 0.0043-0.00788 10-533 2%
LSACE {1536) Pl 1.44 52069 | 03340674 | 02060506 | 0.0032-0.0002 16:37% 111
Saty e al, (1958) E0-114.5 LoD ) 602-421.0 | 01890784 | 02000626 | Q00000115 1051 214
| Casey [1535) £1.3 116 10.0-B00 | 04250880 ) GIT%0.286 | 0.0034-00173 1 8l] L
Miyir-Prter & hifiller 130, 3-ThG.3 1.0 TLA4TT | 062hpdld | 02220460 | 0.0092-0.0MH7 10-7000 1]
[1544]
| Ciraf & Suszica (1967} STEAETE | 023134 [ dooams | OTT-lzed | oonda2es | ooipd-moss: 12-2910 1
Somg et al. (1398) TS 1.37 66171 | Q6880991 | 02270288 | 0001304306 11-2519 43
Total 3225
(b} River dain
Cikly & Hem- hree .08 1.7% T4E5-2036 | 03040838 | 1.763-3.264 | 0020500716 WI-2220 24
[1933)
Fiobbell & Macejks 450600 | 124258 | 13652005 | 033600723 | L165-442% | 04263-00019 £32.2440 15
| (1958)
Hoedin {1964) ATaTE | 14185 | 1073045 | 02580735 | L0SS-3.607 | 00112-00590 21-3TET 42
Jordes (1565} ATE 105 | 143158 | 073545078 | 0.000-0.158 | 07104579 | aod0s-0.0064 13,1330 |
Eanstain {1544) 150 184 61.0-399.3 | 03940457 | 02500710 | 0700108 -5 fil
- Total 166

Total mumber of laborstory snd river data = 3,91
Note: D = Dimensionless Mameter, F = Gradation; (83 = Redative depih; Fr = Frouds number; 1 {2 = Ratic of shear wekaily
o Tl velowity; VS (B} Démensinnles unit steam power, © = Con centration ippm by weight); N = Newber of data sex
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T_nFHe 2 Applicability test of formulas sccording to dimensionless diameter D- (all data)

Du=1 56625 D=t 2520010 Du=20000- 500 DL=500- 7200
Author of {d=0625-0.25 min) =250 8 mm) =0 B2 0 i) {d=2 028 B m} My
Termula
R R R R
N N M i}
- 0.5-2, - 0.5-2. = 05-1. = 05
4 R K £
0 0 g 0
Ackers & White | 131 | 7T | s0s | 106 | 85 1700 | 147 | oEses | &m0 | 126 | e [ 535 ) 3391
{1973
Esmcin (Bedload) | 0.2 [ 3ee | 505 | 138 | 52 s | 0T | sMe | s23 | 248 | 25% | 53| 32E4
L]
Einsteins (Bed 043 | 4% | 508 | B4l | £4% IT03 | 083 [ ame | 523 | 248 | 2% | 553 | 3IB4
Masterial) (1930)
Engelund & 037 | 2% | 05 | 11 | &% A | 131 | aa% | sB | 1ed | am | 483 ) 3I84
|_Eansen (1967}
Kalinske {1347} 120 | 4o | 505 ) 1BE | 3% i T S22 | 5B4 | 4% | 233 | 1aed
Longreen (105K)  § 136 | 1% | 498 | 120 | Ef% o0 | 148 | 67 | oamn | 201 | A3t | 4T3 | 48
Meyer-Peter & g6 | 11% | 502 | DL | 6 1617 | o4 | e | 374 | o | &3 | 30E | 2BND
| Miiller (1944)
| Buotines (1959] oad | osese | aes | oma | ame | aed | a7v | wiw | sa3 [ B | 3w | 355 | 3384
Sehoklischi1934) | 043 [ 399 | 448 | 082 | Rk 1242 | 125 | 73 [ 234 | 131 | BS% | 184 | 2058
TedFalesi {1968} o031 | e | mos | onae | 3% 173 | 079 | A% | 5K [ L6k | A | 553 ] 3284
| Yong-—Sand {1073) | 106 | 0% i ) Loé | 9% 17 L3 | B% 511 | GBE | 6% f1 | M9
| Yemp-Sand (1579 | 099 | s | 505 ) 101 | 6% 1703 | 121 | E% | 523 ) a8 [ e | SIE O} LW
Yang —Lirwel UL 1% 05 | 29 o] 105 066 5% 525 | 0E% | 3I% | A28 LEL
(1984)

Pdote: B = [Mscrepancy ralis; E = Awerage discrepancy ratis; N = humisr of data sets; N ¢ = Tois! sumber of data.

Table 3 Range of application of median sediment particle size

Author of formule Median particle diameter (mm)
Ackers & White {1973 0,065-32 (coamse sili - oo gravel]

Einsteis Bed Load {19507

01.25-32 {medium sand - coarse gravel)

Einsiein Bed Maberial 17300

00452532 {poanss silt - eearse gravel)

| Engelund & Hansen {1967} (0L0625-31 {ecarse silt -coarse gpravell
Kalinske (1547] (06253 (ooarss sill - coars: send)
Lanrsen | 1958) L6252 {ooarse silt - sl

| Meyper-Peser & Milller {|948)

20032 {very coarse sand - poarse gravel)

Reotimer (193%)

006352 [coarse sl - very poarse s}

International Jousnal of Sediment Research, Vol, 16, Mo, 3, 2001, pp. 335353

Schoklitech (1934} 0.25:57 {uvedian ahid - Very coamss grvel)

Teiffalesi {1 968) 0.345-32 {medien sand - coirss gravel)

e {Sand) (1973) 0062520 {eoarse silt - very coamm sand)
| ¥ang {Zand) (1975} {06242 0 {ooarse silt - very coars: sand)
|_‘ﬁﬂii_l:_'rrnud_| | ISR 1.0-32 {very coarse sand - coarss gravel}
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Table 4 Applicability test of formulas according to relaive depth Dvd {usin

applicable data)

Dvd=4.0-500 e 551 21} Cuid=201- 1000 [Vck= (MK SHH)
Aarthor of B F A R My
formule - 0.5 M = 0.5 b - 05 M - 0.5, W
R ] k 2.4 R 20 R 10

Ackers & White (1973) | 137 | 75% | S0 | Log | ose | isel | ros | oo | ses _L2R | oM | d3n | sz

Einsicin (Bed Load) LI | A% | os24 |1es | S ) 1510 | 146 | 0% | 448 | o | e | 1 | 2w

(19504

Eesstein (Bed Material) LIT | M [ e | onep | 52 | 1577 | 41 | ez | ear | oss | eass | 4ss | xzes

(1950%

Engedand & Hansen 16E | T3 [ 824 | 123 | B5% | 03T | a7 | o1% | 647 | omz | maw | a3s | 31m4

(1967}

Kalinske {1947} 376 | % | xER | 220 | x| ases | oes | aess | en 128 | e | 436 2731

Laursen {1358} ET4 | 68% | M8 ) 130 f Ei% | 1356 | 123 ) mew | ere | a3 | osmes | ase | 26w

Meyer-Peter & Milller 063 T1% ) 03 | oSz | ssw | 1%0 ) osE | eE | 22 = - L] Mk

{1948}

Rootmmer (| U5) ash | s | 280 | :ow | 33 | 1385 | 147 | sew | o621 | oogo | eew | 438 | oamn
| Scholditsch (1934) 128 | %0 | 237 ) 1oz | oeede ) 931 | ota | oanss | so1 | o071 | oess | o1 1750

TofTaleti (| 948) 156 [ av | ene | ose | oamw | usan ) oo | ao | es | oaa | s | iss | 2

Yang-Sand [1973) 134 ) 86 | ze% | 100 | st | (3RS | 106 ) os | 1 | oo | eew | oase | 2w

Yang-Sand {19751 125 | B3t | 239 [ nod | od% | 13es | 100 | es | e | pee | 9w | e | ava
| Yang —Oravel {1484) 083 | 7% | a4 | o6 | 83% | 3w | osr | se | o2 - - i 518

HMote: B = Descrepaniy rabiog & = Average discrapancy ratio; N = Numiber of dita sots; Ny = Totl pumiber of data,
Table 5 Applicability test of formulas according to Froude number Fr (using applicable data)
Frell, 100,410 Fre=i), 400,50 Fre) 51-1.20 Fr=1.20-3.
Arhes of [ ] K R
feemule = 05 ™ - 15 N - 0.4 ™ - 5- N M
R 24 & a0 'R 240 R 2.0

Ackers & White (1577) Low | e | 621 | 108 | ooew |op3an | onan | osds | oses | oras | e | ser | aam

Einstein (Bed Load) (19300 | 102 ] &2% | 421 | 223 ) &¥ | 1257 | 195 | a0t | s | s | ae | 339 | 2

Eisieim (Bed Maierizl) 083 | aMa | 647 | 180 | meeg | 1387 | 222 | 4w | 683 | s | s | s07 3384

{19507

Engehusd & Hansen {19675 [ 1,61 B | &d7 137 | 83% [ 1387 | ia4 | e | 653 395 | 25% 597 E3E4

Kadireo: {1947) 149 | 4% | 639 ) 1% | 35% ) 1062 | 234 | 4% | 434 | 508 | oiaw | see | 2

Laursen {1958) 139 | oo | 61t | 13s | omese | use | 0z | s | s | o1an | ses | soe | 2676

Meyer-Peisr & Miiller . - 0 068 | T2 | w4 osa | e | 0T | onsr | osse | 4o 08

{1548)

Feottnes { 19:55) 050 | arw | ese | 38 ) 3% | 142 | 246 ) @it | 424 | oes | e | s | amm
| _Schoklitch {1934) 1.29 | HiMG 47 116 | &5% 11 0BT | EXfe | 537 0T | 7% 555 1750
| TofEaleti {1368 034 ) S ) 421 | @55 | 0% | 1237 | 076 | 4% | Sed | 032 | 45w | ssT | 2tm

Yimyg-Band {1073) L1E | B | 650 | 007 | o | 1042 | dod | sose | oaze | oroe | e | s | zmu

Yanig-Sammd (1979} 114 | e | 658 103 | B5% | 142 | 100 | Sesy | a4 | 009 | o 08 T

Yaiig-Granl {198:4) 074 |7 ] Dge | 7o | 216 | osl | A% | 263 ) omd | e | w1 528

Wote: By = Discrepaney ratio; = Average diserepaniy ratio; N = Number of dats sets; M ¢ = Togal number of duis,
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Table 6 Applicability test of formulas according to relative shear velocity Us/ & {using applicable data)

Ulaf 20 =080 40 Ll ) =0 it | W U {10 = -2 50 T ) =2,50-15.0
Authar of R R i1 R Wy
Toresda - ES - 0.5- H - 05- - 0.5-
X 20 " E. 110 ‘ R 0 i R a0 )
Ackers & White (1973) 30 | s | 100 | oy [ e | 097 | 10s | moes | 852 ) 132 ) BO% | 412 | 3
Einstiin (Bed Load) 200 | asss | wean | pa2 | sEw | 1zz | 13 | aM | 461 | D | 45% ] 7R
{1950}
FEinstein {Had Materal) o7 | 33w | dewn | 147 | sTee | 123 | 3% | e | ssR | 0487 | S8 | 412 | 33B4
{19500}
Ergelund & Hensen 154 | 7ess | 1om1 | 1o | B | l2se ] oin) | se% | S5z | 042 | Bate | 412 | 33W4
{1967}
Kalinske {1047} 33k | 10 | ea0 | wwr | miss | aiav | oasp [ 4omy | 352 ) L21 | 5% | 412 | 2T
Laursen (193) 149 | e | e0l 128 | B2% | 1008 | 136 | Rt | S4B | 128 | A3ta | 413 | B6TE
Ideyer- Peter & Miiller o0 | 65 | 212 | oEs | e | 83 - . ] - - a 35
i FALE)
| _Rommer {1059 354 | 13w | ea0 | 220 | 44 | 1027 | 082 | T | 551 ) 085 ) 4i% | 412 | 373
Hchoklitsch {1934} 127 | 82% | 3tz | os | &S | oo | oo | T | 44l | 063 | 65 N 1750
Toffaleti [1965] Liz | o4e% | vomn | oss | s | 1220 | oae | aess | o4en | 00 | oz | a8 | 2794
| Yang-Sand [1573) 107 | smm | oseo | poe | e | mize | n0d [ ca% [ s5r o) onan | e | 402 ) 3730
Yang-Sand [1979) 104 | ooee | osso | 1os | sass | miav | g0 | Ges | oS5r | 0OR | o5 | 413 | 3TH
Yang-Ciewvel {1984) mEE | Bime | 386 | 002 | 84% | 141 - - 1 - - 9 )
Mote: Ry, = Discrepancy matios  § = Average diserepancy ratio: N = Number of dota sets; N ¢ = Total mumher of do
Table 7  Applicability test of formulas according to dimensionless unit stream power W&/ @
W LR =0 0005-0.01 W5 D =001 0005 VR =080, WE {E) =0, 128
Burkor of B R 13 R
foemula - 0.5 M - 03 ] - 1.5 Y - LR ] B
R 10 R 20 R L R 20
Ackers &White {1973} jag | & | eer | v | ome | opian | voe | sat | os0s | 123 ) B | TIE | 3331
Einsizin (Bed load}
351 | 438 | BO? Lo | 4%% | 10s | 13% | & | 361 na7 | 4% | 46 | 2T
[ 19:50)
Eistrin (hed matectal) 222 | 4% | AW LT | 4%% | lp44 | 13 | 6T | S0S [EEN TIE | 3284
[ 1595).
:I"::::d ffansen 157 | oo | ossr |1z | wme | ovisa | onae | ovoss | ses | asa | smw | e | 3284
Falinake [1947] 363 | mi% | 13 | 235 | oo | ome | 057 | 36% | 484 | LWL | 4% ] 73H pisk |
Laursen {19383 168 | 7roe | oave | oras | omwes | om [ 027 | 83% | 480 | 123 ) RS | TIE | 26T
Meyer-Peter & Miller s | owe | 176 | oas | son | o | eds [ o | e - . " ET
[1543]
Bottmer (1050} atf | v | s3] o2e7 [ diw | oems | 144 | 62 | 494 | oS8 | 3% | 7RR | 2731
Schoklitsch i 1934} 2o | wsw | a3t | nee | s | o904 ) 0E2 | 3 | 314 ) 066 ) TI% 411 | 1750
| Toffaleti [1564) par | a7 | et | oo | aee | ovias |07 | 3w | 3 [ oo | o33% | oaie | 277G
Yang {Sand) (1973) 1an | o5t | os13 | vom | osrse | osme | w08 | 9% | 484 | dor | 95 | TIE ) 2731
“vang {Sand) (1979} 12z bosse | osin f ooz | owess | oms | pon | sas | 45d | 09E | U7es | TAE | ITIE
¥i wed) [ 1584 | 0B | 7w | o334 | mos | 86 | 1881 ) 092 | SI% i1 - - a SR
Wobe: Bp = Disteepancy mtin; A = Avirage discrepancy mtio; M = Pastsber of datn sats; B ¢ = Totsl pumber of data.
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Table 8 Applicability test of formulas sccording o sediment concentration C {using applicable data)

C=10L0-1 0ppm E-mmuuﬂ o | O O i (0= 1 RIE0- 2NN
Autbor ol E R 3 " R N
— = | os = | ns- = Il = | a3 Ny
R 20 " L 2 | ¥ Bla | M R |29 | ™
|_Ackers &White {1573) 133 | Ta% | &R0 114 | B™% | BOI1 ) 008 | s4% | 1082 | 126 5% | IEE | 3231
ﬁ:‘um{m Lead) 239 8% L] 149 | 47% | |1ee .58 4% 2] 037 7% 106 I
?;;;‘Hwh 244 | 2% [ s LEL [ 35% | jgzaa | 149 | 61% | gps2 | 050 | % | ams | v
f;:_:;md* Heren 155 | ™% | 42 L3 ) B | gaan | 1ae | EEN | ppsx | s | s ARE | 3284
Kalinske (1947} 472 T 204 2.28 2B 1T 1.7H 1t 10} .24 i 1% IR 2731
Lagmsen | 958} 185 | TI% 17k 134 B | lod2 1.2 | 34% 1058 1.34 3% IEE ) 2%
!']mmm*'”u"u odd | 73% iT LI 5 104 [EER] % 112 0.57 1% T 0%
Blotimer (1959} 425 | 12 | M 0% | 38 ) 0ve | LEd | aak | 1ndo 068 | 67 | 383 | 171
Schokbitsch {1914) 1.28 El% ko 1.11 5% G 11, k4 B¥ 74 .55 ] 114 1750
Toffaleii (1958} 149 | &% 505 [T 42% | 1085 042 ) 379 993 012 2% 116 1T
Yang-Sand {1573) 128 | &% 24 109 | B9% | 1079 | 105 | 939 L0 1,02 5% 3RE 2731
_:!_'ﬂn"dl'ld PR 130 | 13% 204 1.0% T 1075 101 ko) 1060 (L] 9% IRE 2731
| Wing-Cirmvel {1984 0Ta T it 4491 EMe 181 1,03 aT% 157 .91 A% T 42K
Moie: Re = Discrepaney ratiec B = Average discrepancy ratio; N = Number of dais sets; B ;= Total numbes of data,
Table ® Comparison of squations of Yang (19973} and Yang (1979) for sand ¢
C=10.0-50 Oppm C=40.0: T, C=PL0- 100, Bpm
Dliscrepancy ratic Number | Discrepancy ratio Mumber Driscrepescy ratio MNumber
Awther of formula Mesm | 0.5.20 of Mean 0520 afl Mean | 0520 af
data sets _dhai meis dats wets
Yag ( 1971} L46 RI% L] 1,30 Bi% 5K 121 B, 1w
g | 1979} 1.52 T D 133 B 5 120 @Bn |
= D L) o= L) 1 0080 = | K- 200000
| vang (1573 L1 B 17 106 3% L) L2 5% e |
Yang (1573) L% a5 107 101 it 1) 0.4 97y | s
Table 10 Summary of compinson of accuracy of formulas in their applicable ranges
Author of Dliscrepancy ratio Mufiher al’
Forsmla Mz | Percent of dat in range between 0.5 and 2.0 Dutn g2t
Far coarse sl W very coarse samd, dg, = 00625 mm - 2 mm
Yang [ 1979) JEC L] 2%
Yang (1973} 108 a1 273
Ackers & Whie {1973) 111 o0 26k
Emgelund & Hargen 91967} 117 L] i
Laursen {1958) 1,52 Bl IETE
Eimszein Bed Material { 1950 1.34 & m
Raottner {1959) 1,99 4T a7l
Kalinske {1%47T) 208 3 2731
For sadium said 1o eoarse gravel, d =023 mm — 32 mm
Schoklitsch (1934 &S a2 1750
Toffaleti | 1968) o7l 4] 277
Einsiein Hed Load [ 1950 167 47 2T
Fwwmwﬂw:wl,d“ = 2 mm — 32 fiin
Yang { 1984) .87 B )
Mieer-Peser & Midler {1548 i, 58 &3 30E
P coarse silt v coarse pravel, dg, = 0.0624 mm - 32 mim
Yang (1979) & Yang ( 1964) 1.0z 21 3159
Yang {197V} & Yamg (1984} 1.0% i 3250
Ackera & White (1971} 1.13 3 3251
England & Hanses (1967} 125 a4 3284
Einstein Bed Material (1950 153 52 3264
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Appendix 1T

SEDIMENT TRANSPORT FORMULAS USED IN THE PAPER

1 SCHOKLITSCH BEDLOAD FORMULA
Schloklitsch {1934) developed a bedload formula based mainly on Gilbert's (1914) flume data with median sediment
sizes ranging from 0.3 to S mm.  The Schoklitsch formula for unigramular material is:
B6.T _3/2

G =T5 (2-Wg ) i1
) D f
in which
DLO05320
i v @

where &, = the bedload discharge, in pounds per second (Ibvs); D = the mean gram diameter, m inches (in.); § = the
encrgy gradient, in feet (ft) per ft; (2 = the water discharge in cubic feet per second (ft'/s); W = the width, in fi; and

g .= the critical discharge, in i'/s per ft of width.

The formula is applied 10 mixiures by summing the computed bedload discharges for all size fractions; the discharge
for each size fraction is computed using the mean diameter and the fraction of the sediment in the size fraction,
Converting the equation for use with mixtures and changing the grain diameter from in. 1o ft and the bedload
discharge from Ilvs to s per fi of width gives:

R25 3
= E S g—-g ) 2
=L ’
in which
0.06380

g, == 1)
o 34- 3

where g, = the bedload discharge, in 1b's per ft of width; i, = the fraction, by weight, of bed material in a given size
fraction; [, = the mean grain diameter, in i, of sediment in size fraction, §; g = the water discharge, in fi's per ft of
widih; . = the critical discharge, in ft'/s per ft of width, for sediment of dinmeter [,; and n = the number of size
fractions in the bed-material mixhare.

2 KALINSKI BEDLOAD FORMULA

The formula developed by Kalinski {1947) for computing bedload discharge of unigranolar material is based on the
continuity equation which siates that the bedload discharge is equal.to the product of the averags velocity of the
particles in motion, the weight of each particle, and the number of particles.  The average particle velocity is related
to the ratio of the critical shear (critical fractive force) to the teial shear.

The formula is:
n Uy
gy = LV Dy R1H — (3
isl '
in which
3 T 0as| i
¥y = 'Jl_” £ _q-4|, ¢4;=-10;, B-—|2L {6}, (7, (8), (9)
i L Ta |'F| 'DE.II

where g, = the bedload dischargs, in h's per ft of width; n = the number of size fractions in the bed-material mixture;
F. = the shear velocity, in feet per second (fi's); o, = the specific weight of the sediment in pounds per cubic foot
iit"y; D, = the mean grain diameter, in @, of sediment in size fraction, ; F; = the proportion of the bed area

occupicd by the particles in size fraction, f; Eg = the average velocity, in fis, of panticles in size fraction, i U=
the mean velocity of flow, in fifs, ot the grain level; T, = the total shear st the bed, in pounds per square foots (Ib'f),
which equals 62 445; d = the mean depsh, in ft; § = the energy gradient, in fi per ft; o = the density of water, in
slugs per ft’; /= denotes function of; T, = the critical tractive farce, in I/t m = the summation of values of W0,
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for all size fractions in the bed-material mixture; and iy = the fraction, by weight, of bed material in a given size
fraction,

Using the values of 165.36 for ¥, and 1.94 for 0 , the formula is:

B
n ot
g5 = 2528)r, 2oy —f[-f] (10)

Vahues of E._-fg ,.'[_f are shown in Kalinske's (1947) Figure 2,

JIMEYER-PETER AND MULLER FORMULA
Meyer-Peter and Miiller (1948) developed an empirical formula for the bedload discharge in natural streams.  The
original form of the formula in metric usits for 2 rectangular channel is:

0.(x 32 I/3
¥ —*[—*‘"] dS = 0.047¢' D, + u.zs[lj gf” ()
2K, * £
m which
Dy = ﬁﬂ.ﬂ'fﬁ (12

i=l
where g = the specific weight of water and equals | metric ton per cubic meter (t'm”); (2, = that part of the water
discharge spportioned to the bed, in liters per second (15); (0 = the total water discharge, in s; K, = Strickler's (1923)
cocfficient of bed roughness, and is equal to one divided by Manning's roughness coefficient (n,); K, = the coefficient
of partile roughness, and is equal to 26/04"™; Dy = the particle size, in meters (m), for which %0 percent of the bed
mixture is finer; d = the mean depth, in m; § = the encrgy gradient, in m per m #'g = the specific weight of
sediment under water and equals 1.65 ¢'m” for quartz; D, = the effective diameter of bed-material fmixiure, in m; g =
the acceleration of gravity and equals 9815 meters per second per second (m/v/s); g, = the bedload discharge
measured under water, in metric fons per second (t's) per fieter (m) of width; r = the number of size fractions in the
bed material, D, = the mean grain diameter, in m, of the sediment in size fraction, i; and i, = the fraction, by weight,
of bed material in a given size froction.
Converting the formula to English units gives:
3f2

116 32

s | Pgy

£ = u_wsE ———| 45 -0.0698D,, (13)
My

where g, = the bedlead discharge for dry weight, in s per ft of widih; {J,, ) = sediment and wirter discharges, in
ft'/s, respectively; D, Dy = sediment particle diameter at which 90 percent of the material, by weight, is finer, and
mean particle diameter, respectively; d = water depth in feet; and x, = Manning's roughness value for the bed of the
sirearm,

The computer program computes the effective diameter of the bed-material mixture, 1 from the entered sediment
size-fraction data. However, the program does not compute the bedload discharge by size fractions.

4 ROTTHNER BEDLOAD FORMULA

Rotmer (1959) developed an equation to express bedload discharge in terms of the flow parameters based on
dimensional considerations and empirical coefficients, Rottmer applied a regression analysis to determine the effect
of a relative roughness parameter Dy,  Rotiner's equation is dimensionally homogenous so that it can b prresented
directly in English units.

213
i2 ¥ I Iy
g, =7, [(Sg - |}ga-3] 0667 —L | _p1a |07 —2L (14)
|-|{.S' = Lpgd d )
£
where g, = the bedload discharge, in Ib's per ft of width; g, = the specific weight of sediment, hlh"ﬂs;ﬁ'grlhn
specific gravity of the sediment; g = the acceleration of gravity, in feet per second per second {fi'a's); J = the mean
depth, in ft; 1= the mean velocity, in fi's; and Dy < the particle size, in fi, at which 50 percent of the bed material by
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weight is finer.
In his derivation, wall and bed form effects were excluded, and Rottner stated that the equation may not be
applicable when small quantities of bed material are being moved.

5 EINSTEIN BEDLOAD FORMULA
The bedload retention developed by Einstein (1950) is derived from the concept of probabilities of particle motion.
A complete description of the complex procedure will not be presented here,

6 LAURSEN BED-MATERIAL LOAD FORMULA
The equation developed by Laursen (1958) to computs the mean concentration of bed-material dischange is based on

empincal relations:
b\ ’
Cw= L [ E: ] oyl =~ (15)
i=l o e iy
in which
pl"l b i3
¢ = ?[?] . o =Y (S, 1Dy (18), {17)

where E = the concentration of bed-material discharge, in percent by weight, s = the number of size fractions in
the bed material; i = the fraction, by weight, of bed material in a given size fraction; D = the mean grain diameter,

in ft, of the sadiment in size fraction, ¢, 4 = the mean depth, in fi; :"ﬂ, = Laursen's bed shear stress due to grain
resistance; 7, = critical shear stress for particles of & size fraction; /= denotes function of; F. = the shear velocity,
in fi/s; ar; = the fall velocity, in fi/s, of sediment particles of diameter D 0 = the density of water, in slugs per

ft; = the mean velocity, in fi's; Dy, = the particle size, in fi, a1 which 50 percent of the bed material by weight is
'Einlrr ¥, = a coetficient relatmg cnnu.al tractive force to sediment gize; g = scceleration of gravity, in fi's's; and §; =
the specifie gravity of sediment,

The density, g, has been introduced info the onginal ', equution presented by Laursen so that the equation is
dimensionally homogeneous, and Laursen's coefficient has been changed accordingly.
Substituting for ', and T, inequation 15 and converting C' to C gives:

76 2 1/3
.D‘ ¥ Dﬁﬂ Fe
=10* E -1/ — (18}
I"'l d SBY D (§ - Dgd d ;
£

where C = the concentration of bed-material discharge, in parts per million by weight. Values of 77+, J are shown
in Laursen's { 1958) Figure 14.

TENGELUND AND HANSEN BED-MATERIAL LOAD FORMULA
Engehmd and Hansen (1%67) applied Bagmold's (1966) stream power concept and the similarity pcmu:lpl: io derive
the following sediment transpart equation:

ré=018""? (19)

in which
2 a8
p 2Bl ge——E  ge——— o) @)
75(, ~DeDiy (s, ~1Dsp
where /= the friction factor; @ = the dimensionless sediment discharge; & = a dimensionless shear parameter; g
= the acceleration of gravity, in Us/s; § = the energy gradient, in fit per ft; d = the mean depth, in fi; ¥ = the mean
velocity, in fus; g, = the bed-material discharge, in [b's per ft of widih; Dy = the pasticle size, in fi, at which 50

percent of the bed material by weight is finer; §, = the specific gravity of the sediment; and ¥, = the specific
weight of sediment, in Ib/ft*. Substituting for /*, @, and & in equation 19 gives:
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0.057, de 1!133."1

&y = 5 (23)

8 COLBY BED-MATERIAL LOAD FORMULA

Colby (1964) presented a graphical method to determine the discharge of sand size bed material that ranged from
0.1 to 0.8 mm.

The bed-material discharge (g.), in Ibv's per ft of width, at a water temperature of |5.6 degrees Celsius (*C) (Colby's
1964 Figure &) is

B
g, = AV -v,) 067 (24)
in which
b, = 04673a" pJ:33 (25)

whese V= the mean velocity, in fU's; V. = the critical velocity, in fi's; d = the mean depth, in ft; Dy = the particle size,
in mm, at which 50 percent of the bed material by weight is finer; 4 = a coefficient; and B = an exponent.

# ACKERS AND WHITE BED-MATERIAL LOAD FORMULA

Ackers and White (1973) developed a general sediment-discharge function in terms of three dimensionless groups:
[y, (size). Fir (mobility), and 7, (discharge). The dimensionkess grain diameter, D, is enpressed as;

113
2(5g -1)
Dyy = Dgy %

where [y = the particle size, in ft, af which 50 peecent of the bed material by weight is finer; g = the acceleration of
gravity, in f/s/s; 5; = the specific gravity of the sediment; and U = the kinematic viscosity, in ft'/s.
They defined a dimensionless mobility number, I, as:

(6]

l-n

'_I_.J'I ¥

F, ===
Er
Elzp (8, =1) el
805005 m.ng[_]
D3y
where o = the mean depth, in 01; F. = the shear velocity, in fbs; 1= the mean velocity, in ft's; € = the coefficient in
the rough turbulent equation with & value of 10; and 1 = the transition exponent depending on sediment size.
Then they developed the following dimensionless expression for general sediment transpord, G, based on
Bagnold's (1964) stream power concept:
M
. Xd [Pﬁ J -
gr = .
SE Dﬁ[l ¥

where &= the sediment-discharge concentration expressed as the mass flux per unit of mass low rate, Transposing
the equation to solve for X, and converting X io C gives:

]
F
Gﬁsgﬂﬁu —
6 Ve
© =10 (29)
)
where ' = the concentration of bed-material discharge, in parts per million by weight.
Using flume data from other investigatoss, Ackers and White developed a general transport fanction, g, and
eviluated the associated coefficients.  The equation is:

i
G gy =Cd[i—t] (30)

where A = the value of the Froude mumber at nominal initial motion; m = the exponent in the sediment transport
function; and C, = the coefficient in the sediment transport function.
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10 YANG BED-MATERIAL LOAD FORMULA FOR SAND

Yang (1973) derived an equation to compute concentration of the bed-material discharge, for sand bed streams,
based on ditensionless analysis and the concept of unit stream power,  He defined unit stream power s the rate of
polential energy dissipated per unit weight of water, which is expressed by the velocity and slope product, F5.
Yang's 1973 dimensionless unit stream power squation is:

allepy Fa allep, Fa ¥ P8
lag C = 5435 = 0286 log - 0457 log — + | 1.79% — 0L409 lag =034 bg— —_——_-— {3}
v [ [ )

W (i

in which the dimensionbess critical velocity at incipient motion can be expressed as:

F, .5 FulD
Lo %Y L066 for 12 e —20
] l-"-ﬂsn 1]
log——— - 0.06

=70 132)

v
and

Feld
g0 for 030
[ ] W
where = the concentration of bed-material discharge, in parts per million by weight, @ = the average fall velocity,
iti ftis, of sediment particles of diameter Dy Dy = the particle size, in ft, at which 50 percent of the bed material by
weight is finer; ¥ = the kinemafic viscosity, fi*fs: I = the shear velocity, in ft's; F= the average velocity, in fb's;
§=the energy slope, in f/ft; and ¥, = the average flow velocity, in fi's, sl incipient motion.
The total bed-material discharge concentration for the graded material is obtained from:
n
where n = the number of size fractions in the bed material; i; = the fraction, by weight, of bed material in a given size
fraciton; and = the computed concentration in the size fraction, i.
ang's 1979 dimensionless unit stream power formula for sand without the consideration of incipient motion criteria

(33}

L8

log € = 5.165 - 0,153 log

@Dsg Ve allsg Ve | V8
0297 log — + | 1.780 - 0.360 log —=— - 0.480log— |log—  (35)
v [ul] ¥ i @

Equation 34 is used in conjunction with equation 35 for graded materials.

11 YANG BED-MATERIAL FORMULA FOR GRAVEL

Yang (1984), using the same dimensional analysis and multiple regression methods as was used io derive discharge
rates i sand bed streams (Yang, 1973), derived a gravel equation to compute the bed-material discharge
conceniration, in gravel bed sireams.  The same definition of unit stream power is used in both the sand and gravel
transport equations.  Yang's dimensionless unit stream power equation for gravel transport is:

ol Vo ad 7 ¥§ V.S
”-4.mm;—+[z.1m-ﬂ.:mm A —u.zsmg-l]m{——L] (36)

W ik v ar [ 1]
in which the dimensionless critical veloeity at incipient motion is the same as that for sand wansport.  The total
bed-material discharge concentration, , for the graded material is based on equation 34.

log O = 6,681 — 0633 lag

12 EINSTEIN BED-MATERIAL LOAD FORMULA

Einstein (1950) presented a method to combine his computed bedload discharge with a computed suspended
bed-material disclarge to yield the total bed-material discharge. A complete description of the complex procedure
will ot be presented hers,

13 TOFFALETI FORMULA

The procedure to determine bed-material dischasge developed by Toffales (1968) is based on the concepts of
Einstein (19507 with three modifications: (1) velocity distribution in the vertical is obtained from an expression
different from that used by Einstein; (2) several of Einstein's comection factors are adjusted and combined; and (3)
the height of the zone of bedload mansport is changed from Einstein's two grain diameters, Toffaleti defines his
bed-material discharge as total river sand discharge even though be defines the range of bed-size material from 0.062
to 16 mm. The complex procedures used in the Toffaleti formula will not be presented here.
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