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BED-LOAD FORMULA DERIVED FROM CONSTITUTIVE EQUATIONS
OF SOLID PARTICLE-WATER MIXTURE

By Shinji EcASHIRA, Kazuo AsHIDA, Shin Tanonaka and Tetsuya TAKAHASHI

Synopsis

In the previous paper” the authors presented a bed-load equation which was
derived from their constitutive relations of debris flow. The equation underestimates
somewhat the bed-load rate in the range of non-dimensional shear stress smaller
than 0.2. This paper discusses a refinement of the constitutive equations in smaller
range of shear stress, but greater than the critical value of initiation of sediment
movement. A bed-load equation, then, is derived from the refined constitutive rela-
tions. The formula is tested in terms of the data obtained from flume tests carried
by using both of sand particles and glass beads. :
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Tablel. Experimental condition and results

RUN No.| 0 (deg.) | d(cn) | gled/s) | g.(cd/s) | gulcd/s) Cn 0 T+ (ha(em) |heen) | h(a)
1 10.92 10.389{ 58.3 1440 202.2 10.288 6.31 1.17 3.56 | 3.56 | 2.95~3.56
2 10.92 10.389]| 51.9 1445 196.5 |0.264 5.62 1.09 3.32 | 3.32 | 2.62~3.32
3 10.19 {0.389; 45.0 144.7 189.7 10.237 4.87 0998 | 3.25 | 3.25 | 2.50~3.256
4 10.01 |0.389( 43.1 143.6 186.7 10.231 4.66 0.956 2.51~3.17
5 9.63 |0.389| 424 140.3 182.6 10.232 4,58 0.877 | 8.02 | 3.02 | 2.32~3.02
6 8.87 10.389( 30.3 1440 174.3 10.174 3.28 0.730 | 2.73 | 2.09 2.73
7 7.71 |0.389| 24.1 145.0 169.1 |0.143 2.61 0.589 | 2,53 | 1.99 2.53
8 7.46 |0.389] 21.8 1449 166.7 |0.131 2.36 0.518 | 2.30 | 1.60 2.30
9 7.10 10.389] 19.9 144.0 163.9 {0.121 2.15 0.523 | 2.42 | 1.62 2.44
10 5.66 10.389) 14.2 145.3 159.5 |0.0892 1.54 0435 | 1.71 | 146 2.54
11 | 5.43 |0.389] 13.0 145.3 158.3 |0.0822 1.41 0.363 | 1.64 | 1.25 2.21
12 5.03 10.389| 6.99 147.5 154.5 |0.0453 0.757 |0.350 2.30
13 4.90 10.389] 5.88 140.3 146.1 |0.0402 0.636 10336 | 1.12 | 1.02 2.26
14 4.88 (0383 7.62 1447 152.3 {0.0500 0.825 10338 | 141 | 1.17 2.29
15 4,70 (0388 7.14 145.0 152.1 [0.0470 0.773 10341 | 1.70 | 147 2.40
16 4,60 10.389! 6.43 147.5 153.9 10.0418 0.696 10330 { 1.57 | 1.16 2.37
17 4,12 103897 3.04 140.3 143.3 10.0212 0.329 10269 { 1.12 | 0.88 2.15
18 2.70 10.389| 0.330 39,71 40,04 10.00825 0.0328 | 0.0899 1.10
19 2.63 10.389| 1.24 96.51 97.75 10.0127 0.134 |0.158 1.98
20 2.53 10.389] 1.80 148.7 150.48 | 0.0120 0.195 10.190 | 1.02 | 0.71 2.48
21 2.45 10.389| 0.666 66.19 66.86 | 0.00996 0.0720 | 0.117 1.57
22 247 10389 1.79 152.4 1564.15 | 0.0116 0.194 |0.192 | 1.12 | 091 2,57
23 244 10389 1.14 125.2 126.38 | 0.00899 0.123 |0.141 1.91
24 2.34 10.389| 0.887 96.51 97.40 10.00911 0.0960 | 0.139 1.96
25 2.26 103891 141 1524 163.77 {0.00918 0.153 |0.188 2.76
26 2.26 |0.389 0.189 39.71 39.90 10.00474 0.0205 | 0.0779 1.14
27 2.13 ]0.389] 0.491 66.19 66.68 [0.00736 0.0531 | 0.103 1.60
28 2.11 ]0.389| 1.16 152.4 153.52 |0.00757 0.126 |0.165 | 0.85 | 0.66 2.59
29 2.07 10.383| 0.116 39.71 39.83 {0.00291 0.0126 | 0.0733 1.17
30 1.88 [0.389; 0.824 | 125.2 126.07 |0.00654 0.0892 | 0.132 2,31
31 1.83 ]0.389| 0.352 66.19 66.54 (0.00529 0.0381 | 0.0852 1.54
32 1.72 (0.389] 0.425 96.51 96.94 |0.00439 0.0460 | 0.102 | 0.46 | 0.31 1.96
33 1.65 ]0.389| 0.599 | 152.4 152.96 |0.00392 0.0649 | 0.120 2.56
34 1.49 |0.389f 0.416 | 125.2 125.66 |0.00331 0.0450 | 0.100 2.21
35 1.41 10.389| 0.117 66.19 66.31 [0.00177 0.0127 | 0.0725 1.70
36 1.21 |0.389| 0.124 96.51 96.63 |0.00128 0.0134 | 0.0759] 0.32 | 0.16 2.08
37 0.720 |10.389| 0.166 | 198.5 198.6 0.000084 | 0.0180 | 0.0760 3.49
38 0.687 10.389| 0.0383| 146.3 146.4 10.000262 | 0.00414| 0.0593 2.85
39 0.680 (0.389| 0.0916| 173.7 173.8 10.000527 | 0.00991| 0.0661 3.21
40 0.647 |10.389] 0.0192]| 139.3 139.3 10.000137 | 0.00207| 0.0573 2.93
41 0.632 |10.389] 0.186 | 223.4 223.6 ]0.000832 | 0.0201 {0.0717 3.7
42 0.606 0.389] 0.218 | 317.1 317.3 ]0.000686 | 0.0236 | 0.0883 4.80
43 0.577 |0.389 0.370 | 463.4 463.8 10.000799 | 0.0401 {0.101 5.78
44 0.577 |10.389] 0.104 | 236.6 236.7 10.000441 | 0.0113 | 0.0685 3.92
45 0.536 {0.389] 0.0208] 173.2 173.2 |0.000120 | 0.00225| 0.0563 3.46
46 0.492 |10.389] 0.122 | 404.9 405.0 |0.000300 | 0.0132 | 0.0860 5.77
A7 0.449 10.389| 0.0543| 285.4 285.4 ]0.000190 | 0.00588] 0.0672 4.93
48 0.423 |0.389] 0.0223| 251.2 2561.2 10.0000886; 0.00241| 0.0567 4.42
49 0.335 [0.389( 0.0306| 356.1 356.1 |0.0000859] 0.00331( 0.0604 5.94
50 0.332 (0.389| 0.131 | 536.6 536.7 |0.000244 | 0.0142 | 0.0683 6.79
51 3.95 [0.368| 3.03 144.4 147.5 |0.0206 0.338 |0.271 2.39
52 2.40 [0.368| 1.03 144.4 1455 |0.00711 0.115 |0.169 2.45
53 0.629 10.368] 0.0189] 236.6 236.6 10.0000798! 0.00210] 0.0747 4,13
54 0.617 10.368] 0.0990| 270.7 270.8 10.000366 | 0.0110 | 0.0790 446
55 0.560 [0.368| 0.0862| 309.8 309.8 10.000278 | 0.00960! 0.0776 4.82
56 0.369 |0.368| 0.0149 0.00165| 0.0923 8.71
57 0.284 |0.368| 0.0266] 419.5 419.5 10.0000634 0.00296| 0.0508 6.22
58 16.3  |0.144(102.7 142.9 2456 0418 46.7 4.19 3.54
59 147 (0.144]| 90.5 142.9 2334 |0.388 41.2 3.67 3.43
60 13.5 0.144| 63.2 142.9 206.1 10.307 28.8 2.56 2.62
61 13.2 0.144| 62.7 1429 205.6 [0.305 28.5 243 2.54
62 12.7 |0.144] 58.0 142.9 200.9 [0.289 26.4 2.19 2.38
63 3.24 (0.144| 2.89 142.3 145.2 |0.0199 1.32 0.474 1.99
64 2.44 (0.144| 2.08 142.3 1444 10.0144 0.948 | 0.381 2.13
65 2.37 |0.144| 1.61 132.4 134.0 |0.0120 0.731 |0.344 1.98
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Tablel. (Continued)

RUN No.| 8 (deg) | d(em) | qfef/s) | qulad/s) | gnlcd/s) Cn (] to [haelen) |ha(a)|  hlem)
66 2.30 |0.144} 0.357 38.27 38.63 10.00924 0.162 |0.177 1.05
67 2.25 10.144| 0.205 26.13 26.33 [0.00778 0.0932 {0,114 0.689
68 2.24 10.144| 1.08 99.70 | 100.8 |0.0107 0.489 1|0.265 1.61
69 1.85 ]0.144] 1.24 143.7 1449 10.00854 0.564 0.307 2.26
70 1.81 ]0.144] 0.767 99,70 | 100.5 |0.00764 0.349 | 0.245 1.84
71 1.80 [0.144) 0.106 26.13 26.24 0.00402 0.0480 | 0.103 0.774
72 1.67 [0.144| 0.761 132.4 133.2 |0.00571 0.346 |0.281 2.33
73 1.61 [0.144) 0.164 38.27 38.43 10.00427 0.0747 | 0.118 0.993
74 1.52 |0.144} 0.468 99.70 | 100.2 {0.00467 0.213 |0.199 1.78
75 1.41 |0.144) 0.578 143.7 1442 |0.00401 0.263 10.219 2.12
76 1.23 {0.144]| 0.608 143.7 144.3 |0.00421 0.277 |0.202 2.25
77 0.763 |0.144] 0.118 82.93 83.04 |0.00142 0.0535 | 0.111 1.98
78 0.606 |0.144} 0.122 119.0 119.1 0.00103 0.0556 | 0.110 2.48
79 0.596 |10.144| 0.0521 62.44 62.49 10.000834 | 0.0237 | 0.0841 1.92
80 0.560 10.144) 0.0995 | 110.2 110.3 10.000801 | 0.0453 [ 0.0996 2.42
81 0.475 10.144| 0.00356| 40.49 40.49 10.0000879| 0.00162{ 0.0464 1.33
82 0.377 10.144| 0.00384] 65.85 65.86 | 0.000058 | 0.00175] 0.0508 1.83
83 0.371 10.144] 0.0303 | 108.8 108.8 [0.000278 | 0.0138 | 0.0741 2.72
84 0.364 10.144) 0.0731 | 190.2 190.3 |0.000384 | 0.0333 | 0.103 3.85
85 0.360 (0.144| 0.0553 | 153.7 153.7 10.000360 | 0.0252 |0.0904 342
86 0.324 0.144} 0.0390 | 130.7 130.8 }0.000298 | 0.0177 | 0.0702 2.95
87 0.315 |0.144| 0.0551 | 141.5 1415 {0.000389 | 0.0251 |0.0734 3.17
88 0.289 |0.144| 0.0452 | 170.7 170.8 |0.000265 | 0.0206 | 0.0795 3.75
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Fig.4. Thickness of bed-load layer (in case of flume tests with sand particles).
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Fig.5. Thickness of bed-load layer (in case of flume tests with glass beads).
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Fig.11. Bed-load formula and flume data without sidewall correction (in case
of sand particles).
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Fig.12. Bed-load formula and flume data without sidewall correction (in case
of glass beads).
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Fig.13. Bed-load formula and flume data with sidewall correction (in case of
sand particles).
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Fig.14. Bed-load formula and flume data with sidewall correction (in case of
glass beads).
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