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Abstract: At present, the approach to determining equilibrium channel topography is based on
the works of Struiksma, Shimizu and Itakura, Nelson and Smith, and others. The flow field is first
calculated for the initial (new) channel (in many studies, this is obtained using a steady-state
hydrodynamic model) and is then provided as input data to the sediment transport model. This model
calculates the erosion—accretion zones that develop under the influence of the flow over a specified
short time interval, At.

Keywords: Deformed channel, Secondary flow circulation, Sediment transport models,
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The first objective of this study is to determine whether the incoming and outgoing initial flows
themselves (i.e., without invoking secondary flow circulation) in channels with small and large bend
angles can produce channel erosion—accumulation zones using the hydrodynamic model developed by
Silva (1995, 1999) [95; 99].

It should be emphasized that, as noted previously, the evolution of the channel-bed relief is an
unsteady process. The flow field, sediment transport rates, and changes in the channel bed interact
with one another, resulting in continuous changes over time.

2 2 2
c=¢ +c, (1.1)
Here:
C—2
e % -itis aterm arising from the resistance of the channel surface (channel-bed friction) and is

determined by Equation (1.2) for a sinusoidal channel with a flat bed;
-2

2= %m(nhm /k,) (1.2)

)
e % _itis a term incorporating the effect of turbulence and depends on the channel geometry
and the position of the point within the flow. For a rough-bed condition in a sinusoidal channel, this
value is given by Equation (1.3).
¢, =ac’ (RIr) =1 - 4((R/B)-1)

q q-s

-1

(1.3)
The coefficient o, in Equation (1.3) is expected to be a function of 8o and B/h,, (Silva, 1995,
1999), i.e., ap = f(Bo, B/hy). This means that if a,, is plotted against 6o, a family of curves is obtained,
with each curve corresponding to a different B/h,, value (see Figure 1.1). So far, only two points of
these curve families have been determined through laboratory experiments.
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Figure 1.1. Expected variation of the coefficient a, with 8o and B/h,,.

Initial flows were measured in two sinusoidal channels having bend angles of 30° and 110°.
The experimental conditions are given in Table 1.1. Initial flows calculated using the hydrodynamic

model are shown in Figures 1.2 and 1.5a.

The ap values that produced the best experimental results:

1.1-jadval

Field
Soil particle

No. Bend Q diamréter D |o h B i B/h

angle

mm)

1 1,8 5,01 |22 1,7 0,81 7,8 | 0,0046 9,6
2 2,0 563 |22 1,7 0,82 8,5 10,0046 10,4
3 110° 1,8 |587 |22 1,7 1,39 7,0 | 0,0046 5,0
4 1,5 |3,60 |22 1,7 0,93 5,7 |0,0046 6,2
5 1,87 13,96 |22 1,7 0,68 7,18 | 0,0046 10,6
1 1,92 13,63 |22 0,16 | 0,69 6,64 | 0,0046 9,6
2 2,14 | 4,10 |22 0,16 |0,7 7,26 | 0,0046 10,4
3 90° 1,93 | 424 |22 0,16 | 1,18 5,95 | 0,0046 5,0
4 1,61 2,58 |22 0,16 | 0,79 4,85 | 0,0046 0,1
5 2 2,87 22 0,16 | 0,58 6,11 | 0,0046 10,5
1 2,04 12,84 |22 0,17 10,57 6,12 | 0,0046 10,7
2 70° 2,27 13,21 |22 0,17 |0,58 6,69 | 0,0046 11,5
3 2,05 (342 |22 0,17 10,97 5,47 | 0,0046 5,6
4 1,71 | 2,70 | 2,2 0,17 10,65 5,46 | 0,0046 8,4
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5 2,13 12,24 |22 0,17 10,48 5,62 | 0,0046 11,7
1 2,16 2,20 | 2,2 0,17 10,47 5,63 | 0,0046 12,0
2 24 (2,50 |22 0,17 10,48 6,16 | 0,0046 12,8
3 50° 2,17 12,74 2,2 0,17 10,8 5,03 | 0,0046 6,3
4 1,81 | 1,63 |22 0,17 |0,54 4,1 |0,0046 7,6
5 2,26 | 1,74 | 2,2 0,17 104 5,16 | 0,0046 12,9
1 2,29 1,68 |22 0,17 10,38 5,18 | 0,0046 13,6
2 2551191 |22 0,17 10,39 5,67 | 0,0046 14,5
3 30° 2,3 [2,16 |22 0,17 10,65 4,63 | 0,0046 7,1
4 1,92 11,27 [2,2 0,17 10,44 3,77 | 0,0046 8,6
5 24 [ 1,35 |22 0,17 10,33 4,75 | 0,0046 14,4

Silva (1995) showed that these calculated flows are very close to the measured results. When
0o = 30°, the flow enters the channel, whereas when 6o = 110°, the flow leaves the channel. The
channel deformations calculated by the author using the sediment transport model at the channel bend
are presented in Figures 1.2 and 1.5, respectively.

The calculated “channel deformations” agree with the experimental results; that is, most zones of
aggradation, degradation, and transition correspond to the experimental results for 8o = 30° and 6o =
110°.

Initial flows and channel topography were also calculated using the hydrodynamic model for 50°,
70°, and 90° channels (although these initial flows were not investigated by Silva (1995)). The
corresponding a, values are:

e *00=50%0,=0.17,1.12,and 1.6

e *00=70°and 90°: o, =1.2 and 1.6

It should be noted that the predicted oy values for 6o = 50° in Figure 1.1 (for example, op = 1.2
and 1.6) did not agree with the experimental values. Under the conditions of Silva (1995), a, = 1.0 was
found to be the most appropriate value during the experiments conducted in the 50° channel. The flow
field for the 50° channel with op = 1.0 is shown. Subsequent analysis established that o, = 0.17 is the
best-fitting value for the 30° channel. Figures 1.8, 1.11, and 1.14 show channel deformation for the
50°, 70°, and 90° channels, respectively. Considered together with Figures 1.2 and 1.5, these results
show how the “upstream migration” of erosion—deposition zones along the channel depends on 6o.

It should be noted that although the maximum positive or negative channel-deformation value
is the same (for example, |0z/0tjmax ~ 0.1 m/hour), the time required to reach this maximum changes
with 6. Figure 1.17 shows the dependence of this time on 6o. Channel deformation occurs most
rapidly in channels with 8o = 50°, 70°, and 90°. This is not surprising because at 8o =~ 70° the flow has
the strongest divergence, which is expressed by the maximum of |0z/0tjmax on the inner curve shown
in Figure 1.18.

The distribution of shear stress (1) across sections of the 30% channel-bend portion was
analyzed in Figure 1.3. The results show a non-uniform distribution of shear stress along the channel.
The minimum value was observed in Section 1 (t = 0.38 Pa), while the maximum value was observed
in Section 9 (t = 0.92 Pa). Shear stress increased gradually between Sections 1 and 9 and then showed
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a decreasing trend after Section 9 due to reduced flow energy and increased hydraulic resistance. This
pattern is important for assessing channel-bed deformation, erosion, and sediment-transport processes.

Channel bed deformation diagram along the 30° bend
(t = 30 minutes, B/h,,, = 12.5)
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Figure 1.2. Channel-bed deformation diagram along the 30° bend of the
experimental channel at B/h = 12.5.
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Figure 1.3. Shear stress distribution graph along the 30° channel bend at B/h = 12.5.
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Regression analysis of the 30% bend section
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Figure 1.4. Regression analysis graph for the 30° channel bend at B/h = 12.5.

According to the 75-minute experimental results, Figures 1.5a—1.5b show a non-uniform
distribution of channel-bed deformation by section under conditions of a 110° bend and B/h = 13.
Erosion dominated at the inlet and outlet sections, while sediment accumulation dominated in the
central part. The maximum erosion was —0.28 cm and the maximum accumulation was +0.30 cm. The
results confirm the formation of erosion and accumulation zones as a result of secondary flow

circulation and hydrodynamic effects.

Channel bed deformation diagram at the 110° bend (B/h = 13)
t = 75 minutes
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Figure 1.5 Calculated channel bed deformation for a 110° channel bend at B/h =13
in the experiment.
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110° channel bend (B/h = 13)
Variation of shear stress along channel sections
t =75 minutes
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Figure 1.6. Distribution graph of shear stress calculated for a 110° channel bend at
B/h =13 in the experiment.

R? regression analysis at the 110° channel bend (B/h = 13),
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Figure 1.7. Graph of the regression values calculated for a 110° channel bend at B/h
=13 in the experiment.
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Analysis of the channel-bed deformation at the 50° channel bend (B/h = 13), based on the 75-
minute experimental results, showed a non-uniform distribution by section in Figure 4.8. Erosion
occurred in Sections 1-3 (—0.08...—0.03 cm), while accumulation dominated in Sections 5—14, with the
maximum deposition of +0.17 cm occurring in Section 9. Deformation became negative again in
Sections 15-16. The trend line agrees well with the experimental results and confirms sediment
accumulation in the central part and scour at the inlet and outlet sections.

According to the 75-minute experimental results, Figure 4.9 shows that shear stress exceeded
1.18 Pa along the channel sections, reached a maximum of 2.02 Pa in Section 9, and then decreased to
1.20 Pa in the final section. The trend line shows high agreement with the experimental results,
confirming that shear stress reached its maximum in the central part due to increased hydraulic activity
of the flow.

According to the 75-minute experimental results, Figure 4.10 shows that R? values changed
steadily by section, increasing from 0.872 to 0.908 and reaching 0.873 in the final section. The
regression curve represents the experimental data with high accuracy; R? = 0.9560 indicates a high
degree of agreement between the model and experimental results. The results confirm that the
regression model reliably describes changes in the channel bend.

56° channel bend (B/h = 13) bed deformation diagram (t = 75 min)
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Figure 1.8. Graph of channel bed deformation at a 50° bend with B/h = 13 in the
experiment.
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Figure 1.9. Graph of shear stress distribution in the channel at a 50° bend with B/h
=13 in the experiment.
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Figure 1.10. Regression analysis graph for the 50° channel bend with B/h = 13 in the
experiment.

Analysis of channel-bed deformation at the 70° channel bend (B/h = 13), based on the 17-
minute experimental results, showed a non-uniform distribution by section in Figure 1.11. Erosion
dominated in Sections 1-8, with maximum scour of —0.33 c¢m in Section 5.

According to the 17-minute experimental results, Figure 1.12 shows a variable distribution of
shear stress by section. The value increased from 0.12 Pa and reached 0.33 Pa in Section 5, decreased
to 0.02 Pa in Section 9, and then increased again to 0.31 Pa in Section 13. In the final sections, shear
stress gradually decreased and was 0.03 Pa in Section 16. The trend line agrees well with the
experimental results and indicates that scour and deposition processes formed under the influence of
flow redistribution and secondary flows. According to the 17-minute experimental results, Figure 1.13
shows that R? values changed steadily by section, exceeding 0.842, reaching 0.952 in Section 9, and
equaling 0.854 in the final section. The regression model has a high level of agreement with the
experimental data; the coefficient of determination R? = 0.9974 indicates that the model describes the
experimental results with very high accuracy. The results confirm that the regression model reliably
reflects the variation patterns for the 70° channel bend.
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Channel bed deformation diagram at 70° channel bend (B/h = 13) (t = 17 min)
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Figure 1.11. Graph of the distribution of channel bed deformation at a 70° bend
with B/h =13 in the experiment.
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Figure 1.12. Graph of the distribution of shear stress at a 70° channel bend with B/h
=13 in the experiment.
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Regression analysis for the 70° channel bend (B/h = 13)
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Figure 1.13. Regression analysis graph for the 70° channel bend with B/h = 13 in the
experiment.

Analysis of channel-bed deformation at the 90° channel bend (B/h = 13), based on the 28-
minute experimental results, showed a non-uniform distribution by section in Figure 1.14. Erosion
dominated in Sections 1-8, with maximum scour of —0.30 cm in Section 5. From Section 9 onward,
accumulation was observed, reaching a maximum deposition of +0.32 cm in Section 13; in Section 16
it was +0.05 cm. The results indicate that scour dominates at the inlet, while sediment accumulation
dominates in the central and outlet sections of the 90° bend.

According to the 28-minute experimental results, Figure 4.15 revealed a strong inverse linear
relationship between channel-bed deformation (DZ) and shear stress (t). The regression equation is T =
—0.413-DZ + 0.167, expressing a decrease in shear stress as deformation increases. Figure 4.16
confirms, with a coefficient of determination R? = 0.9812, that the model agrees highly with the
experimental results. The obtained results show that the regression model can be reliably applied to

assess and predict channel-bed deformation.
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Figure 1.14. Diagram of channel bed scour and deposition at a 90° bend with B/h
13 in the experiment.
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Figure 1.15. Graph of shear stress at a 90° channel bend with B/h = 13 in the
experiment.
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Figure 1.16. Regression analysis graph for the 90° channel bend with B/h = 13 in the
experiment.
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Figure 1.17. Variation in the time required for uniform deformation to develop in
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Figure 1.18. Variation of the maximum deformation value |Xm.| With respect to the
00 angle in the experiment.

According to the results in Figure 1.17, the effect of the channel-bend angle on the
experimental duration changed according to a nonlinear relationship as the bend angle increased. The
experimental duration was 30 minutes for a 30° bend, 18 and 17 minutes for 50° and 70° bends,
respectively. For a 90° bend, this value increased to 28 minutes, and for a 110° bend it increased to 75
minutes. The trend line represents the results well and shows minimum duration in the 50-70° range,
while maximum duration was observed for 90—110° bends due to the hydrodynamic complexity of the
flow.

According to the results in Figure 1.18, the maximum scour depth varied nonlinearly with the
bend angle. It was 0.055 at a 30° bend, increased for 50° and 70° bends, and reached a maximum
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value of 0.084 at 70°. When the bend angle increased to 90° and 110°, the scour depth decreased to
0.065 and 0.025, respectively. The parabolic trend model agrees well with the experimental results and
shows that erosion was most intense at a 70° bend, whereas at larger angles scour intensity decreased
due to redistribution of the flow.
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