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ABSTRACT 

 

COMPARISON OF THE MORPHOLOGICAL DEVELOPMENT OF UNCONFINED 

SKEWED ALLUVIAL LABORATORY MEANDERING STREAMS IN RESPONSE TO 

LOW AND HIGH FLOW RATE CONDITIONS

 

David Nguyen      Advisor: Dr. Andrew D. Binns 

University of Guelph, 2021    Co-Advisor: Dr. Bahram Gharabaghi 

 

Past research on meandering rivers with skewed planform geometries has shown that skewness 

orientation impacts patterns of hydraulic conditions and morphological changes. The purpose of 

this work was to expand on that knowledge by testing different degrees of skewness and discharge 

conditions. A laboratory flume was used to test two unconfined skewed alluvial meandering river 

channels with opposite skewness orientations. Values of skewness were chosen to be different 

from past research for later comparisons. Experiments began at a low flow condition until 

equilibrium was achieved, at which time the discharge was increased to a higher value until 

equilibrium was reached again. Data was collected for flow rate, flow depth, and bedload transport, 

while elevation data was obtained using photogrammetric techniques. Results showed evidence 

for increased stability in the upstream skewed orientation with larger flow resistance, while the 

downstream skewed orientation adjusted towards a more symmetric (ex. non-skewed) channel 

over time. 

  



iii 

 

 

 

ACKNOWLEDGEMENTS 

I want to extend a huge thank you to my advisors Dr. Andrew Binns and Dr. Bahram Gharabaghi 

for their input and ideas throughout my research efforts and during thesis writing. They supported 

me through the challenges of the COVID-19 pandemic and allowed me to take the time needed to 

complete this thesis to the best of my ability. I also want to thank Loreta Chan for her work as a 

research assistant and help in running the first few experiments until the procedure could be 

streamlined. Ryan Smith and Phil Watson were also a great help in setting up the laboratory. 

Mostafa Elkurdy, Ryan Good, and Chris Sullivan also gave great advice for the photogrammetry 

procedure and helped greatly in my understanding of the Agisoft photogrammetry software. I also 

want to thank Dr. Cheng He at Environment and Climate Change Canada for lending his 3D 

printers, which were used to create the custom-built carving tools. Thank you to all my friends and 

family who have supported me throughout my thesis work and have always been there for me 

when I needed a second opinion. Lastly, thank you to NSERC for providing the funding for this 

research. 

  



iv 

 

 

 

TABLE OF CONTENTS 
 

Abstract ........................................................................................................................................... ii 

Acknowledgements ........................................................................................................................ iii 

Table of Contents ........................................................................................................................... iv 

List of Tables ................................................................................................................................ vii 

List of Figures .............................................................................................................................. viii 

List of Symbols .......................................................................................................................... xviii 

1 Introduction ............................................................................................................................. 1 

1.1 Background and Motivation ............................................................................................. 1 

1.2 Research Goals and Objectives ........................................................................................ 4 

1.3 Thesis Structure ................................................................................................................ 5 

2 Fundamental Equations ........................................................................................................... 6 

2.1 Mechanics of Flow ........................................................................................................... 6 

2.1.1 Dimensionless Parameters ........................................................................................ 6 

2.1.2 Shear Stresses and Flow Resistance ......................................................................... 8 

2.1.3 V-Notch Weir Design ............................................................................................. 10 

2.2 Sediment Mobility .......................................................................................................... 12 

2.3 Bedform and Bar Formation .......................................................................................... 13 

2.4 Channel Planform Geometry .......................................................................................... 15 

3 Literature Review.................................................................................................................. 18 

3.1 Laboratory Flume Experiments ...................................................................................... 18 

3.1.1 Gravel Bed Experiments ......................................................................................... 18 

3.1.2 Sand Bed Experiments ............................................................................................ 20 

3.2 Skewed Kinoshita River Channels ................................................................................. 22 

3.2.1 Causes of Skewness in Rivers................................................................................. 22 

3.2.2 Laboratory Investigations of Skewed Channels ..................................................... 23 

3.3 Photogrammetry ............................................................................................................. 25 

4 Methodology ......................................................................................................................... 26 

4.1 Laboratory Setup ............................................................................................................ 26 

4.1.1 Flume System.......................................................................................................... 26 



v 

 

 

 

4.1.2 Flow Measurements ................................................................................................ 27 

4.1.3 Sediment Characteristics ......................................................................................... 29 

4.2 Channel Design .............................................................................................................. 31 

4.2.1 Cross-Sectional Geometry ...................................................................................... 31 

4.2.2 Planform Geometry ................................................................................................. 32 

4.2.3 Hydraulic Conditions .............................................................................................. 34 

4.3 Experimental Procedure ................................................................................................. 35 

4.3.1 Channel Carving ..................................................................................................... 35 

4.3.2 Experimental Runs .................................................................................................. 39 

4.3.3 Photography ............................................................................................................ 42 

4.3.4 Sieve Analysis ......................................................................................................... 45 

4.4 Data Analysis ................................................................................................................. 46 

4.4.1 Agisoft PhotoScan .................................................................................................. 46 

4.4.2 ArcGIS DEM Processing ........................................................................................ 46 

5 Results ................................................................................................................................... 48 

5.1 Morphological Development.......................................................................................... 48 

5.1.1 Slope Adjustments .................................................................................................. 56 

5.1.2 Bed Morphology ..................................................................................................... 70 

5.1.3 Bank Erosion and Planform Adjustments ............................................................... 93 

5.1.4 Sediment Transport ............................................................................................... 128 

5.2 Time to Development ................................................................................................... 132 

5.2.1 Flow Depths .......................................................................................................... 132 

5.2.2 Bedload and Volume Eroded ................................................................................ 135 

5.2.3 Morphological Development Rates ...................................................................... 139 

6 Discussion ........................................................................................................................... 145 

6.1 Flow Rate Measurements ............................................................................................. 145 

6.2 Hydraulic Conditions and Flow Resistance ................................................................. 150 

6.2.1 Base Hydraulic Conditions ................................................................................... 153 

6.2.2 Calculated Hydraulic Conditions .......................................................................... 156 

6.2.3 Flow Resistance .................................................................................................... 161 



vi 

 

 

 

7 Conclusions ......................................................................................................................... 167 

7.1 Key Findings ................................................................................................................ 167 

7.2 Engineering Implications ............................................................................................. 170 

7.3 Recommendations and Future Work ............................................................................ 171 

7.3.1 Improvements to Flume and Methodologies ........................................................ 172 

7.3.2 Areas for Future Research .................................................................................... 174 

8 References ........................................................................................................................... 177 

9 Appendices .......................................................................................................................... A-1 

Appendix A : Sediment Transport Rate Equations ................................................................. A-1 

Appendix B : Data Analysis Detailed Procedures .................................................................. B-1 

Appendix C : Collected Experimental Data............................................................................ C-1 

Appendix D : Photographs ...................................................................................................... D-1 

Appendix E : Channel GIS DEMs ........................................................................................... E-1 

Appendix F : Cross-Sectional Elevation Profiles .................................................................... F-1 

Appendix G : Longitudinal Elevation Profiles ....................................................................... G-1 

Appendix H : Normalized and Detrended Elevations ............................................................. H-1 

Appendix I : Normalized Minimum Channel Elevation Plots .................................................. I-1 

Appendix J : Normalized Bank Migration and Flow Width Plots ........................................... J-1 

Appendix K : Thalweg Kinoshita Equation Results ............................................................... K-1 

Appendix L : Normalized Radius of Curvature Evolution ...................................................... L-1 

 

  



vii 

 

 

 

LIST OF TABLES 

Table 1: Designed experimental hydraulic conditions for the Good (2018) dataset .................... 34 

Table 2: Experimental hydraulic conditions ................................................................................. 35 

Table 3: Time step duration breakdown and target flow rate ....................................................... 40 

Table 4: Ground control point marker coordinates ....................................................................... 43 

Table 5: Sieve sizes used for sieve analysis .................................................................................. 45 

Table 6: Normalized distance pool locations ................................................................................ 89 

Table 7: Average outer bank migration distances......................................................................... 95 

Table 8: Kinoshita equation changes for Runs 1 and 2 centrelines ............................................ 121 

Table 9: Kinoshita equation changes for Run 1G, 2G, and 3G centrelines (after Good, 2018) . 123 

Table 10: Percent differences in initial centreline solutions ....................................................... 124 

Table 11: Theoretically calculated predicted skewness coefficients .......................................... 125 

Table 12: Total collected bedload and net sediment volume changes for Runs 1 and 2 ............ 129 

Table 13: Meander-averaged maximum, minimum, and average flow widths .......................... 131 

Table 14: Meandering region averaged interpolated flow depth and average bed slope ............ 131 
 

Table C-1: Run 1 flow depth measurements ............................................................................... C-1 

Table C-2: Run 2 flow depth measurements ............................................................................... C-4 

Table C-3: Run 1 collected sediment data .................................................................................. C-6 

Table C-4: Run 2 collected sediment data .................................................................................. C-7 

Table C-5: Run 1 flow meter measurements .............................................................................. C-8 

Table C-6: Run 2 flow meter measurements ............................................................................ C-10 

Table C-7: Run 1 weir measurements ....................................................................................... C-12 

Table C-8: Run 2 weir measurements ....................................................................................... C-14 

Table C-9: Run 1 outfall basin pressure measurements ............................................................ C-16 

Table C-10: Run 2 outfall basin pressure measurements .......................................................... C-19 
 

Table K-1: Kinoshita equation changes for Run 2 and 2 thalwegs ............................................. K-1 

Table K-2: Kinoshita equation changes for Run 1G, 2G, and 3G thalwegs (after Good, 2018) K-2 

  



viii 

 

 

 

LIST OF FIGURES 

Figure 1: Schematic of laboratory flume ...................................................................................... 27 

Figure 2: Sediment grain size distribution shown by percent passing sieve................................. 30 

Figure 3: Log-scale sediment grain size distribution shown by percent retained on sieve ........... 30 

Figure 4: Initial carved cross-sectional channel geometry ........................................................... 32 

Figure 5: Kinoshita curve centrelines and bank lines with (a) Js = +1.5/32 and (b) Js = -1.5/32 .. 33 

Figure 6: Dense point cloud from Agisoft with GCP marker locations and camera stations ....... 44 

Figure 7: Run 1 points of interest and division of meander bends (flow is right to left) .............. 50 

Figure 8: Run 2 points of interest and division of meander bends (flow is right to left) .............. 51 

Figure 9: Run 1a (US skew, low flow) final DEM at t = 120 min (flow is right to left) .............. 52 

Figure 10: Run 1b (US skew, high flow) final DEM at t = 180 min (flow is right to left) .......... 53 

Figure 11: Run 2a (DS skew, low flow) final DEM at t = 120 min (flow is right to left) ............ 54 

Figure 12: Run 2b (DS skew, high flow) final DEM at t = 180 min (flow is right to left) .......... 55 

Figure 13: Run 1 detrended minimum elevation profile ............................................................... 58 

Figure 14: Run 2 detrended minimum elevation profile ............................................................... 59 

Figure 15: Run 1G detrended minimum elevation profile (after Good, 2018) ............................. 61 

Figure 16: Run 2G detrended minimum elevation profile (after Good, 2018) ............................. 62 

Figure 17: Run 3G detrended minimum elevation profile (after Good, 2018) ............................. 63 

Figure 18: Run 1 bed slope and flow width adjustments .............................................................. 65 

Figure 19: Run 2 bed slope and flow width adjustments .............................................................. 65 

Figure 20: Run 1G bed slope and flow width adjustments (after Good, 2018) ............................ 67 

Figure 21: Run 2G bed slope and flow width adjustments (after Good, 2018) ............................ 67 

Figure 22: Run 3G bed slope and flow width adjustments (after Good, 2018) ............................ 68 

Figure 23: Initial bed slope and T1 flow width relationship ......................................................... 69 

Figure 24: Final bed slope and flow width relationship ............................................................... 69 

Figure 25: Run 1 initial detrended & normalized DEM (flow is right to left).............................. 73 

Figure 26: Run 1 final low flow detrended & normalized DEM (flow is right to left) ................ 74 

Figure 27: Run 1 final high flow detrended & normalized DEM (flow is right to left) ............... 75 

Figure 28: Run 2 initial detrended & normalized DEM (flow is right to left).............................. 76 

Figure 29: Run 2 final low flow detrended & normalized DEM (flow is right to left) ................ 77 



ix 

 

 

 

Figure 30: Run 2 final high flow detrended & normalized DEM (flow is right to left) ............... 78 

Figure 31: Run 1G initial detrended & normalized DEM (flow is right to left; after Good, 2018)

....................................................................................................................................................... 81 

Figure 32: Run 1G final detrended & normalized DEM (flow is right to left; after Good, 2018) 82 

Figure 33: Run 2G initial detrended & normalized DEM (flow is right to left; after Good, 2018)

....................................................................................................................................................... 83 

Figure 34: Run 2G final detrended & normalized DEM (flow is right to left; after Good, 2018) 84 

Figure 35: Run 3G initial detrended & normalized DEM (flow is right to left; after Good, 2018)

....................................................................................................................................................... 85 

Figure 36: Run 3G final detrended & normalized DEM (flow is right to left; after Good, 2018) 86 

Figure 37: Run 1 normalized minimum elevation profile ............................................................ 88 

Figure 38: Run 2 normalized minimum elevation profile ............................................................ 88 

Figure 39: Run 1G normalized minimum elevation profile (after Good, 2018) ........................... 90 

Figure 40: Run 2G normalized minimum channel profile (after Good, 2018) ............................. 90 

Figure 41: Run 3G normalized minimum channel profile (after Good, 2018) ............................. 91 

Figure 42: Run 1 thalweg evolution.............................................................................................. 92 

Figure 43: Run 2 thalweg evolution.............................................................................................. 93 

Figure 44: Run 1 elevation difference after low flow (T0 to T9; flow is right to left) ................. 96 

Figure 45: Run 1 elevation difference after high flow (T9 to T13; flow is right to left) .............. 97 

Figure 46: Run 2 elevation difference after low flow (T0 to T9; flow is right to left) ................. 98 

Figure 47: Run 2 elevation difference after high flow (T9 to T13; flow is right to left) .............. 99 

Figure 48: Run 1 meander-averaged normalized outer bank migration ..................................... 101 

Figure 49: Run 2 meander-averaged normalized outer bank migration ..................................... 102 

Figure 50: Good (2018) dataset meander-averaged normalized outer bank migration .............. 104 

Figure 51: Run 1 meander-averaged normalized inner bank migration ..................................... 105 

Figure 52: Run 2 meander-averaged normalized inner bank migration ..................................... 105 

Figure 53: Good (2018) dataset meander-averaged normalized inner bank migration .............. 106 

Figure 54: Run 1 centreline migration from initial position ....................................................... 108 

Figure 55: Run 2 centreline migration from initial position ....................................................... 108 

Figure 56: Run 1G centreline migration from initial position (after Good, 2018) ..................... 109 

Figure 57: Run 2G centreline migration from initial position (after Good, 2018) ..................... 110 



x 

 

 

 

Figure 58: Run 3G centreline migration from initial position (after Good, 2018) ..................... 110 

Figure 59: Run 1 flow width evolution ....................................................................................... 112 

Figure 60: Run 2 flow width evolution ....................................................................................... 112 

Figure 61: Run 1G flow width evolution (after Good, 2018) ..................................................... 113 

Figure 62: Run 2G flow width evolution (after Good, 2018) ..................................................... 113 

Figure 63: Run 3G flow width evolution (after Good, 2018) ..................................................... 114 

Figure 64: Run 1 meander-averaged normalized flow width ..................................................... 116 

Figure 65: Run 2 meander-averaged normalized flow width ..................................................... 116 

Figure 66: Good (2018) meander-averaged normalized flow width .......................................... 117 

Figure 67: Run 1 T13 final fitted centrelines (flow is left to right) ............................................ 119 

Figure 68: Run 2 T13 final fitted centrelines (flow is left to right) ............................................ 119 

Figure 69: Run 1 normalized rc with normalized meander distance ........................................... 127 

Figure 70: Run 2 normalized rc with normalized meander distance ........................................... 128 

Figure 71: Run 1 averaged flow depths within meandering region ............................................ 134 

Figure 72: Run 2 averaged flow depths within meandering region ............................................ 134 

Figure 73: Collected bedload transport rate (LF on left; HF on right) ....................................... 136 

Figure 74: Collected bedload measured D50 ............................................................................... 137 

Figure 75: Volume eroded from meandering region over time .................................................. 138 

Figure 76: Cumulative net volume change in meandering region over time .............................. 139 

Figure 77: Meander-averaged flow width adjustments over time .............................................. 140 

Figure 78: Meander-averaged detrended cross-section averaged bed elevation over time ........ 140 

Figure 79: Meander-averaged maximum thalweg migration distance over time ....................... 141 

Figure 80: Meander-averaged maximum deflection angle adjustment over time ...................... 142 

Figure 81: Meander-averaged skewness coefficient adjustment over time ................................ 142 

Figure 82: Meander-averaged flatness coefficient adjustment over time ................................... 143 

Figure 83: Meander-averaged streamwise meander wavelength adjustment over time ............. 143 

Figure 84: Run 1 measured flow rates for all methods used ....................................................... 147 

Figure 85: Run 2 measured flow rates for all methods used ....................................................... 147 

Figure 86: Flow meter connections............................................................................................. 149 

Figure 87: Run 1 interpolated flow depth (lines) vs. measured flow depths (points) ................. 151 

Figure 88: Run 2 interpolated flow depth (lines) vs. measured flow depths (points) ................. 152 



xi 

 

 

 

Figure 89: Average meandering region bed slope (S) over time ................................................ 154 

Figure 90: Average meandering region flow width (B) over time ............................................. 155 

Figure 91: Average interpolated meandering region flow depth (h) over time .......................... 155 

Figure 92: Average meandering region bed shear stress (τ0) over time ..................................... 156 

Figure 93: Average meandering region stream power (Ω) over time ......................................... 157 

Figure 94: Average meandering region Reynolds number (Re) over time ................................. 158 

Figure 95: Average meandering region Froude number (F) over time ....................................... 159 

Figure 96: Average meandering region width-to-depth ratio (B/h) over time ............................ 160 

Figure 97: Average meandering region relative flow intensity (η*) over time ........................... 161 

Figure 98: Run 1 energy and bed slope comparison ................................................................... 163 

Figure 99: Run 2 energy and bed slope comparison ................................................................... 163 

Figure 100: Average meandering region Manning’s resistance coefficient (n) over time ......... 165 

Figure 101: Average meander region squared meander Chézy resistance ratio over time ......... 166 
 

Figure B-1: Settings used for “Optimize camera alignment” tool .............................................. B-2 
 

Figure D-1: Buffer region carving tool (left) and main channel carving tool (right) ................. D-1 

Figure D-2: V-notch weir in sedimentation basin....................................................................... D-2 

Figure D-3: Sediment trap at flume outfall ................................................................................. D-2 

Figure D-4: Run 1 initial carved channel with wooden equipment mount ................................. D-3 

Figure D-5: Velocimeter mount repurposed for fixed depth measurement at meander #3 ........ D-3 

Figure D-6: Carver buffer region for Run 1 (facing upstream) .................................................. D-4 

Figure D-7: Partially carved main Run 1 channel ...................................................................... D-4 

Figure D-8: Run 1 initial carved channel (facing downstream) ................................................. D-5 

Figure D-9: Run 1 channel after end of T9 (low flow; facing downstream) .............................. D-5 

Figure D-10: Run 1 channel after end of T13 (high flow; facing downstream) ......................... D-6 

Figure D-11: Run 2 initial carved channel (facing downstream) ............................................... D-6 

Figure D-12: Run 2 channel after end of T9 (low flow; facing downstream) ............................ D-7 

Figure D-13: Run 2 channel after end of T13 (high flow; facing downstream) ......................... D-7 
 

Figure E-1: Run 1 initial channel DEM ....................................................................................... E-1 

Figure E-2: Run 1 T1 DEM (low flow) ....................................................................................... E-1 

Figure E-3: Run 1 T2 DEM (low flow) ....................................................................................... E-2 



xii 

 

 

 

Figure E-4: Run 1 T3 DEM (low flow) ....................................................................................... E-2 

Figure E-5: Run 1 T4 DEM (low flow) ....................................................................................... E-3 

Figure E-6: Run 1 T5 DEM (low flow) ....................................................................................... E-3 

Figure E-7: Run 1 T6 DEM (low flow) ....................................................................................... E-4 

Figure E-8: Run 1 T7 DEM (low flow) ....................................................................................... E-4 

Figure E-9: Run 1 T8 DEM (low flow) ....................................................................................... E-5 

Figure E-10: Run 1 T9 DEM (low flow) ..................................................................................... E-5 

Figure E-11: Run 1 T10 DEM (high flow) .................................................................................. E-6 

Figure E-12: Run 1 T11 DEM (high flow) .................................................................................. E-6 

Figure E-13: Run 1 T12 DEM (high flow) .................................................................................. E-7 

Figure E-14: Run 1 T13 DEM (high flow) .................................................................................. E-7 

Figure E-15: Run 2 initial DEM .................................................................................................. E-8 

Figure E-16: Run 2 T1 DEM (low flow) ..................................................................................... E-8 

Figure E-17: Run 2 T2 DEM (low flow) ..................................................................................... E-9 

Figure E-18: Run 2 T3 DEM (low flow) ..................................................................................... E-9 

Figure E-19: Run 2 T4 DEM (low flow) ................................................................................... E-10 

Figure E-20: Run 2 T5 DEM (low flow) ................................................................................... E-10 

Figure E-21: Run 2 T6 DEM (low flow) ................................................................................... E-11 

Figure E-22: Run 2 T7 DEM (low flow) ................................................................................... E-11 

Figure E-23: Run 2 T8 DEM (low flow) ................................................................................... E-12 

Figure E-24: Run 2 T9 DEM (low flow) ................................................................................... E-12 

Figure E-25: Run 2 T10 DEM (high flow) ................................................................................ E-13 

Figure E-26: Run 2 T11 DEM (high flow) ................................................................................ E-13 

Figure E-27: Run 2 T12 DEM (high flow) ................................................................................ E-14 

Figure E-28: Run 2 T13 DEM (high flow) ................................................................................ E-14 
 

Figure F-1: Run 1 inlet cross-sectional profile ............................................................................ F-1 

Figure F-2: Run 1 apex 0 cross-sectional profile ......................................................................... F-2 

Figure F-3: Run 1 inflection 1 cross-sectional profile ................................................................. F-2 

Figure F-4: Run 1 apex 1 cross-sectional profile ......................................................................... F-3 

Figure F-5: Run 1 inflection 2 cross-sectional profile ................................................................. F-3 

Figure F-6: Run 1 apex 2 cross-sectional profile ......................................................................... F-4 



xiii 

 

 

 

Figure F-7: Run 1 inflection 3 cross-sectional profile ................................................................. F-4 

Figure F-8: Run 1 apex 3 cross-sectional profile ......................................................................... F-5 

Figure F-9: Run 1 inflection 4 cross-sectional profile ................................................................. F-5 

Figure F-10: Run 1 apex 4 cross-sectional profile ....................................................................... F-6 

Figure F-11: Run 1 inflection 5 cross-sectional profile ............................................................... F-6 

Figure F-12: Run 1 apex 5 cross-sectional profile ....................................................................... F-7 

Figure F-13: Run 1 inflection 6 cross-sectional profile ............................................................... F-7 

Figure F-14: Run 1 apex 6 cross-sectional profile ....................................................................... F-8 

Figure F-15: Run 1 outlet cross-sectional profile ........................................................................ F-8 

Figure F-16: Run 2 inlet cross-sectional profile .......................................................................... F-9 

Figure F-17: Run 2 apex 0 cross-sectional profile ....................................................................... F-9 

Figure F-18: Run 2 inflection 1 cross-sectional profile ............................................................. F-10 

Figure F-19: Run 2 apex 1 cross-sectional profile ..................................................................... F-10 

Figure F-20: Run 2 inflection 2 cross-sectional profile ............................................................. F-11 

Figure F-21: Run 2 apex 2 cross-sectional profile ..................................................................... F-11 

Figure F-22: Run 2 inflection 3 cross-sectional profile ............................................................. F-12 

Figure F-23: Run 2 apex 3 cross-sectional profile ..................................................................... F-12 

Figure F-24: Run 2 inflection 4 cross-sectional profile ............................................................. F-13 

Figure F-25: Run 2 apex 4 cross-sectional profile ..................................................................... F-13 

Figure F-26: Run 2 inflection 5 cross-sectional profile ............................................................. F-14 

Figure F-27: Run 2 apex 5 cross-sectional profile ..................................................................... F-14 

Figure F-28: Run 2 inflection 6 cross-sectional profile ............................................................. F-15 

Figure F-29: Run 2 apex 6 cross-sectional profile ..................................................................... F-15 

Figure F-30: Run 2 outlet cross-sectional profile ...................................................................... F-16 
 

Figure G-1: Run 1 longitudinal minimum elevation profile ....................................................... G-2 

Figure G-2: Run 2 longitudinal minimum elevation profile ....................................................... G-3 

Figure G-3: Run RG1 longitudinal minimum elevation profile (after Good, 2018) .................. G-4 

Figure G-4: Run RG2 longitudinal minimum elevation profile (after Good, 2018) .................. G-5 

Figure G-5: Run RG3 longitudinal minimum elevation profile (after Good, 2018) .................. G-6 

Figure G-6: Run 1 longitudinal average elevation profile .......................................................... G-7 

Figure G-7: Run 2 longitudinal average elevation profile .......................................................... G-8 



xiv 

 

 

 

Figure G-8: Run RG1 longitudinal average elevation profile (after Good, 2018) ...................... G-9 

Figure G-9: Run RG2 longitudinal average elevation profile (after Good, 2018) .................... G-10 

Figure G-10: Run RG3 longitudinal average elevation profile (after Good, 2018) .................. G-11 
 

Figure H-1: Run 1 T0 (initial) normalized and detrended DEM ................................................ H-2 

Figure H-2: Run 1 T1 (low flow) normalized and detrended DEM ........................................... H-3 

Figure H-3: Run 1 T2 (low flow) normalized and detrended DEM ........................................... H-4 

Figure H-4: Run 1 T3 (low flow) normalized and detrended DEM ........................................... H-5 

Figure H-5: Run 1 T4 (low flow) normalized and detrended DEM ........................................... H-6 

Figure H-6: Run 1 T5 (low flow) normalized and detrended DEM ........................................... H-7 

Figure H-7: Run 1 T6 (low flow) normalized and detrended DEM ........................................... H-8 

Figure H-8: Run 1 T7 (low flow) normalized and detrended DEM ........................................... H-9 

Figure H-9: Run 1 T8 (low flow) normalized and detrended DEM ......................................... H-10 

Figure H-10: Run 1 T9 (low flow) normalized and detrended DEM ....................................... H-11 

Figure H-11: Run 1 T10 (high flow) normalized and detrended DEM .................................... H-12 

Figure H-12: Run 1 T11 (high flow) normalized and detrended DEM .................................... H-13 

Figure H-13: Run 1 T12 (high flow) normalized and detrended DEM .................................... H-14 

Figure H-14: Run 1 T13 (high flow) normalized and detrended DEM .................................... H-15 

Figure H-15: Run 2 T0 (initial) normalized and detrended DEM ............................................ H-16 

Figure H-16: Run 2 T1 (low flow) normalized and detrended DEM ....................................... H-17 

Figure H-17: Run 2 T2 (low flow) normalized and detrended DEM ....................................... H-18 

Figure H-18: Run 2 T3 (low flow) normalized and detrended DEM ....................................... H-19 

Figure H-19: Run 2 T4 (low flow) normalized and detrended DEM ....................................... H-20 

Figure H-20: Run 2 T5 (low flow) normalized and detrended DEM ....................................... H-21 

Figure H-21: Run 2 T6 (low flow) normalized and detrended DEM ....................................... H-22 

Figure H-22: Run 2 T7 (low flow) normalized and detrended DEM ....................................... H-23 

Figure H-23: Run 2 T8 (low flow) normalized and detrended DEM ....................................... H-24 

Figure H-24: Run 2 T9 (low flow) normalized and detrended DEM ....................................... H-25 

Figure H-25: Run 2 T10 (high flow) normalized and detrended DEM .................................... H-26 

Figure H-26: Run 2 T11 (high flow) normalized and detrended DEM .................................... H-27 

Figure H-27: Run 2 T12 (high flow) normalized and detrended DEM .................................... H-28 

Figure H-28: Run 2 T13 (high flow) normalized and detrended DEM .................................... H-29 



xv 

 

 

 

Figure H-29: Run 1G T0 (initial) normalized and detrended DEM (after Good, 2018) .......... H-30 

Figure H-30: Run 1G T1 normalized and detrended DEM (after Good, 2018) ....................... H-31 

Figure H-31: Run 1G T2 normalized and detrended DEM (after Good, 2018) ....................... H-32 

Figure H-32: Run 1G T3 normalized and detrended DEM (after Good, 2018) ....................... H-33 

Figure H-33: Run 1G T4 normalized and detrended DEM (after Good, 2018) ....................... H-34 

Figure H-34: Run 1G T5 normalized and detrended DEM (after Good, 2018) ....................... H-35 

Figure H-35: Run 1G T6 normalized and detrended DEM (after Good, 2018) ....................... H-36 

Figure H-36: Run 1G T7 normalized and detrended DEM (after Good, 2018) ....................... H-37 

Figure H-37: Run 1G T8 normalized and detrended DEM (after Good, 2018) ....................... H-38 

Figure H-38: Run 2G T0 (initial) normalized and detrended DEM (after Good, 2018) .......... H-39 

Figure H-39: Run 2G T1 normalized and detrended DEM (after Good, 2018) ....................... H-40 

Figure H-40: Run 2G T2 normalized and detrended DEM (after Good, 2018) ....................... H-41 

Figure H-41: Run 2G T3 normalized and detrended DEM (after Good, 2018) ....................... H-42 

Figure H-42: Run 2G T4 normalized and detrended DEM (after Good, 2018) ....................... H-43 

Figure H-43: Run 2G T5 normalized and detrended DEM (after Good, 2018) ....................... H-44 

Figure H-44: Run 2G T6 normalized and detrended DEM (after Good, 2018) ....................... H-45 

Figure H-45: Run 2G T7 normalized and detrended DEM (after Good, 2018) ....................... H-46 

Figure H-46: Run 2G T8 normalized and detrended DEM (after Good, 2018) ....................... H-47 

Figure H-47: Run 2G T9 normalized and detrended DEM (after Good, 2018) ....................... H-48 

Figure H-48: Run 2G T10 normalized and detrended DEM (after Good, 2018) ..................... H-49 

Figure H-49: Run 3G T0 (initial) normalized and detrended DEM (after Good, 2018) .......... H-50 

Figure H-50: Run 3G T1 normalized and detrended DEM (after Good, 2018) ....................... H-51 

Figure H-51: Run 3G T2 normalized and detrended DEM (after Good, 2018) ....................... H-52 

Figure H-52: Run 3G T3 normalized and detrended DEM (after Good, 2018) ....................... H-53 

Figure H-53: Run 3G T4 normalized and detrended DEM (after Good, 2018) ....................... H-54 

Figure H-54: Run 3G T5 normalized and detrended DEM (after Good, 2018) ....................... H-55 

Figure H-55: Run 3G T6 normalized and detrended DEM (after Good, 2018) ....................... H-56 

Figure H-56: Run 3G T7 normalized and detrended DEM (after Good, 2018) ....................... H-57 

Figure H-57: Run 3G T8 normalized and detrended DEM (after Good, 2018) ....................... H-58 
 

Figure I-1: Run 1 meander 1 normalized minimum channel elevation profile............................. I-1 

Figure I-2: Run 1 meander 2 normalized minimum channel elevation profile............................. I-2 



xvi 

 

 

 

Figure I-3: Run 1 meander 3 normalized minimum channel elevation profile............................. I-2 

Figure I-4: Run 1 meander 4 normalized minimum channel elevation profile............................. I-3 

Figure I-5: Run 1 meander 5 normalized minimum channel elevation profile............................. I-3 

Figure I-6: Run 2 meander 1 normalized minimum channel elevation profile............................. I-4 

Figure I-7: Run 2 meander 2 normalized minimum channel elevation profile............................. I-4 

Figure I-8: Run 2 meander 3 normalized minimum channel elevation profile............................. I-5 

Figure I-9: Run 2 meander 4 normalized minimum channel elevation profile............................. I-5 

Figure I-10: Run 2 meander 5 normalized minimum channel elevation profile........................... I-6 
 

Figure J-1: Run 1 meander 1 normalized outer bank migration distance from initial bank ........ J-1 

Figure J-2: Run 1 meander 2 normalized outer bank migration distance from initial bank ........ J-2 

Figure J-3: Run 1 meander 3 normalized outer bank migration distance from initial bank ........ J-2 

Figure J-4: Run 1 meander 4 normalized outer bank migration distance from initial bank ........ J-3 

Figure J-5: Run 1 meander 5 normalized outer bank migration distance from initial bank ........ J-3 

Figure J-6: Run 2 meander 1 normalized outer bank migration distance from initial bank ........ J-4 

Figure J-7: Run 2 meander 2 normalized outer bank migration distance from initial bank ........ J-4 

Figure J-8: Run 2 meander 3 normalized outer bank migration distance from initial bank ........ J-5 

Figure J-9: Run 2 meander 4 normalized outer bank migration distance from initial bank ........ J-5 

Figure J-10: Run 2 meander 5 normalized outer bank migration distance from initial bank ...... J-6 

Figure J-11: Run 1 meander 1 normalized inner bank migration distance from initial bank ...... J-6 

Figure J-12: Run 1 meander 2 normalized inner bank migration distance from initial bank ...... J-7 

Figure J-13: Run 1 meander 3 normalized inner bank migration distance from initial bank ...... J-7 

Figure J-14: Run 1 meander 4 normalized inner bank migration distance from initial bank ...... J-8 

Figure J-15: Run 1 meander 5 normalized inner bank migration distance from initial bank ...... J-8 

Figure J-16: Run 2 meander 1 normalized inner bank migration distance from initial bank ...... J-9 

Figure J-17: Run 2 meander 2 normalized inner bank migration distance from initial bank ...... J-9 

Figure J-18: Run 2 meander 3 normalized inner bank migration distance from initial bank .... J-10 

Figure J-19: Run 2 meander 4 normalized inner bank migration distance from initial bank .... J-10 

Figure J-20: Run 2 meander 5 normalized inner bank migration distance from initial bank .... J-11 

Figure J-21: Run 1 meander 1 normalized flow width .............................................................. J-11 

Figure J-22: Run 1 meander 2 normalized flow width .............................................................. J-12 

Figure J-23: Run 1 meander 3 normalized flow width .............................................................. J-12 



xvii 

 

 

 

Figure J-24: Run 1 meander 4 normalized flow width .............................................................. J-13 

Figure J-25: Run 1 meander 5 normalized flow width .............................................................. J-13 

Figure J-26: Run 2 meander 1 normalized flow width .............................................................. J-14 

Figure J-27: Run 2 meander 2 normalized flow width .............................................................. J-14 

Figure J-28: Run 2 meander 3 normalized flow width .............................................................. J-15 

Figure J-29: Run 2 meander 4 normalized flow width .............................................................. J-15 

Figure J-30: Run 2 meander 5 normalized flow width .............................................................. J-16 
 

Figure L-1: Run 1 meander 1 normalized rc change over normalized meander distance ............ L-1 

Figure L-2: Run 1 meander 2 normalized rc change over normalized meander distance ............ L-2 

Figure L-3: Run 1 meander 3 normalized rc change over normalized meander distance ............ L-3 

Figure L-4: Run 1 meander 4 normalized rc change over normalized meander distance ............ L-4 

Figure L-5: Run 1 meander 5 normalized rc change over normalized meander distance ............ L-5 

Figure L-6: Run 2 meander 1 normalized rc change over normalized meander distance ............ L-6 

Figure L-7: Run 2 meander 2 normalized rc change over normalized meander distance ............ L-7 

Figure L-8: Run 2 meander 3 normalized rc change over normalized meander distance ............ L-8 

Figure L-9: Run 2 meander 4 normalized rc change over normalized meander distance ............ L-9 

Figure L-10: Run 2 meander 5 normalized rc change over normalized meander distance ........ L-10 

  



xviii 

 

 

 

LIST OF SYMBOLS 

a  trapezoid short parallel side length (m) 

A  cross-sectional flow area (m2) 

AE  parameter in H.A. Einstein’s equation for Einstein’s φ 

AΔ  area of triangle formed by three points along a curve (m2) 

As  scour factor 

a1, a2, a3  side lengths of triangle formed by three points along a curve (m) 

aY  parameter in Yalin’s equation for Einstein’s φ 

B  channel flow width (m) 

b  trapezoid long parallel side length (m) 

Bs  roughness function 

B/h  width-to-depth ratio (m/m) 

c  dimensionless total Chézy resistance coefficient 

cf  dimensionless frictional component of Chézy resistance coefficient 

cM  dimensionless meandering component of Chézy resistance coefficient 

cΔ  dimensionless bedform component of Chézy resistance coefficient 

D50  representative sediment grain size (m) 

Dh  hydraulic diameter (m) 

F  Froude number 

g  gravitational acceleration (m/s2) 

h  flow (hydraulic) depth (m) 

J0  Bessel function 

Jf  Kinoshita curve flatness coefficient 

Js  Kinoshita curve skewness coefficient 

k  wave number (m-1) 

ks  roughness height (m) 

mδ  parameter in dune steepness calculation 

mΛ  parameter in dune steepness calculation 

n  Manning’s roughness coefficient 

Pw  wetted perimeter (m) 



xix 

 

 

 

PΔ  semi-perimeter of a triangle formed by three points along a curve (m) 

Q  water flow rate (m3/s) 

qsb  sediment unit flow rate (kg/s/m) 

Qsb  sediment flow rate (kg/s) 

r  parameter in ripple steepness calculation 

Re  Reynold’s number 

Re*  friction Reynold’s number 

Rh  hydraulic radius (m)  

rc  radius of curvature (m) 

S  channel slope (m/m) 

Sf   friction (energy) slope (m/m) 

s  streamwise distance coordinate (m) 

sY  parameter in Yalin’s equation for Einstein’s φ 

T  ambient temperature (°C) 

t  experiment runtime (min) 

u  downstream water velocity (m/s) 

u*  friction or shear velocity (m/s)  

V  volume of sediment eroded (m3) 

W  specific gravity of sediment 

X  grain size Reynolds number 

x  flume longitudinal distance coordinate (m) 

Y  mobility number 

y  flume transverse distance coordinate (m) 

y', y''  first and second derivatives of a curve 

Ycr  modified Shields’ critical mobility number 

z  parameter in dune steepness calculation 

β1  parameter in H. A. Einstein’s equation for Einstein’s φ 

β2  parameter in H. A. Einstein’s equation for Einstein’s φ 

βB  parameter in R. A. Bagnold’s equation for Einstein’s φ 

γs  specific weight of sediment (N/m3) 

γw  specific weight of water (N/m3) 



xx 

 

 

 

δd  dune steepness 

Δd  dune height (m) 

δd,max  parameter in dune steepness calculation 

δr  ripple steepness 

Δr  ripple height (m) 

ζd  parameter in dune steepness calculation 

ζr  parameter in ripple steepness calculation 

η*  relative flow intensity 

�̂�*  parameter in dune steepness calculation 

θ  V-notch weir angle (°) 

θ(s)  sine-generated curve deflection angle (rad) 

θ0  maximum deflection angle (rad) 

κ  von Karman constant 

Λb  bar length (m) 

Λd  dune length (m) 

Λm  valley meander wavelength (m) 

Λr  ripple length (m)  

λM  streamwise meander wavelength (m) 

μw  dynamic viscosity of water (Pa∙s) 

νw  kinematic viscosity of water (m2/s) 

Ξ  modified Shields’ parameter 

ρs  density of sediment particles (kg/m3) 

ρw  density of water (kg/m3) 

σ  sinuosity 

τ0  bed shear stress (Pa) 

φ  Einstein’s bedload transport parameter 

ψd  parameter in dune steepness calculation 

ψr  parameter in ripple steepness calculation 

 



 

1 

 

1 Introduction 

This chapter presents a brief introduction to the topic of meandering river systems and why 

studying their behaviours is important. Goals and objectives of the work are also discussed and a 

summary of the thesis structure is provided. 

1.1 Background and Motivation 

Throughout history, river systems have been essential resources at the center of many thriving 

societies. From ancient civilizations founded along major river networks to many modern 

megacities, rivers are a key component for successful communities. Rivers and streams provide a 

constant supply of freshwater used for drinking, irrigation, to carry away waste, or as routes of 

transportation that can encourage economic growth and the exchange of ideas. These roles remain 

true in the present-day, with as much as 87.5% of the global population living within three 

kilometres of a river (Kummu, de Moel, Ward, & Varis, 2011). With such a large percentage of 

the population living near rivers, understanding how they develop and evolve yields important 

insights to sustainably managing them in the interest of protecting public safety, property, and 

natural ecosystems. Many rivers and streams today face a broad range of issues including the 

introduction of contaminants that can degrade water quality, changes in flow regime caused by the 

construction of hydraulic structures, and changes to hydrologic conditions in response to changing 

land use and climate patterns. 

There are many mechanisms for contaminants to enter river systems, and once entered, 

contaminants can threaten ecosystem health or the ability for safe use of the river as a resource. 

Chemical contaminants may be released in industrial accidents such as the oil spill in 2016 at the 

North Saskatchewan River (CBC News, 2019), the pipeline failure into Alberta Creek in 2019 

(The Canadian Press, 2019), or the 2014 failure of the Mount Polley Mine tailing pond in British 

Columbia (CBC News, 2014). Nutrient-rich runoff from agricultural lands can cause algal blooms 

and water quality issues such as algal blooms (Lake Simcoe Region Conserveration Authority, 

2016). Though these contaminants can have immediate effects, they may also bind to river 

sediments and pose long-term risks to water quality as they leach back into the water or become 

mobilized during floods. These contaminated sediments can persist for decades, making legacy 

sites such as the Hudson River SuperFund site (US EPA, 2019). Remediation efforts are often 



 

2 

 

expensive and difficult, with risks of spreading contamination further if done improperly. The 

stability of these contaminated sediments, how quickly they will spread, and what risks are present 

when they are mobilized are often challenging questions to accurately answer. Investigating the 

complex interactions between sediments, flow regimes, and contributing watersheds can help to 

understand their impacts on river morphologic evolution, leading to improved assessments on the 

stability of contaminated sediments, more effective remediation efforts, and better long-term 

management strategies where remediation may not be feasible. 

Many river systems today are also affected by human-built structures such as dams, or have been 

modified and even buried. Dam structures disrupt flow regimes and sediment supply, causing 

excess deposition upstream of the dam where contaminants can accumulate and sediment scarce 

conditions downstream of the dam (Kondolf, et al., 2014). In southwestern Ontario, it has been 

reported that by length, up to 14% of streams have been buried (Stammler, Yates, & Bailey, 2013). 

Modifications to rivers such as these can be detrimental to ecosystems, affect water quality, 

contribute to flooding risks, or even damage coastal regions with disrupted sediment supplies. 

Restoration projects have since been undertaken to restore these river systems to their ‘natural’ 

state such as the Don River naturalization project in Toronto, Ontario (TRCA, 2020). However, it 

can be difficult to define what the ‘natural’ state of a river is since it depends on many factors and 

can change over time. By studying the contributing factors to how river systems evolve 

morphologically, better assessments of the ‘natural’ river state can be conducted and more 

informed decisions can be made around how to best perform successful restoration efforts. 

Though managing contaminated sediments and restoring damaged river systems are already 

challenges of their own, the impacts of urbanization and climate change exacerbates these issues 

by changing the flow regimes of rivers over time and contributing to increased flood risks. As 

cities grow, porous surfaces and areas of vegetation can be paved over with impervious materials, 

quickening the time for rainfall to reach river systems. This rapid travel time leads to more frequent 

and severe flood events, threatening to mobilize any contaminated sediments, further damage river 

channels, or posing a risk to public safety and property. Climate change in Canada can affect 

seasonal flow variations, average streamflow, or the frequency of extreme precipitation events 

(Bonsal, Peters, Seglenieks, Rivera, & Berg, 2019). Investigating how river systems evolve 
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morphologically in response to changing inputs can provide the knowledge and tools needed to 

assess what impacts these changes will have in the future. 

Over the last few decades, much progress has been gained in characterizing river systems and 

understanding how they evolve morphologically. While much of recent research efforts have 

aimed to apply current knowledge to computational models, laboratory flumes continue to be used 

to isolate variables on a smaller scale and determine their effect on the behaviours of the flow 

conditions, sediment transport patterns, and morphological development in rivers and streams. 

Many of these studies used fixed bed or bank conditions to further isolate variables, but with 

increased understanding, fully unconfined flumes have begun to see use as they better represent 

real river systems. Since many of these studies were focused on a single-channel sine-generated 

meandering planform geometry, many recent flume studies have investigated the behaviour of 

braided rivers in how they develop and differ from those single-channel river geometries. 

However, few studies have investigated other single-channel planform geometries such as skewed 

meandering channels. In a skewed meandering river channel, the centroid of a given meander bend 

is shifted either upstream or downstream of the meander apex. Several theories have been proposed 

to explain when and how skewed channels form while studies in confined bank flumes have 

suggested that they have different patterns of flow, energy dissipation, and development depending 

on the direction of skew (Abad & Garcia, 2009a; 2009b). To date, only one attempt to investigate 

the morphological behaviour of skewed meandering channels in a fully unconfined laboratory 

flume has been done, and results further suggested differences in development, sediment transport 

distribution, and energy losses (Good, 2018). The present work seeks to further expand on the 

investigation into the morphological behaviour of skewed channels in fully unconfined laboratory 

flumes with differing intensities of skewness and differing flow rates. Results of this research will 

have implications for assessing the stability of contaminated sediments, restoring river channels, 

and predicting river adjustments in response to land use changes or climate change in skewed river 

planform geometries. 
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1.2 Research Goals and Objectives 

The goal of this research is to investigate the morphological development of unconfined skewed 

meandering streams and quantify differences in morphological development as a result of varying 

skewness values in both upstream and downstream directions as well as in response to changes in 

hydraulic conditions through increased flow rates representative of a flood event. Previous studies 

have observed differences in flow conditions using confined flumes that are evident in the energy 

gradient and bedform developments (Abad & Garcia, 2009a; 2009b), and results from experiments 

in an unconfined flume further suggested differences in development and a possible additional 

resistance to flow (Good, 2018). The specific objectives of this thesis will be to: 

1) Investigate how these previous observations on morphological development, sediment 

transport patterns, and hydraulic conditions compare to new experimental data with 

different input skewness and flow conditions, and quantify any differences. 

2) Identify relationships that may lead to predictive equations connecting the different input 

parameters to output results, such as changes in the equation defining the skewed 

meandering channel planform geometry. 

3) Investigate the time required for the experimental channels to reach dynamic equilibrium 

at both low and high flows. 

The results of the study could yield insights into the formation of skewed channels and how they 

erode or develop differently depending on the direction and intensity of skewness. By introducing 

a period of higher flow rates to simulate a flood event, insights can be gained on differences in 

how skewed channels respond to unsteady flow conditions compared to more traditionally studied 

meandering planform geometries. Analyzing how bed topography and planform geometry 

parameters change over time can also give insights to rates of change for predicting how quickly 

natural rivers will adjust to differences in flow regime. Improved methodologies for constructing 

the initial channel and in analyzing the obtained data have also been developed to better highlight 

the differences in morphological behaviour caused by skewness. The knowledge gained will be 

valuable in predicting how natural skewed river channels develop and evolve over time which can 

have broad implications in many aspects of sustainable river management. 
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1.3 Thesis Structure 

The remainder of this thesis will be subdivided into a series of chapters covering the fundamental 

concepts and common equations used in studying river systems (Chapter 2), a literature review of 

research done on rivers and streams with a focus on skewed meandering channel geometries and 

laboratory flumes (Chapter 3), a description of the methodologies used in the present research 

(Chapter 4), a comprehensive analysis of the collected data (Chapter 5), and a discussion of data 

quality as well as extension of the data to reconstruct hydraulic conditions within the channel 

(Chapter 6). A conclusion chapter (Chapter 7) at the end will summarize key findings, discuss the 

implications of the completed work, and outline any next steps that may be taken for future 

research. 
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2 Fundamental Equations 

This chapter covers the relevant fundamental and commonly applied empirical equations used in 

describing and analyzing river systems. The chapter is sub-divided into sections covering the 

hydraulics of open channel flow, assessment of sediment mobility, determination of bedform 

geometry, and equations describing the planform geometry of rivers.  

2.1 Mechanics of Flow 

This section covers equations of fluid mechanics that describe flow conditions in open channels 

such as river systems. These include the equations for dimensionless parameters such the Froude 

and Reynolds numbers, cross-sectional geometries of the channel, shear stress forces exerted by 

the flow of water, and the resistance of a river channel against the flow. In this study, a V-notch 

weir was added to the flume system to help monitor flow rates. This section will also cover the 

equations used to design the weir dimensions. 

2.1.1 Dimensionless Parameters 

The Froude number is a dimensionless parameter commonly used to describe the state of flow in 

a river system. A Froude number value equal to 1 means critical flow conditions where the flow 

velocity matches the velocity of a minor disturbance or surface wave propagating through the 

water (White, 2011). Values smaller than the critical condition are subcritical and values larger are 

supercritical. The Froude number is calculated as: 

 𝐹 =
𝑢

√𝑔ℎ
 (1) 

where F is the Froude number, u is the average downstream velocity (m/s), g is acceleration due 

to gravity (m/s2), and h is the hydraulic or average flow depth (m). For this work, the acceleration 

due to gravity was assumed to be a constant value of g = 9.81 m/s2. 

The Reynolds number is an important dimensionless quantity in many fluid mechanics 

applications that indicates the level of turbulence in the flow. In pipes, laminar flow has a Reynolds 

number below 1000. Above that, it becomes transitional flow up to a Reynolds number of 2300 

where it becomes fully turbulent flow (White, 2011), although some sources may set the thresholds 
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at higher values such as Re < 2000 for laminar and Re > 4000 for fully turbulent flow (Menon, 

2015). The Reynolds number is calculated as: 

 
𝑅𝑒 =

𝑢𝐷ℎ

𝜈
 

(2) 

where Re is the Reynolds number, Dh is the hydraulic diameter (m), and ν is the kinematic viscosity 

(m2/s). The kinematic viscosity of water can be calculated as ν = μ / ρw where μ is the dynamic 

viscosity (Pa∙s) and ρw is the density of water (kg/m3). Both viscosity and density change with 

temperature T, but for this work were assumed to be constant. For a temperature of T = 20°C, the 

dynamic viscosity of water is μ = 0.001 Pa∙s and the density is 998 kg/m3 (White, 2011). 

While the Reynolds definition using hydraulic diameter is relevant for pipe flows, in open channel 

flow it is more common to use the hydraulic radius, which can be substituted into the Reynolds 

equation with the relationship Dh = 4Rh. The hydraulic radius for an open channel is calculated as: 

 
𝑅ℎ =

𝐴

𝑃𝑤
 

(3) 

where Rh is the hydraulic radius (m), A is the cross-sectional flow area (m2), and Pw is the wetted 

perimeter (m). The initially carved cross-section was designed to be trapezoidal with bank angles 

matching the sediment angle of repose. The area and wetted perimeter are thus calculated as: 

 
𝐴 = (

𝑎 + 𝑏

2
) ℎ 

𝑃𝑤 = 𝑎 +
2ℎ

sin(𝜑𝑟)
 

(4) 

(5) 

where a and b are the shorter and longer lengths (m) of the parallel sides (the channel bottom and 

the water surface), respectively, and φr is the angle of repose (rad). As the channel evolved, the 

area was calculated as area of a rectangle, A = Bh, where B is the average flow width (m), and the 

wetted perimeter was evaluated numerically by sampling the bed elevation at equal intervals along 

the wetted cross-section, then finding the sum of distances between the sampled elevation points. 
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Another important dimensionless parameter when analyzing river systems is the width-to-depth 

ratio, expressed as B/h. The ratio determines the threshold for a “wide” channel, when the effects 

of the near-bank regions are negligible relative to the central region. In wide channels, the wetted 

perimeter becomes increasingly similar to the flow width, meaning that the hydraulic radius Rh 

approaches the value of the flow depth h. The threshold for a “wide” channel is typically 

considered in the range of 10 < B/h < 20, with smaller values falling under a “narrow” channel. 

2.1.2 Shear Stresses and Flow Resistance 

As water flows through a river channel, it exerts forces on the channel bed and banks that are 

described using shear stresses. These shear stresses can cause sediments to mobilize and erode, 

but also act as a resistance to flow that dissipates energy. At the channel bed, the bed shear stress 

is expressed with:  

 𝜏0 = 𝛾𝑤𝑆ℎ (6) 

where τ0 is the bed shear stress (Pa), γw is the specific weight of water (N/m3), and S is the bed 

slope (m/m). The specific weight can be calculated using γw = ρwg. 

The energy dissipation can also be expressed using stream power, calculated with: 

 𝛺 = 𝛾𝑤𝑄𝑆 (7) 

where Ω is stream power (W) and Q is the flow rate or discharge of the river channel (m3/s). 

For flow conditions near the bed, the friction or shear velocity can be used to characterize boundary 

layer flow. The friction velocity and its corresponding friction Reynolds number are defined as: 

 𝑢∗ = √𝑔𝑆ℎ (8) 

 
𝑅𝑒∗ =

𝑘𝑠𝑢∗

𝜈
 

(9) 

where u* is the friction velocity (m/s), Re* is the friction Reynolds number, and ks is the granular 

roughness height (m). The granular roughness height is assumed to be evaluated with ks = 2D50 

(Kamphuis, 1974; Yalin M. , 1992), where D50 is the representative 50th percentile grain size. If 
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Re* is smaller than 5, the boundary layer flow is considered hydraulically smooth and the surface 

roughness has negligible effects. If Re* is larger than 70, then flow is considered to be fully rough 

turbulent, even near the boundary layer and in between the interstices of the roughness elements 

(da Silva & Yalin, 2017). This condition means that viscosity has negligible effects and is common 

in natural rivers but can be difficult to achieve in laboratory conditions. Values for Re* in between 

the two threshold conditions are considered to be in a transition between hydraulically smooth and 

fully rough turbulent with significant effects from both the surface roughness and viscosity. 

Shear stresses explain the mechanism for flow resistance and how energy is dissipated, but flow 

resistance is more commonly expressed with an empirically derived roughness coefficient such as 

in Manning’s equation. Manning’s equation (for SI units) is given by: 

 
𝑄 =

1

𝑛
𝐴𝑅ℎ

2 3⁄ 𝑆𝑓
1 2⁄

 
(10) 

where n is the Manning’s roughness coefficient, and Sf is the energy slope. Under uniform flow 

conditions, the energy slope is equivalent to the channel bed slope S. Another method of assessing 

flow rate is using the Chézy equation, which is written as: 

 
𝑄 = 𝑐𝐴√𝑔ℎ𝑆𝑓 

(11) 

where c is the overall Chézy resistance coefficient. The Chézy and Manning’s resistance 

coefficients can be converted interchangeably using the relationship: 

 
𝑐 =

𝑅ℎ
1 6⁄

𝑛
 

(12) 

The Chézy coefficient can be broken down into components as follows: 

 1

𝑐2
=

1

𝑐𝑓
2

+
1

𝑐𝛥
2

+
1

𝑐𝑀
2
 

(13) 

where cf is the frictional resistance component related to drag caused by the bed and banks, cΔ is 

the bedform resistance component caused by the presence of ripples and dunes, and cM is the 

meandering resistance component caused by the meandering planform geometry. 
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The frictional component of Chézy resistance coefficient and the roughness function Bs can be 

determined as: 

 
𝑐𝑓 =

1

𝜅
ln (0.368

ℎ

𝑘𝑠
) + 𝐵𝑠 

(14) 

 𝐵𝑠 = [2.5 ln(𝑅𝑒∗) + 5.5]𝑒−0.0705[ln(𝑅𝑒∗)]2.55
+ 8.5[1 − 𝑒−0.0594[ln(𝑅𝑒∗)]2.55

] (15) 

where κ is the von Karman constant equal to 0.4. The roughness function is only valid for if the 

range of friction Reynolds number is 0.2 < log(Re*) < 3.2 (da Silva & Bolisetti, 2000). 

The bedform component of resistance depends on whether bedforms form under the given flow 

conditions, whether the bedforms are ripples or dunes, as well the geometry of those bedforms. In 

these calculations, it is assumed that the existence of bedforms do not change the mathematical 

form of the fluid transport equations. The bedform resistance component can be calculated as: 

 1

𝑐𝛥
2

=
1

2ℎ
(𝛿𝑑

2𝛬𝑑 + 𝛿𝑟
2𝛬𝑟) 

(16) 

where δd and Λd are dune steepness and dune length (m), respectively, while δr and Λr are the ripple 

steepness and ripple length (m). The equations for bedform geometries and their existence 

conditions are covered in greater detail in Section 2.3.  

The meandering component does not yet have an equation in the literature unlike the frictional and 

bedform components. However, its relative contribution to resistance has been assessed by 

subtracting the other components from the overall resistance value (da Silva & Binns, 2009). In 

the present thesis, it was hypothesized that if skewness changes the flow resistance, it would be 

observable as differences in both the overall resistance and in the meandering component 

resistance. 

2.1.3 V-Notch Weir Design 

A V-notch weir was designed and added to the flume system as another method of monitoring 

flow rates during experiments. The design process for this weir is described in further detail in 

Section 4.1, but this section will outline the equations used for the design process. There are two 

sets of equations used to calculate flow rates during weir operation depending on the depth 



 

11 

 

condition behind the weir and the relative impact of surface tension effects (White, 2011). The 

weir was designed to never operate in submerged conditions due to the inaccuracies that are 

introduced. In both cases of depth conditions, the flow rate is estimated using: 

 
𝑄 = 𝑐𝑑 tan (

𝜃

2
) 𝑔1 2⁄ ℎ5 2⁄  

(17) 

where cd is the weir coefficient, θ is the V-notch angle (°), and h in this context is the flow depth 

behind the weir. If the water level is greater than 0.05 m above the V-notch tip, then cd can be 

assumed to be 0.44 if the V-notch angle is 20° < θ < 100°. If water levels fall to less than 0.05 m 

above the V-notch tip, then the weir coefficient must be adjusted using the following equations: 

 
𝑐𝑑 = 0.44 +

0.9

(𝑅𝑒 ∙ 𝑊𝑒)1 6⁄
 

(18) 

 
𝑊𝑒 =

𝜌𝑤𝑔ℎ

ϒ
 

(19) 

where We is the Weber number and ϒ is the coefficient of surface tension. For water at the assumed 

ambient temperature of T = 20°C, ϒ is 0.0728 N/m (White, 2011). However, this formula for cd is 

only valid if the value of We > 300 and the Reynolds number satisfies the condition: 

 
𝑅𝑒 >

300

[tan (
𝜃
2)] 

3
4

 
(20) 
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2.2 Sediment Mobility 

For sediment at the river bed to move, the bed shear stress applied by the flow must be larger than 

the critical bed shear stress required for sediment grains to move. Depending on the ratio of bed 

shear stress to the critical value, particles may roll or bounce along the bed as bedload, or fully lift 

away from the bed to be transported as suspended load. Determining the bed shear stresses for any 

one given grain of sediment can be difficult, since local flow conditions may be impacted by 

factors such as bedforms or armouring by other obstacles and particles. Instead, sediment mobility 

can be assessed using average flow conditions and the representative sediment grain size using the 

Shields curve, which expresses the applied forces using two dimensionless parameters: 

 
𝑋 =

𝑢∗𝐷50

𝜈
 

(21) 

 
𝑌 =

𝜌𝑤𝑢∗
2

𝛾𝑠𝐷50
 

(22) 

where X is the grain size Reynolds number, Y is the mobility number, and γs is the specific weight 

of sediment, with γs = ρsg where ρs is density of the sediment particle (da Silva & Yalin, 2017). 

In practice, using the X and Y parameters can be difficult to solve for the critical mobility number, 

or Ycr. For this, the modified Shields curve is a better method to determine the critical mobility 

number. The equations for this modified curve are: 

 
𝛯 =

𝑋2

𝑌
 

(23) 

 𝑌𝑐𝑟 = 0.13𝛯−0.392𝑒−0.015𝛯2
+ 0.045(1 − 𝑒−0.068𝛯) 

𝜂∗ =
𝑌

𝑌𝑐𝑟
 

(24) 

(25) 

where Ξ is the modified Shields’ parameter, Ycr is the critical mobility number (da Silva & 

Bolisetti, 2000), and η* is the relative flow intensity. For η* > 1, sediment motion begins and is 

bedload dominant until about η* > 10, when suspended load also begins to occur (da Silva & Yalin, 

2017). A further discussion of equations to predict sediment transport rates is provided in 

Appendix A but are not used in the analysis of results.  



 

13 

 

2.3 Bedform and Bar Formation 

To determine the bedform component of Chézy flow resistance, bedform geometries must be 

known. All relationships in this section are taken from those given by da Silva & Yalin (2017). 

Bedforms only occur when sediment motion occurs (η* > 1). The type of bedform created depends 

on the previously defined grain size Reynolds number X. For values of X below 2.5, only ripples 

form at the river bed. Above X values of 35, only dunes are present. In between those threshold 

values, both bedforms are present and ripples become superimposed on the dunes (da Silva & 

Yalin, 2017). Dunes are typically larger than ripples, and their length can be determined as: 

 
𝛬𝑑 = 6ℎ[1 + 0.01

(𝑧 − 40)(𝑧 − 400)

𝑧
𝑒−𝑚𝛬] 

(26) 

 𝑚𝛬 = 0.055√𝑧 + 0.04𝑋 (27) 

 
𝑧 =

ℎ

𝐷50
 

(28) 

where Λd is the dune length (m), z is dimensionless flow depth, and mΛ is just a parameter for the 

equation. The steepness of a dune can then be calculated with the following: 

 𝛿𝑑 = 𝜓𝑑 ∙ (𝛿𝑑)𝑚𝑎𝑥 ∙ (𝜁𝑑𝑒1−𝜁𝑑)𝑚𝛿 (29) 

 𝜓𝑑 = 1 − 𝑒−(𝑋 10⁄ )2
 (30) 

 (𝛿𝑑)𝑚𝑎𝑥 = 0.00047𝑧1.2𝑒−0.17𝑧0.47
+ 0.04(1 − 𝑒−0.002𝑧) (31) 

 
𝜁𝑑 =

𝜂∗ − 1

�̂�∗𝑑 − 1
 

(32) 

 �̂�∗𝑑 = 35(1 − 𝑒−0.074𝑧0.4
) − 5 (33) 

 𝑚𝛿 = 1 + 0.6𝑒−0.1[5−log(𝑧)]3.6
 (34) 

where δd is the dune steepness (m/m). The remaining symbols ψd, (δd)max, ζd¸ �̂�∗𝑑, and mδ are 

parameters required to calculate the steepness. 
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Knowing the length and steepness of the dune, the height of the dune can be calculated with: 

 𝛥𝑑 = 𝛿𝑑𝛬𝑑 (35) 

where Δd is the dune height (m). 

Similarly, the geometry of ripples can also be calculated using the ripple length, steepness, and 

height. The ripple length is described by: 

 
𝛬𝑟 =

3000𝐷50

𝛯0.88√𝜂∗(1 − 0.22√𝜂∗)
 

(36) 

where Λr is the ripple length (m). The dune steepness can then be calculated with the following: 

 𝛿𝑟 = 𝜓𝑟 ∙ 0.014𝑟(𝜂∗ − 1)𝑒(1.1−0.1𝜂∗) (37) 

If X ≤ 2.5: 𝜓𝑟 = 𝑒−[(𝑋−2.5) 14⁄ ]2
 (38) 

If X < 2.5: 𝜓𝑟 = 1 (39) 

 𝜁𝑟 = 0.1(𝜂∗ − 1) (40) 

If ζr ≤ 1 𝑟 = 1 (41) 

If 1 < ζr ≤ 2 𝑟 = 𝜁𝑟(2 − 𝜁𝑟) (42) 

If ζr > 2 𝑟 = 0 (43) 

where δr is the ripple steepness (m/m). The remaining variables ψr, ζr, and r are parameters in 

calculating the steepness. The ripple height can then be calculated as: 

 𝛥𝑟 = 𝛿𝑟𝛬𝑟 (44) 

where Δr is the ripple height (m). 
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2.4 Channel Planform Geometry 

Natural river channels form a sinuous meandering curve that is distinguishable from an aerial or 

planform view. Various equations exist to define the geometry and pattern of the curve. With a 

sinuous shape, the size of a river meander can be described using wavelength. From Yalin (1992), 

the wavelength of the river meander can be calculated as: 

 𝛬𝑀 = 2𝜋𝐵 

𝜆𝑀 =
𝛬𝑀

𝐽0
 

(45) 

(46) 

where ΛM is the valley-direction meander wavelength (m), λM is the streamwise distance meander 

wavelength (m) and J0 is the Bessel function. The Bessel function is defined as: 

 
𝐽0 = 1 − 2.2499997 (

𝜃0

3
)

2

+ 1.2656208 (
𝜃0

3
)

4

− 0.3163866 (
𝜃0

3
)

6

+ 0.0444479 (
𝜃0

3
)

8

− 0.0039444 (
𝜃0

3
)

10

+ 0.0002100 (
𝜃0

3
)

12

 

(47) 

where θ0 is the maximum deflection angle (rad), which is measured as the largest angle between 

subsequent points on the streamwise distance axis relative to the downstream valley distance axis. 

The planform shape of the river meander has been described using a sine-generated curve (Leopold 

& Langbein, 1966; Langbein & Leopold, 1966). The curve is calculated as the deflection angle 

between any two points along the streamwise axis using the function: 

 𝜃(𝑠) = 𝜃0 sin(𝑘𝑠) 

𝑘 =
2𝜋

𝜆𝑀
 

(48) 

(49) 

where θ(s) is the deflection angle (rad) at any given streamwise distance coordinate s (m) and k is 

the wave number (m-1). 
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Another parameter commonly used to compare rivers is the ratio between streamwise and valley 

direction wavelengths, referred to as the sinuosity: 

 
𝜎 =

𝜆𝑀

𝛬𝑀
=

1

𝐽0
 

(50) 

where σ is the dimensionless sinuosity. 

The sine-generated curve can describe symmetrical channels well but cannot describe asymmetric 

skewed channels. Parker, Diplas, and Akiyama (1983) developed a modified sine-generated curve 

and named it the Kinoshita curve after Kinoshita (1961), who was attributed to have been the first 

to document skewed river planforms. The modified curve is defined by the Kinoshita equation: 

 𝜃(𝑠) = 𝜃0 sin(𝑘𝑠) + 𝜃0
3[𝐽𝑠 cos(3𝑘𝑠) − 𝐽𝑓 sin(3𝑘𝑠)] (51) 

where Js and Jf are the skewness and flatness coefficients, respectively. If Js and Jf are set to zero, 

then the equation will match the base sine-generated curve. The Kinoshita curve also approaches 

the base sine-generated curve at small values of θ0. In the derivation of the Kinoshita curve, Jf was 

set at a constant value of 1/192, while Js was calculated as: 

 
𝐽𝑠 =

√2(𝐴𝑠 + 𝐹2)

128
 

(52) 

where As is the scour factor, which is dependent on several parameters. It averages to a value of 

2.9 in empirical field data but has been reported at values up to 30 for larger rivers (Parker, Diplas, 

& Akiyama, 1983). An equation was developed to calculate the scour factor by Beck (1988) based 

on work by Yen (1967), Zimmerman and Kennedy (1978), and Odgaard (1981) as follows: 

 
𝐴𝑠 = 3.8 [1 +

𝐵

6.96ℎ
𝑒(

−6.96ℎ
𝐵

)] 
(53) 

Interestingly, these relationships cannot yield values of Js that are negative or zero even though 

both can be observed in nature. 
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In this work, the radius of curvature for the planform geometry was also assessed for changes over 

time. The radius of curvature can be determined mathematically for a smooth curve defined by 

discrete points using the Menger curvature formula: 

  1

𝑟𝑐
=

4𝐴𝛥

𝑎1𝑎2𝑎3
 

(54) 

where rc is the radius of curvature and AΔ is the area of the triangle formed by three points along 

the curve while a1, a2, and a3 are the side lengths of that triangle (Goering, 2016). For this work, 

the area of the triangle formed by the three points along the curve was calculated with side lengths 

a1, a2, and a3 using Heron’s formula: 

 𝐴𝛥 = √𝑃𝛥(𝑃𝛥 − 𝑎1)(𝑃𝛥 − 𝑎2)(𝑃𝛥 − 𝑎3) 

𝑃𝛥 =
𝑎1 + 𝑎2 + 𝑎3

2
 

(55) 

(56) 

where PΔ is the semi-perimeter of the triangle formed by sides a1, a2, and a3 (Weisstein, 2020a). 

An alternative method to calculating rc is to use calculus via the equation: 

  
𝑟𝑐 =

[1 + (𝑦′)2]3 2⁄

|𝑦′′|
 

(57) 

where y′ is the first derivative of the curve and y′′ is the second derivative of the curve (Weisstein, 

2020b). The derivative was calculated as the average rate of change for a given point along the 

curve, and the second derivative was the average acceleration at that given point. 
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3 Literature Review 

This chapter is a summary on the work that has been done thus far in studying the behaviours of 

meandering river systems, particularly skewed Kinoshita river channels. An examination of past 

laboratory experiments with meandering river systems and a discussion of the literature on the 

application of photogrammetric techniques for creating digital elevation models (DEMs) in 

laboratory studies are also included. River meandering has been a topic of study for many decades, 

although a comprehensive understanding of how they form and behave over time has still not been 

achieved. Recent research efforts have been more focused improving computer model capabilities 

(Chen & Duan, 2006; Crosato, Mosselman, Desta, & Uijttewaal, 2011; Gu, et al., 2016; 

Langendoen, et al., 2016; Perucca, Camporeale, & Ridolfi, 2006; Weisscher, Shimizu, & 

Kleinhans, 2019) or investigating braided river channels (Ashmore, Bertoldi, & Gardner, 2011; 

Bertoldi, et al., 2015; Javernick, Redolfi, & Bertoldi, 2018; Kasprak, Wheaton, Ashmore, 

Hensleigh, & Peirce, 2014; Middleton, Ashmore, Leduc, & Sjogren, 2019; Peirce, Ashmore, & 

Leduc, 2018a; 2018b; Vesipa, Camporeale, & Ridolfi, 2018). However, there are still aspects of 

single-channel meandering rivers that are still not well understood, such as the occurrence and 

behaviours of skewed (or irregular) planform geometry in meandering rivers. 

3.1 Laboratory Flume Experiments 

This section of the literature review will focus on summarizing recent pertinent laboratory 

experiments that have been conducted to investigate behaviours in a variety of river systems. These 

studies frame the state of the science around understanding river system evolution and provides 

context for the flume experiments that were completed for this research. 

3.1.1 Gravel Bed Experiments 

Kuhnle (1993) investigated the shear stresses required to mobilize a variety of gravel and sand 

mixtures at 0%, 10%, 25%, 45%, and 100% gravel contents using a sediment supplied confined 

bank laboratory flume. The author found that the critical shear stress to mobilize gravels increased 

with particle size when sand was present, but all gravel mobilized at the same time when no sand 

was present. The difference in the mobility of gravels was believed to be caused by sand particles 

embedding between the gravels and limiting movement. In the mixtures, the critical bed shear 

stress increased with increasing gravel content, which was explained via gravel particles increasing 
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surface roughness, which decreased shear stresses exerted on the bed. Another experiment in a 

confined bank flume was completed by Lisle, Iseya, & Ikeda (1993) using a sand-gravel mixture 

to investigate the effects of reducing sediment supply to the channel. They found that with 

reductions in sediment supply, larger particles would appear on the bed surface to increase surface 

roughness and the area where active bedload was occurring would decrease in size. 

The increase in roughness at the channel bed surface to decrease transport rates and increase 

critical bed shear stresses is known as armouring, and it remains an active area of research. Marion, 

Tait, & McEwan (2003) used laboratory experiments in a confined bank gravel-bed flume with 

different flow rates, sediment feed rates, and conditions of inbank or overbank flow to study the 

development of armour layers. Using statistical analysis, they found different bed topographies for 

changing sediment mobility conditions but were unable to link them to unique features. 

Additionally, they found two different classes of features, one linked to static conditions and the 

other to dynamic conditions. Aberle & Nikora (2006) used a confined bank gravel-bed flume to 

investigate the use of statistical methods for assessing the roughness parameters of an armoured 

channel bed instead of those derived from the characteristic grain size. The authors observed 

increasing surface roughness as flow rates increased and concluded that using statistical 

assessments of roughness were preferred over the characteristic parameter approach. Bertin & 

Friedrich (2018) also investigated armouring using gravel sediments in a confined bank flume. 

Their results showed that when changing the sediment bed mixture, different stable armour layers 

will form even with the same flow conditions. Additionally, their results suggested that their 

experiments were replicable if the same initial conditions could be achieved.  

da Silva, El-Tahawy, & Tape (2006) used a confined bank meandering channel with a gravel bed 

that was fixed using varnish to study the effect of changing maximum deflection angle, which 

impacts the sinuosity of the channel. The authors found that each deflection angle produced its 

own flow pattern and that the final form of the channel bed (had it been movable) could be 

predicted using flow conditions in the initial flat bed geometry. 

Bombar et al. (2011) used a straight gravel bed flume to study bedload transport occurring in 

response to unsteady flow hydrographs. The results showed a lag period between the peak of the 

hydrograph with the peak in sediment transport that changed depending on the hydrograph shape. 
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Nelson & Morgan (2018) used a sediment fed straight rectangular laboratory flume with varying 

regimes of sediment supply and steady or unsteady flow to study the occurrence and development 

of gravel bedforms. They found that increasing sediment supply led to increased slopes and that 

alternating bars formed despite the B/h ratio being too low to predict their formation. In addition, 

the bar migration rate was found to be faster under steady flow than when hydrographs were used. 

Alternate bars were also observed by Palucis, Ulizio, Fuller, & Lamb (2018) in confined bank 

gravel bed flume experiments with steep slopes when they were not expected to occur. Their results 

showed development of different bars or planar beds under different slopes and found that flow 

resistances were higher than predicted. Bedforms in gravel streams were also studied by Chartrand, 

Jellinek, Hassan, & Ferrer-Boix (2018) using flume experiments to relate pool-riffle formations 

with variations in flow width. 

3.1.2 Sand Bed Experiments 

Lanzoni (2000a) used a large, sediment supplied confined bank flume composed of a uniform sand 

to study the development of bedforms such as bars, dunes, and ripples. The experiment consisted 

of a free bar test where the channel was allowed to naturally form bars, and a forced bar test where 

a perturbation was added to initiate alternating bar formation. Results showed that interactions 

between the bedforms controlled bedform spatial characteristics and time to development, while 

the forced bar reduced bedform sizes, leading to smaller flow resistances. A second experiment 

was conducted by Lanzoni (2000b) using a bimodal sand, which led to longer, more stationary 

bars with reduced heights, leading to smaller flow resistance. The bar behaviour was attributed to 

armouring at the upstream end of the bars that prevented bar migration but allowed for greater bar 

lengths. 

Song, Xu, Bai, & Xu (2016) studied the effects of different sinuosities, channel widths, and flow 

rates on the development of a meandering channel in an unconfined sand flume. Differences in bar 

formation were observed as channelization occurred in some tests while a transition to braiding 

was seen in other tests. Outer banks moved downstream and outward overall, while deposition led 

to inner banks moving upstream. Conditions to sustain a meandering channel in the laboratory has 

been studied by Braudrick, Dietrich, Leverich, & Sklar (2009), who used an unconfined sand-filled 

flume with a sand mixture feed and repeated hydrographs. They found that a sediment supply and 

a stronger bank than bed are the conditions needed to sustain the meandering geometry. van Dijk, 
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van de Lageweg, & Kleinhans (2012) also investigated meander evolution and chute cutoffs 

through the use of a moving inlet to introduce an upstream perturbation with a sand-silt mix feed 

in an unconfined sand flume. Their sand flume was designed to be a scaled down representation 

of a gravel bed river. These authors were able to create a complex system of meandering channels 

and concluded that the changing upstream perturbation over time was required for sustaining 

meanders in their experiments. Scaling down natural river systems to study bank migration and 

neck cutoffs in an unconfined laboratory flume has also been done by Li, Wu, & Gao (2019) with 

the Yangtze River to predict how that river will evolve in the future. 

Binns & da Silva (2009) used a confined bank meandering sand flume with differing slopes to 

investigate the time to development of the bed. Slope was found to only affect the time to 

development without significantly affecting the bed development patterns. The authors also found 

that stopping and starting flow to sample data at defined time steps did not significantly impact 

development and flow conditions quickly resumed their previous state in the next time step. 

Results showed that time to development was proportional to channel width squared and inversely 

related to specific bedload transport rates. The authors have since developed an equation based on 

the data to calculate bed development time as a function of the maximum deflection angle in the 

sine-generated channel planform, flow width, and specific bedload transport rate (Binns & da 

Silva, 2015). Similar work on characterizing the time to development for armouring in rivers has 

also been done by Berni, Perret, & Camenen (2018) using a large literature dataset. 

Waters & Curran (2015) used a straight confined bank flume with either sand and silt or sand and 

gravel sediment mixes to relate morphological developments with sediment transport under 

unsteady flow conditions. Sand and gravel mobilized less than sand and silt due to armouring 

effects. Results led to a model of sediment transport rates based on excess shear stress above a 

reference with better performance than existing equations. Effects of unsteady flow have also been 

investigated by Sullivan (2018) in a meandering unconfined sand bed flume. Results showed 

exponential morphological development with most development happening on the rising limb of 

a hydrograph. Results also showed poor sediment transport prediction accuracy using known 

equations and computer modeling software. 
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3.2 Skewed Kinoshita River Channels 

This section will cover the available literature on skewed river channels, also known as Kinoshita 

channels. The sine-generated curve basis for representing the shape of a meander bend was 

proposed by Langbein and Leopold (1966). That equation was then expanded to account for 

skewness and flatness in the planform geometry by Parker, Diplas, and Akiyama (1983), who 

named it the Kinoshita equation in honour of Kinoshita (1961), who was the first to describe the 

skewing phenomena in river systems. 

3.2.1 Causes of Skewness in Rivers 

Although skewness has now been documented in many river systems across the world and can be 

described using the Kinoshita equation, a conclusive answer on what causes skewing in river 

systems is still unclear. Blondeaux & Seminara (1985) proposed the concept of resonance in 

controlling bar instability and the growth of meander bends. Resonant values of the meander wave 

number and half-width-to-depth ratios were plotted by Seminara & Tubino (1992) as functions of 

dimensionless grain roughness and dimensionless Shields parameters for planar and dune covered 

river beds. Lanzoni & Seminara (2006) continued building on resonance theory to create a model 

that was able to predict the direction of meander migration, but had more difficulty predicting the 

direction of skewness in river systems. Based on the resonance phenomenon, river channels that 

have values below the resonant values are considered sub-resonant and should skew towards the 

upstream direction. Channels with values above resonance are super-resonant and can be expected 

to skew in the downstream direction. However, there remains examples in natural river systems 

that behave contrary to expectations from resonance. 

Computer modeling done by Perucca, Camporeale, & Ridolfi (2007) showed that downstream 

skewing in sub-resonant river systems may be caused by the effects of riparian vegetation altering 

the erodibility of river banks. Based on the experiments conducted by Binns & da Silva (2009), 

further analysis was completed by da Silva & Ebrahimi (2013) to show that the formation of 

irregular planform geometries may be related to the erodibility of the bed compared to the 

erodibility of the banks. Stronger banks lead to bed scour and eventual bank failure, while a 

stronger bed means banks tend to erode outward, temporarily reducing bed scour and allowing 

bank erosion further downstream during the temporarily flatter bed. 
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Resonance, vegetation, and a difference in erodibility between the bed and banks can all offer 

explanations and mechanisms for the occurrence of skewness. However, it is also possible that 

skewness can occur at different stages of river evolution based on the sinuosity of a given river 

reach, as suggested by Guo, Chen, & Parker (2019). The authors studied 20 reaches of alluvial 

river systems considered to be unaffected by human activity and found that low sinuosity meander 

bends are commonly downstream skewed, while meanders with sinuosities larger than 2.6 are most 

commonly upstream skewed. 

3.2.2 Laboratory Investigations of Skewed Channels 

Limited literature is available on laboratory investigations of skewed river channels. In preparation 

for their laboratory work, Abad & Garcia (2006) first completed modeling work with FLOW-3D 

to gain insights on the hydraulic conditions to be expected in their constructed laboratory flume. 

Differences in bedforms, secondary flow, and shear stress distributions were identified. Choosing 

a narrow channel condition helped to suppress migrating bedforms for their physical experiments. 

Abad & Garcia (2009a) then completed experiments in a fixed bank and fixed bed skewed 

meandering flume to analyze the hydraulic conditions associated with different skewness 

orientations. The channel used had a skewness coefficient of Js = 1/32, flatness coefficient of Jf = 

1/192, and a maximum deflection angle of θ0 = 110°. Their flume was 0.60 m wide and 0.40 m 

deep. Flow rates of 25 and 50 L/s were used to obtain flow depths of 0.15 and 0.25 m. The B/h 

ratios for their experiments were thus between 2.4 and 4, meaning that narrow channel conditions 

were present. Results showed that the downstream skewed channel had a larger energy gradient, 

leading to larger shear stresses and flow resistance with a predicted increase in erosion. A second 

set of experiments were conducted by Abad & Garcia (2009b) with a sediment feed under the same 

experimental conditions. The sediment used was a sand with D50 = 0.832 mm. Results showed that 

bedforms occurred upstream of the apex point in the upstream skew, but near the upstream 

inflection point in downstream skewed channels. The downstream skewed channel had the deepest 

scour region as predicted in their earlier experiment and it was located downstream of the apex 

point. Additional experiments have also been done by Abad, Garcia, & Parker (2010) to further 

explore the prediction of bank migration based on deepest scour regions. Further work has also 

been done by Abad, Frias, Buscaglia, & Garcia (2013) to develop a model based on some of the 

experimental data from Abad & Garcia (2009a; 2009b). 
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Bryk (2018) has since used the flume system built by Abad & Garcia (2009a; 2009b) to investigate 

how bedforms affect the hydraulic conditions and structure within the skewed river channel. 

Experiments did not involve sediment and were focused on studying only the hydraulic structure. 

Three tests were performed: the first was a control with a flat bed and a rectangular cross-section, 

the second involved an artificial point bar placed in the channel, and the third involved the same 

artificial point bar with added roughness. Adding the bar in both cases was found to greatly impact 

the hydraulic conditions, affecting the size of the hydraulic transition zone, which was redefined 

to include secondary flow caused by the skewed channel curvature. 

Mishra et al. (2018) completed bedrock channel erosion experiments in a laboratory flume and 

found that the erosion pattern could lead to skewed channel formation in bedrock rivers. Mishra 

(2017) also noted that the bedrock channel studied tends to skew downstream in comparison to 

previous studies with alluvial channels that skew in the upstream direction. 

The only flume experiment with unconfined bed and banks that has been conducted to date was 

completed by Good (2018). Three experiments were conducted with different planform 

configurations using Js = ± 1/32 and Jf = 1/192 and a maximum deflection angle of θ0 = 100°. The 

third experiment was a symmetrical channel with Js = Jf = 0. A sand bed was used with D50 = 0.70 

mm and no sediment feed. Flow rate was targeted at 0.500 L/s with an initially carved channel 

width of 0.20 m and measured flow depths of about 0.020 m, leading to wide channel conditions. 

Initial channel cross-sections were rectangular, leading to bank collapse and sediment being 

supplied into the channel during the early stages of the experimental runs. Differences were noted 

across multiple parameters for morphological change and armouring effects were observed with 

the temporal data to indicate the time to development within the channel. Analysis of bed and 

energy slopes in the channel suggested that additional flow resistance was present, caused by the 

additional skewness within the channel. Further details on the data from this study will be 

discussed within the results of the current work, as the dataset was included for many of the 

analysis steps and used for comparisons to the new experimental results. 
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3.3 Photogrammetry 

The primary reference for photogrammetry procedures was the work completed by Morgan, 

Brogan, & Nelson (2017), who compared the accuracy of terrestrial laser scanning to 

photogrammetry and provided guidance for the collection and analysis of Structure-from-Motion 

photogrammetry in laboratory flumes. The authors found comparable accuracy between the laser 

scanning and photogrammetry methods although photogrammetry had lower associated costs. 

Recommendations for high-quality photogrammetry data were to take overlapping images from a 

higher angle at multiple stations around the flume. If the topography of the flume at grain-scales 

is needed, the authors found that 100 pixels per grain is the resolution needed to accurately obtain 

the topographies. 

Even without resolving the grain-scale topographies of the sediment, it may be possible to use 

photogrammetry data to assess roughness parameters and apply that in estimating the grain sizes 

of a given river bed surface. Marteau, et al. (2017) were able to apply photogrammetry to a field 

study on morphologic changes following a river restoration project. As part of their analyses on 

morphologic changes, they were also able to estimate the roughness parameters of the sediment 

from photogrammetry data by using standard deviations of elevations. The authors noted that those 

roughness parameters could be closely correlated to median sediment particle sizes, although 

values would need to be validated on a site-specific basis. Image texture and statistical analysis 

have also been used by Leduc, Ashmore, & Gardner (2015) and by Piton et al. (2018) to assess 

grain sizes during braided river flume model experiments. In addition to grain size assessments 

through image texture analysis, Leduc, Peirce, & Ashmore (2019) were also successful in 

developing a DEM without stopping flow, which was used to estimate flow depth by subtracting 

the final dry bed DEM, assuming minimal changes. However, the authors acknowledge the results 

should be verified and further work is needed on that experimental technique to refine the 

procedure. 
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4 Methodology 

This chapter presents the equipment and methods used to conduct experiments and analyze 

collected data. It is sub-divided into sections discussing the equipment used and flume 

configuration, the design process of the channel geometries, the procedures used to conduct 

experiments, and lastly, the methods employed to analyze data. 

4.1 Laboratory Setup 

This section covers the flume system configuration, the equipment used for measuring flow, and 

the characteristics of the sediment used for the experiments. Details are also provided for some 

modifications made to the flume, such as the addition of a V-notch weir and the added use of water 

level loggers to help monitor flow. 

4.1.1 Flume System 

The laboratory flume used in the experiments for this work was built for previous research by 

Good (2018) and Sullivan (2018). A schematic with important dimensions for the flume is shown 

in Figure 1. A centrifugal pump was used to pump water from the in-floor reservoir to a head tank, 

with inflow rates controlled via two ball valves. Flow rates were primarily monitored using an 

ultrasonic transit-time flowmeter between the pump and ball valve. A secondary turbine flowmeter 

was also installed but was not suitable for the flow ranges in this work. The head tank before the 

main flume basin was used to stabilize incoming flows and allow time for flow adjustments before 

water entered the experimental river channel. At the outlet of the main basin, a sedimentation basin 

was used to settle out a majority of the transported sediment while a sediment trap collected the 

remaining amount before flow was recirculated to the reservoir. The flume system was constructed 

using a steel frame with sheet metal and plywood supports while a custom rubber lining was used 

to seal the flume. The flume walls were built to be level across the entire flume, such that it could 

be used as a consistent reference datum for photogrammetry-based DEMs. 
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Figure 1: Schematic of laboratory flume 

4.1.2 Flow Measurements 

The installed flow meters were a Dynasonics TFXL model ultrasonic flowmeter and an Omega 

FTB700 Series inline turbine meter. While the Omega flow meter was a newer installation, the 

flow range for this flowmeter is 6-600 gal/min (0.389-37.9 L/s) for the 4” PVC pipe used, with an 

accuracy of ± 1% of the full scale flow range (Omega Engineering Inc., 2005). This percentage 

translates to an accuracy of around ± 0.375 L/s. This study uses target flow rates at 0.5 and 0.9 L/s, 

meaning that the turbine flowmeter is not suitable with that accuracy. This was confirmed in initial 

flow measurements tests since the meter struggled to measure a consistent flow rate value. On the 

other hand, the Dynasonics flowmeter has a pipe flow velocity range of 0.03-12 m/s and for the 

flow ranges in this research, a velocity accuracy of ± 0.003 m/s. In a 4” pipe, these velocities 

correspond to flow rates of 0.24-97.3 L/s for the expected flow ranges, while the accuracy 

translates to ± 0.024 L/s. At a target flow of 0.5 L/s, the measurement accuracy is thus ± 4.9% and 

a target flow of 0.9 L/s would have an accuracy of ± 2.7%. Due to these measurement accuracies, 

the flow rate was primarily based on the reading of the Dynasonics ultrasonic flowmeter. 

To supplement the flowmeters, two other methods of measuring flow were also incorporated to 

help assess any flow losses along the experimental channel. It was expected that in the initial few 

minutes of an experimental run there may be flow losses as the flume fills with water below the 

sediment surface. The first method was the installation of a V-notch weir at the end of the 
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sedimentation basin. The second method involved closing a valve at the outfall basin. During the 

experiment, the outfall basin would fill with water, which could be calibrated to a known volume 

and timed to determine a flow rate. The valve was released periodically to ensure the water level 

did not rise enough to interfere with the sediment trap. For both methods, a HOBO U20L-01 water 

level logger was used to monitor water levels over time and a HOBO U-DTW-1 waterproof shuttle 

was used to import data into the provided software, titled HOBOware (v3.7.17). The water level 

accuracy of the logger is rated at a typical ± 1.0 cm but up to ± 2.0 cm (Onset Computer 

Corporation, 2018), which is relatively large for the flow depth at the weir. Due to this, the weir 

measurement was supplemented by a manual ruler measurement. 

The weir added to the end of the sedimentation basin was designed considering the maximum 

upstream and downstream water depths. Upstream of the weir, the maximum water depth was the 

depth at which water would begin to back up into the experimental channel and potentially affect 

hydraulic conditions. The maximum depth downstream of the weir was considered to avoid 

submerged weir conditions. After testing the water depth in the sedimentation basin, the maximum 

downstream depth was estimated at 3 cm for flow rates up to 1.5 L/s. The maximum allowable 

upstream depth was measured to be 10 cm. A V-notch was chosen to maximize the range of 

measurable flow rates and the accuracy of measurement. In Section 2.1.3, the flow equations used 

had a minimum condition for the water level relative to the bottom of the V-notch. Under the 

expected flow conditions, the condition for We was not met when the water level is lower than 5 

cm above the bottom of the notch. Due to this, the flow depth upstream of the weir was limited to 

a range of only 8-10 cm to meet all the requirements. From this, a V-notch angle was selected at 

60°, which would allow for measurement of flow rates in the range of about 0.44-1.03 L/s. The 

weir was constructed using a fine (0.1 mm) resolution 3D-printed ABS plastic and the downstream 

side of the weir was chamfered at 60° to ensure a thin plate condition. To allow for ease of sediment 

removal, the central V-notch was made as a removable plate while the side plates were fixed and 

sealed with silicone. Gaps around the central plate were minimized with tight tolerances and the 

placement of a cloth barrier to reduce any flow through them. It was assumed that the flow moving 

through these gaps and the effect of sediment settling out upstream of the weir would have 

negligible effects on the flow measurement. To minimize effects of settled sediment and 

unfavourable flow conditions caused by flow dropping into the sedimentation basin, the weir was 
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placed as far from the experimental channel outlet as possible, close to the sediment trap. The 

water level logger was tested at several locations, but the best location was found to be centred in 

the sedimentation basin approximately 0.20 m upstream of the weir. 

For the method of measuring flow rate using a calibrated volume at the flume outfall, a volume of 

water was calibrated to a change in depth. Two different water depths were marked with chalk in 

the outfall about 20 cm apart. A bucket of known volume was used to fill the closed outfall from 

one line to the next to obtain the total volume. The corresponding pressure change was measured 

by a water logger placed at the bottom of the outfall and calibrated to the measured ambient 

pressure prior to placing the logger in the water. A thread line was used to easily retrieve the water 

level logger. During experiments, the water level was allowed to rise above the highest marked 

chalk line before opening the valve to drain the water. Water level logger data was analyzed to 

obtain the time required for a change in pressure matching the calibrated value, accounting for 

ambient pressure variations by subtracting readings from before placing the logger in and after 

removing it. Flow rates were calculated from the calibrated volume and the time taken for the 

matching calibrated pressure change. 

4.1.3 Sediment Characteristics 

The sediment used as the bed material for this work was the same used by Good (2018) and 

Sullivan (2018). It was provided by Lafarge Aggregates and is a unimodal, poorly-sorted sand 

with minimal gravels or fines that was originally intended for use in concrete production. Sullivan 

(2018) measured the specific weight of the sediment as 24,534.8 N/m3. Although Good (2018) 

originally measured the D50 as 0.75 mm, Sullivan (2018) later measured it to be 0.85 mm and it 

was measured again for the present work at 0.83 mm. The differences were attributed to small 

losses in fine sediments over the course of experiments and the most recent measurement was used 

for all analyses. The grain size distribution for the sediment is shown in Figure 2. An alternative 

format of showing the sediment distribution to highlight the unimodal nature of the sediment is 

given in Figure 3. 



 

30 

 

 

Figure 2: Sediment grain size distribution shown by percent passing sieve 

 

Figure 3: Log-scale sediment grain size distribution shown by percent retained on sieve 
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4.2 Channel Design 

This section covers the design process in selecting channel geometries from both a cross-sectional 

view and an aerial planform view. A summary of the hydraulic conditions observed during the 

experiments is also provided. 

4.2.1 Cross-Sectional Geometry 

The cross-sectional geometry was based on dimensions used by Good (2018) for easily comparable 

results and the ability to reuse equipment. One key difference in this study is the use of sloped 

banks for an initially carved trapezoidal cross-section instead of a vertical-walled rectangular 

cross-section. This change was made to reduce the magnitude of the apparent ‘erosion’ caused by 

the vertical banks collapsing when wetted for the first time, which could obscure other phenomena. 

With a sloped bank to begin the experiment, the channel would better represent a natural channel 

condition and have more stability, allowing for better observations of changes caused by differing 

flow conditions as a result of changing skewness. 

Another important difference in the carved cross-section is the additional use of a ‘buffer region’ 

on either side of the main channel. Previously, a consistent valley slope was created first then a 

constant depth experimental river channel was carved. Adjustments were made on local slope 

differences to obtain the correct channel slope. This method led to local slope variations and 

slightly varying initial channel wall dimensions. In this work, a new technique of carving was 

implemented by carefully carving the wider buffer region first to match the desired channel slope. 

Errors could be adjusted freely during this stage with minimal effects on the compaction level of 

the sediment since they were mainly surficial and the main channel extended much deeper than 

the depth of adjustments. To match the desired channel slope, periodic elevation measurements 

were made in the carved buffer region relative to a tightly stretched thread across the flume walls. 

Since the flume walls were built to be level for use as the DEM datum, they made for a reliable 

physical datum to measure slope while carving. The main channel could then be carved at constant 

depth into the centre of the buffer region, ensuring a constant cross-sectional geometry throughout 

the entire channel. The buffer region was set at 0.45 m across, maximizing the buffer size to allow 

for bank erosion on either side of the channel without the carving tool impacting the flume wall or 

the buffer region intersecting itself between meander bends. 
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In Good (2018), the flow depths were approximately h = 0.02 m and the initially carved channel 

width was B = 0.20 m. This made for a B/h ratio of 10, which meets the threshold for a ‘wide’ 

channel. With the new trapezoid cross-section, flow area would be reduced relative to a rectangular 

channel, possibly leading to increased flow width and depth. The trapezoid’s dimensions were also 

limited by the buffer region size to allow sufficient room for bank migration without exceeding 

the buffer extent. To design the cross-section, flow width was set to 0.20 m with a bankfull flow 

depth of 0.05 m while the angle of the trapezoid bank was equal to the sediment angle of repose at 

35° above horizontal. This meant the trapezoid would be 0.275 m wide at the top (bankfull flow 

condition) and 0.132 m wide at the bed. Assuming the flow depth would change proportionally to 

the loss in flow area, the new flow depth could be estimated at 0.024 m. Although this meant the 

B/h ratio could initially be below 10 or that flow width would not be equal to 0.20 m, it was 

assumed that flow conditions would quickly adjust as banks eroded towards the desired threshold. 

Figure 4 illustrates the cross-sectional geometry and dimensions of the carved channel with 

approximations of flow width and depth at Q = 0.5 L/s. 

 

Figure 4: Initial carved cross-sectional channel geometry 

 

4.2.2 Planform Geometry 

The planform shapes of the experimental channels were based on Equation (51) (Kinoshita curve 

equation) with an s distance resolution of 0.01 m. Input parameters were similar to those used by 

Good (2018). The maximum deflection angle θ0 was set at 100° or about 1.745 rad and the flatness 

coefficient was set at Jf = 1/192. With the same channel width B = 0.20 m, the valley-direction and 

streamwise distance meander wavelengths (ΛM ≈ 1.26 m and λM ≈ 3.38 m, respectively) and 
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corresponding wave number were the same as per Equations (45) and (46). Two different skewness 

coefficients were used in the experiments conducted, at Js = ± 1.5/32. These were chosen to 

complement the data already available from Good (2018) for Js = ± 1.0/32 and Js = 0. More extreme 

skewness coefficients were considered but without changing other parameters, the planform shape 

began to visually appear distorted. The values would also begin diverging significantly from the 

predicted values in Equation (52). Under the chosen parameters, five full meander bends fit in the 

flume for each experiment, with about 0.9 m of straight channel at the inlet and outlet to help 

reduce inlet and outlet effects on the meandering section of the channel. Figure 5 illustrates the 

different planform geometries used in this work. 

 

Figure 5: Kinoshita curve centrelines and bank lines with (a) Js = +1.5/32 and (b) Js = -1.5/32 

A constant channel slope was targeted for all sections of the experimental channels. The total 

elevation drop was 0.095 m and controlled via metal plates at the inlet and outlet. Skewness 

increased channel length slightly (11.96 m vs. 11.90 m for no skew) but had negligible impact on 

the target channel slope S, which was 0.008 (about 1/125). The elevation drop is the same as in 
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Good (2018), where the slope was chosen to obtain a value for η* large enough for sediment motion 

but small enough to ensure that bedload was the dominant sediment transport mechanism.  

4.2.3 Hydraulic Conditions 

Two experiments were conducted, one for upstream (US) skew at Js = +1.5/32 (Run 1) and one 

for downstream (DS) skew at Js = -1.5/32 (Run 2). Each of the experiments were also separated 

into a period of low flow at 0.5 L/s (Runs 1a, 2a) and a period of high flow at 0.9 L/s (Runs 1b, 

2b). The analysis portion of this thesis also considered data from Good (2018), which had three 

experimental channels (Runs 1G for Js = +1.0/32, 2G for Js = -1.0/32, and 3G for Js = Jf = 0). 

Herein, those runs will collectively be referred to as the Good (2018) dataset. In the data for Run 

2G, the second-to-last time step (30-min duration) was discovered to be three 10-min duration time 

steps aggregated into a single time step. This would have had little effect on results since little 

change occurred during those time steps and past research has shown that stopping and starting 

flow does not significantly impact results (Binns & da Silva, 2009). 

The original hydraulic conditions reported for the Good (2018) dataset are included in Table 1. 

Flow rate and depth values were averages of measured conditions while slope, width and sinuosity 

were the designed values. Remaining parameters were calculated and the assessment of Re was 

based on Manning’s equation with an assumed resistance coefficient of n = 0.035.  

Table 1: Designed experimental hydraulic conditions for the Good (2018) dataset 

Run Q (L/s) S (m/m) B (m) h (m) η* Re Re* F B/h σ 

1G 0.500 0.0087 0.20 0.0206 2.45 11200 54 0.365 9.7 2.6 

2G 0.499 0.0087 0.20 0.0198 2.03 9792 49 0.339 10.1 2.6 

3G 0.494 0.0087 0.20 0.0198 1.88 9467 48 0.326 10.1 2.7 

 

For comparison to the new experiments, hydraulic conditions were recalculated to use time-

weighted averages of measured data throughout the meandering channel and over all time steps. 

The updated conditions for the Good (2018) dataset and the new experiments are included with 

Table 2. Flow depths presented here used interpolated depths over the entire meandering region. 

Reynolds number was calculated based on flow rate moving through the flow area. Since the 
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relative flow intensity values for all experiments are quite low, all sediment transported during 

these experiments was assumed to be transported as bedload. For all runs, flow was fully turbulent 

and subcritical with wide channel conditions, while friction Reynolds in the transitional regime. 

Table 2: Experimental hydraulic conditions 

Run Q (L/s) S (m/m) B (m) h (m) η* Re Re* F B/h σ 

1a 0.501 0.0079 0.210 0.0159 1.34 8902 58 0.379 13.2 3.0 

1b 0.900 0.0073 0.286 0.0198 1.53 11789 62 0.362 14.5 2.9 

2a 0.502 0.0078 0.202 0.0142 1.18 9303 55 0.466 14.2 2.8 

2b 0.901 0.0069 0.284 0.0190 1.40 11919 59 0.388 15.0 2.9 

1G* 0.500 0.0077 0.232 0.0142 1.38 7974 46 0.406 16.3 2.8 

2G* 0.498 0.0064 0.212 0.0136 1.11 8732 41 0.473 15.6 2.6 

3G* 0.492 0.0062 0.215 0.0138 1.09 8539 41 0.451 15.6 2.5 

* data obtained from Good (2018) 

4.3 Experimental Procedure 

This section covers the steps taken to design and carve the experimental channels as well the 

procedures used to collect data during experiments. Details are provided for measurement timing, 

photogrammetry data collection, and the sieve analysis of collected bedload samples. 

4.3.1 Channel Carving 

4.3.1.1 Carving Templates 

To guide the carving tools, two hardboard templates were first created for each channel geometry. 

The first template was used to carve the buffer region described in Section 4.2.1 and was created 

using the following steps: 

1) Kinoshita curves were plotted in Excel (s resolution of 0.01 m) for the centreline and an 

offset applied to obtain bank lines. Only one meander bend was exported since the template 

could be flipped for subsequent meanders and for the opposite skewness orientation. 

2) XY coordinates were exported to a .CSV file. The file extension was changed .SCR format 

and a text editor used to add the word “SPLINE” as the first line in the file. 

3) .SCR file was inputted to AutoCAD ‘script’ command to generate the curve. 



 

36 

 

4) Curve was split in half across the valley centreline to be printable within two pages. 

5) Print settings and page setup were adjusted for 48” x 36” paper. A custom scale was used 

to ensure AutoCAD units converted correctly to the intended mm units. 

6) Printed curve was cut out and traced onto hardboard material. Hardboard was cut with a 

jig saw and edges were cleaned of debris using sandpaper. 

The second template was used to centre the main channel within the buffer region and was based 

on the edge of the leftover material of the first template. An offset curve was traced 8.75 cm from 

the edge, corresponding to the desired distance between the main channel bank and buffer region 

edge. The second template was also cut from the hardboard using a jig saw and the debris was 

cleaned with sandpaper. 

4.3.1.2 Sand Basin Preparation 

Before carving the experimental channel, the sand bed was prepared to ensure it was evenly 

compacted, homogeneous, and sufficiently graded at the surface for accurate channel carving. 

Preparations on the sand bed was done with the following steps: 

1) Sand was dampened to prevent dust formation using the mist setting on a garden hose. 

2) Sand was thoroughly mixed using a shovel and rake to create homogeneous conditions. 

3) Chalk was used to mark a 1/115 slope on the inside of the flume walls, roughly 

corresponding to the water line slope when basin is filled. 

4) Sand was transferred to areas where the experimental channel would be carved, leaving the 

flume corners away from the inlet and outlet empty. The extra sand volume gained from 

this was needed to increase initial sand surface elevations above the carved elevations. 

5) Outlet opening was blocked with a metal plate to prevent sand from escaping. A depression 

was left at the inlet to prevent sand from entering the head tank. 

6) Wood blocks were used to grade the sand surface to roughly match the chalk line but did 

not need to be precise. Grading at this stage was only to prevent preferential flow paths 

when filling the basin with water that could move excessive amounts of sediment. 

7) Outlet valve was closed and pump was turned on to slow fill the flume with water. Water 

was simultaneously slowly added via a hose to the empty flume corners and sedimentation 

basin, preventing preferential flow paths to those regions that could excessively mobilize 
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sediment while also resupplying water for the reservoir. It was assumed filling the flume 

with water would homogeneously compact the sand bed. 

8) All water inputs were shut off when the flume filled to the chalk line. 

9) Wood blocks were used to finely grade the sand surface relative to the water surface, 

enough to ensure accurate carving of the channel could be achieved with the templates on 

the flat surface. Disturbing the submerged sediment suspended fine materials to form a 

surface coat, but the effect of this was deemed minimal since channel carving extended 

deeper than this surface coating. 

10) Water was slowly drained by slightly opening the outlet valve. Once water levels fell below 

the inlet plate, the inlet valve was also opened for faster draining. A slow drain of the flume 

was required to prevent excessive sediment movement. 

4.3.1.3 Carving Procedure 

Once the sand bed had been fully prepared, the carving procedure could begin. The carving tools 

were specially designed and 3D-printed PLA plastic tools. ABS material was considered for its 

increased durability but was unsuitable for 3D-printing objects of this size. The tools operated 

similar to shovels and included guides to easily follow the hardboard template. Two tools were 

used: one for the buffer region and one for the main channel. A bubble level was attached to the 

carving tools to ensure they were level when carving and no transverse slope was being added. 

Carving procedures were done as quickly as possible to prevent excessive drying of the sand bed 

from evaporation. If the sand bed dried, it would lead to a losing stream condition that could impact 

flow conditions for the initial time steps when flow is re-introduced. The steps followed to carve 

the channel were as follows: 

1) Sand was dampened prior to each carving session using the mist setting on a garden hose 

head to reduce effects of drying sand and prevent dust formation. 

2) At all steps, hardboard templates were weighed down with a small number of bricks to 

prevent accidental misalignment during carving. Distributing the weight over the 

hardboard surface was assumed to have minimal impacts on compaction. 

3) A wood structure was stretched across the flume walls for access to difficult-to-reach areas 

of the flume. All removed sediment during carving was temporarily placed in a plastic 

container beside the flume and shovelled into the empty corners later. Manual compaction 
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of the removed sediment material into those corners was required to increase available 

storage volumes and to minimize settling when flow is reintroduced. 

4) Phase I carving – buffer region and establishing channel slope: 

a. Straight inlet section was first carved using a straight piece of hardboard as the 

guide for 0.9 m. The channel was centred relative to the inlet plate opening. The 

straight outlet section was carved similarly after completing the meandering region. 

b. Hardboard meander templates were aligned to the straight channel with visual 

checks to ensure straight edges aligned parallel to the XY axes of the flume. 

c. Subsequent meanders were aligned to the previous meander bend with additional 

visual checks to ensure continued alignment with the XY flume axes. 

d. Elevation was checked at locations every quarter of the distance through the 

wavelength relative to the flume wall datum elevation, with a maximum tolerance 

of ± 0.002 m. At least two distantly spaced points along the cross-section were used 

to verify both longitudinal slope and transverse slope. 

e. Adjustments were made where necessary. Carving was done conservatively so 

most adjustments were to carve deeper without needing to add material back that 

may affect compaction. If adding material back was required, some manual 

compaction was completed to feel similar to the original compaction. These 

adjustments were not considered to significantly impact results because the main 

channel would be carved deeper than the affected depth. 

5) Phase II carving – main channel with constant cross-sectional geometry: 

a. Straight inlet channel was carved with a straight piece of hardboard and centred in 

the buffer region. The outlet channel was carved similarly at the end. 

b. Hardboard templates were centred relative to the vertical buffer region walls. 

c. Similar elevation checks to steps 4d-e were made. Minimal adjustments were 

required, especially since adding material would impact compaction of the bed. 

6) With the channel fully carved, the vertical buffer region banks were manually sloped back, 

smoothed, and compacted to prevent slumping into the buffer region when wetted. 

7) Metal plate blocking outlet was removed and any damage to the channel repaired. The 

depression near the inlet was also adjusted and compacted to match the intended geometry. 

These adjustments were considered to have little effect on the meandering region. 
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8) Tools were rinsed with a hose in the sedimentation basin. All sediment collected there was 

flushed to the sediment trap and deposited to an unused corner of the flume. 

If a carving session needed to be paused and resumed, hardboard materials needed to be removed 

from the sand surface to prevent moisture absorption that could cause water damage and distortion. 

Any distortion that occurred from water damage could be mitigated by weighing down affected 

areas with the bricks on a dry, flat surface between carving sessions. 

4.3.2 Experimental Runs 

Each experiment run was divided into a series of time steps to allow the capture of 

photogrammetric data over time. As previously mentioned, stopping and starting flow for each 

time step has been found to not significantly impact morphological development, since flow 

conditions quickly return to their previous conditions (Binns & da Silva, 2009). A summary of the 

time step durations and target flow rates during each step is given in Table 3, along with time step 

information on the experimental runs completed in Good (2018). Herein, individual time steps will 

be referred to as T1 up to T13. Initial carved conditions will be referred to as T0. 
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Table 3: Time step duration breakdown and target flow rate 

Runs 1 and 2 

Time Step # 1 2 3 4 5 6 7 8 9 10 11 12 13 

Duration (min) 5 5 5 5 10 10 20 30 30 10 10 20 20 

Total Runtime 

(min) 
5 10 15 20 30 40 60 90 120 130 140 160 180 

Flow Rate (L/s) 0.5 0.9 

Runs 1G and 3G* 

Time Step # 1 2 3 4 5 6 7 8 

Duration (min) 10 10 10 10 10 10 30 30 

Total Runtime 

(min) 
10 20 30 40 50 60 90 120 

Flow Rate (L/s) 0.5 

Run 2G* 

Time Step # 1 2 3 4 5 6 7 8 9 10 

Duration (min) 10 10 10 10 10 10 10 10 10 30 

Total Runtime 

(min) 
10 20 30 40 50 60 70 80 90 120 

Flow Rate (L/s) 0.5 

* data obtained from Good (2018) 

Prior to starting the experiment, photogrammetry data was collected for the initial carved channel 

as the baseline morphological condition. The first baseline DEM and final DEMs after both low 

and high flow were subjected to increased quality checks to ensure that the output DEMs were 

high quality and usable for further analyses before proceeding. If an experiment lasted several 

days, a fine mist was sprayed over the flume using the mist setting of a garden hose head at the 

beginning of each day to help keep the sand bed saturated and reduce water loss to evaporation. 

To prepare for each time step, the outlet valve was closed and the V-notch weir prepared with the 

cloth barrier and an added brick weight to compress the weir plate, further minimizing gaps. A 

wooden structure was placed across the flume at marked locations to mount both a GoPro camera 

to capture time-lapse images and a fixed flow depth measurement apparatus. The time-lapse 
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images were to help visualize changing channel conditions over time when processing data later, 

while the fixed depth measurement apparatus allowed for more precise flow depth measurements 

at one meander bend. This bend was chosen to be the third bend, which would be the furthest from 

both the inlet and outlet regions, while the GoPro was aimed towards the fourth meander bend. 

Water level loggers were then deployed both behind the weir and at the bottom of the outfall. Once 

these preparations were complete, the procedures during the time steps were as follows: 

1) Flow was started by turning on the pump. Flow rate could be adjusted using either the main 

(metal) valve to the flume for large changes or the secondary (plastic) valve on the 

recirculating pipe for fine-tuning. Adjustments were made continually as water levels rose 

in the head tank until it entered the channel. Since flow rates continued to drop as water 

levels fell in the reservoir, it was found that initially setting the flow at 0.03 L/s higher than 

the target when water first enters the channel led to a correct flow rate once stabilized. 

2) GoPro time-lapse capture was started when water began entering the channel. The timer 

for the time-step duration began the moment water first reached the sedimentation basin. 

3) Flow rate measurements were done at defined intervals by filming the flow meter displays 

for approximately 20 s for later entry to a spreadsheet. Values were entered once for every 

2 s of recorded footage. If flow rate began to deviate larger than ± 0.05 L/s of the desired 

value, small adjustments were made after recording and monitored at every opportunity. 

The defined intervals for filming the flow meter displays were: 

a. Once at the beginning of the time step, immediately after starting the timer. 

b. Once at the end, immediately before stopping the timer. This recording was often 

shorter to ensure the time step did not last longer than intended. 

c. Once between each flow depth measurement for time steps with longer than 5 min 

duration at 5, 15, and 25 min marks. 

d. Additional recordings were made where necessary if flow rates needed continued 

adjustments between flow depth measurements. 

4) Measurements of flow depth and weir water level were also made at defined intervals 

throughout each time step. Flow depth was manually measured with a ruler at the visual 

centreline, oriented with flow direction to minimize disruptions to flow conditions. The 

fixed apparatus was used for meander #3 instead of the ruler. Measurements began at the 
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channel inlet, moving clockwise around the flume for each apex and inflection point along 

with the weir. The defined intervals were 2 min into and before the end of each time step. 

An additional interval at 10 min in and before the end was added for longer steps. To 

expedite measurements, values were voice recorded for later transcription. 

5) Frequent checks were made on the outfall region between measurements to ensure no 

backflow occurred. If the water level exceeded the upper chalk line, the outlet valve was 

fully opened to rapidly drain the outfall and closed again for another measurement. 

6) At the end of a time step, the pump was shut off to stop flow. Backflow through the inlet 

was observed to be minimal and valves were not adjusted to more easily obtain the correct 

flow rate in the next time step. 

7) Water level loggers and the GoPro camera were stopped for data extraction. 

8) Bedload samples in the sedimentation basin were removed and stored in labelled plastic 

containers for later sieve analysis. Excess sediment was shovelled out first, then the weir 

plate removed to flush remaining sediments into the sediment trap with a hose. The trap 

was emptied to the container and cleaned by gently rinsing it with the hose. Excess water 

was decanted to a separate container for storage until the end of the experiment when it 

could be returned to the reservoir after filtering through the sediment trap. 

9) The wood structure mount for the GoPro and depth measurement apparatus was carefully 

removed from atop the flume. Photogrammetry data could be collected once no pools of 

water remained in the channel. 

10) Steps 1 through 9 were repeated for each subsequent time step. 

4.3.3 Photography 

Procedures for capturing images for photogrammetry were based on the findings and 

recommendations of Morgan, Brogan, & Nelson (2017). All photographs were taken using a 

Canon Rebel T6i DSLR camera with a 24 mm prime lens. A static zoom lens prevented accidental 

changes in zoom that can affect photogrammetry results and the prime lens reduced image 

distortion compared to other available lenses. For all pictures, the shutter speed was 1/40, F-stop 

was F/8, and the ISO was allowed to vary. Image resolution was 5328x4000 pixels. Images were 

taken atop a step ladder at 16 pre-defined stations approximately 15 cm from the flume walls. For 

the datum reference points, 10 ground control point (GCP) markers were placed around the flume 

walls. Marker designs were provided by the photogrammetry software Agisoft and were printed 
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as large as possible without distorting around the top of the wall. Coordinates for each marker are 

given in Table 4. The positions of the markers and station locations are illustrated in Figure 6, with 

the small labelled blue flags indicating GCP markers and the larger blue areas representing 

locations of images captured. Target IDs were only even numbers due to the software automatic 

numbering system and the convention was kept for easier use of the software. 

Table 4: Ground control point marker coordinates 

Target ID X (m) Y (m) Z (m) 

target 2 0.000 

0.000 

0.000 

target 4 1.450 

target 6 2.900 

target 8 3.700 

target 10 5.000 

target 12 0.000 

1.960 

target 14 1.450 

target 16 2.900 

target 18 3.700 

target 20 5.000 

 



 

44 

 

 

Figure 6: Dense point cloud from Agisoft with GCP marker locations and camera stations 

Initial results indicated that image quality was heavily impacted by vibrations during image 

capture. To counter this, the camera was mounted on a tripod and balanced against the stepladder 

to reduce shaking. Materials were added to elevate the tripod as needed to achieve the ideal image 

angle of 60° below horizontal. Despite that being the suggested ideal angle, it was not required for 

all photos and was only used as a guideline for the approximate image capture angle. Lighting was 

another critical condition for high quality images. All laboratory lights were on during data 

collection but the presence of sunlight was found to greatly improve image quality. However, 

image capture was not possible if sunlight shined directly on the sand bed, limiting the times of 

day suitable for data collection. In later experiments, windows were covered with translucent paper 

barriers to mitigate this issue. 

Images were taken beginning at the right corner of the inlet side (top-right in Figure 6) and moved 

clockwise to each station around the flume. Approximately 12 images were taken at each station 

for a total of about 200 images per DEM. The focus of the images always began with the upstream 

unused corner of the flume, moving to the inlet then downstream along the channel, ending at 

downstream unused corner of the flume. At each station, more images were taken of the nearest 

channel sections to increase overlap when more detail could be seen. Images focused on further 

sections of the flume captured less detail and often already had significant overlap between images. 
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4.3.4 Sieve Analysis 

At the end of an experiment run, all collected bedload samples from each time step were 

transported to the soils lab for a sieve analysis. The analysis was to determine the amount of 

bedload transported and the types of sediment mobilized over time. The sieve analysis procedure 

was as follows: 

1) Samples were allowed to fully settle before decanting excess water, taking care to not lose 

any sample material. 

2) Each sample was transferred to a clean Pyrex pan using a scoop where needed. Squirt 

bottles were used to rinse all sample materials to the pan. 

a. For very small samples, a clean soil moisture can was used in place of a Pyrex pan. 

b. For very large samples, multiple Pyrex pans were used. 

3) Samples were labelled and baked in an oven at 105 °C for at least 24 hr to dry and checked 

for moisture before proceeding. Samples were lightly stirred to break up any sediment that 

may have clumped together and would be unrepresentative of the grain size. 

4) Total sample weight was measured on a scale with the pan or moisture can container. 

5) Sediment sample was transferred to a clean stack of sieves. Table 5 lists the sieve sizes 

used. The sieve stack was shaken with a sieve shaker for approximately 15 minutes. 

6) The empty pan or moisture can container was weighed again to calculate dry sample mass. 

7) After sieving, each sieve was weighed twice: once with sediment inside and once without 

to obtain weight of sample in sieve. A brush was used as needed to transfer all sediment. 

8) Total sample was weighed again in the pan or moisture can container to assess losses. 

9) Samples were transferred back to the original plastic containers and deposited back into 

the flume when remixing the sand bed in preparation for the next experimental run. 

Table 5: Sieve sizes used for sieve analysis 

Order Top        Bottom 

Sieve No. 4 10 20 40 60 100 140 200 Pan 

Mesh Size 

(mm) 
4.750 2.000 0.850 0.425 0.250 0.150 0.106 0.075 N/A 
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4.4 Data Analysis 

This section discusses the steps taken and software used to analyze collected data. It is divided into 

two sub-sections covering DEM creation from photogrammetric data and the GIS analysis of those 

DEMs to assess morphological, hydraulic, and sediment transport conditions over time. 

4.4.1 Agisoft PhotoScan 

To generate DEMs from the collected photographs, Agisoft Metashape Professional (version 1.5.2 

build 7838) was used. After importing images into the software, the data was filtered to remove 

the lowest quality images from the dataset. From there, a combination of automated tools and 

manual placement was used to add the markers of known coordinate positions to each image. 

Image alignment and optimization was then completed to create a sparse point cloud. Finally, a 

dense point cloud was generated and exported as a DEM for further analysis. Detailed steps for 

the procedure are provided in Appendix B. 

4.4.2 ArcGIS DEM Processing 

To assess morphological, hydraulic, and sediment transport conditions in the dry channel DEM, 

ArcGIS 10.3.1 (version 10.3.1.4959) was used. A majority of the analysis was automated between 

runs using ModelBuilder, but some steps needed to be done manually or were done in Python for 

easier programming. DEM data from Good (2018) was also analyzed, although some steps were 

modified to account for the differences in data. Analyses were completed for each time step of 

data and iterated through the procedure steps each time. 

DEM files from Agisoft were imported into ArcGIS and a series of steps were completed to 

delineate the channel extents based on the steep slopes along the banks. With a delineated set of 

bank lines, the centreline could be created based on the banks. Boundaries for each meander bend 

were then delineated and used to export data for each meander individually. Cross-sections were 

also manually created at points of interest (e.g. inflection and apex points). A series of subtraction 

steps were completed to obtain difference rasters useful for calculating changes in sediment 

volume based on elevation changes. Measured flow depths were then used with an interpolator 

tool to interpolate a water surface raster, which was then used to create a more accurate delineation 

of the bank line and centreline. The increased accuracy was required to quantify planform changes 

at low flow since bank erosion was too small in magnitude to be observed with the initial 
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delineation. Interpolation was also done to create a smooth raster of initial carved elevations used 

in detrending and normalizing the DEMs for increased comparability between each meander bend. 

Delineation of the thalweg was manually completed using these detrended and normalized DEMs 

to highlight contour intervals. Finally, a procedure to automatically generate perpendicular transect 

lines was used to create a set of cross-sections at a 0.05 m interval along the initial centreline. 

These cross-sections were used for sampling the migration distances and elevations at the bank, 

thalweg, and centreline over time. Clipping the cross-sections to the bank lines also yielded 

estimates of flow width. Elevations were sampled every 0.01 m for cross-sectional elevation 

profiles at both points of interest and the automatically-generated cross-sections. 

Final steps in processing the data and performing calculations were done using a combination of 

Excel spreadsheets and Python scripts. The Excel Solver tool was used to fit the Kinoshita equation 

to the centrelines for analysis of planform configuration changes. An attempt to fit the Kinoshita 

equation to the thalweg line was also done, but results were not reliable due to large errors in the 

fitted line. A detailed step-by-step procedure for the ArcGIS and Excel analyses are also included 

in Appendix B. 
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5 Results 

This chapter presents the results of the experiments and data analysis. Results are organized into 

sub-sections to discuss morphological changes and the time to development. A summary of all 

collected data during the experiments is provided in Appendix C. Photos of the equipment and 

flume during experiments are included in Appendix D.  

5.1 Morphological Development 

This section presents the total morphological changes observed for each experiment and compares 

some of the findings with data from Good (2018). Results here are based on the DEMs collected 

between time steps. Morphological changes will be discussed in sub-sections for channel bed 

topography, planform configuration, and total volumes of transported sediment. 

In both Runs 1a and 2a (low flow), very little sediment movement was observed. Although some 

erosion was evident at the edge of the wetted extent, erosion did not extend further than the initially 

carved trapezoid bank. Bedload samples collected were minimal and were difficult to complete 

sieve analyses on due to the small sample size. This result is in contrast to the erosion amounts 

seen in Runs 1G-3G, where large amounts of erosion was seen at both banks. However, this 

difference was caused by the change in cross-sectional geometry. In Runs 1G-3G, the banks were 

initially vertical, leading to significant slumping and bank collapse when wetted for the first time. 

By changing to a sloping trapezoid bank, this issue was avoided and any morphological changes 

can more confidently be attributed to work done by the flow rather than an initial response of the 

banks towards a more natural state (e.g. from vertical to inclined). 

In Runs 1b and 2b (high flow), much greater erosion was observed at the banks with much more 

pronounced pool and bar features forming at the bed. Bank erosion was observed to increase in 

downstream meander bends relative to the upstream bends, with the erosion beginning to exceed 

the carved buffer region near the end of the last meander bend. In both runs, the straight outlet 

region completely eroded away and flow impacted the flume wall. As a result, the large samples 

of collected bedload was considered to be mostly material transported from the outlet region. 

During T12 in Run 2b, the outlet valve was closed for too long and flow slowly backed up to I5 

over 2 min before it was released. Effects of this event on the meandering region were considered 

minimal based on observations in the data and in the GoPro footage before and after the event. 
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At low flow, since morphological development and bank erosion was minimal, it was difficult to 

track development over time. For most time steps at low flow, individual grains of sediment could 

be identified moving downstream. When flow was increased, very large morphological changes 

could immediately be observed during the first high flow time step. Enough sediment was 

mobilized to make the water turbid, particularly at the apex pools, although this turbidity cleared 

by the end of the first high flow time step. In the remaining time steps, sediment movement 

continued to diminish until individual grains were once again identifiable for most of the channel. 

At the outlet region, morphological changes continued even throughout the final time step, but was 

outside the analysis region. It was thought that significantly more time would be needed for the 

outlet region to reach equilibrium since erosion would continue outward beyond the buffer region. 

Many of the morphological results were analyzed per individual meander bend, defined as starting 

at the upstream inflection point and extending to the downstream inflection point. There were five 

meander bends for each experiment and are labelled from upstream to downstream as Meanders 1 

through 5 (M1 to M5). Points of interest are also labelled from upstream to downstream as 

Inflections 1 through 6 (I1 to I6) and Apexes 0 through 6 (A0 to A6) as shown in Figure 7 and 

Figure 8 for Runs 1 and 2. The Good (2018) dataset was also similarly divided and analyzed for 

comparing results. Many of the analyses in this section will also plot one parameter being analyzed 

with streamwise s distance. Data for the entire experimental channel is often plotted, but the 

regions excluded from analysis are indicated by greying out those sections of the plot. Those grey 

regions extend from the inlet plate to I1, and from I6 to the outlet plate. Data plotted over time also 

followed a standard colour coding, with low flow progressing from red to green, and high flow 

progressing from light to dark blue. Where several runs are plotted simultaneously, upstream 

skewed channels use red or orange colours, downstream skewed channels use blue colours, and 

the symmetrical channel in Run 3G use green colours. 

Final DEM results with contour lines for both Runs 1 and 2 are shown in Figure 9 through to 

Figure 12. This form of the DEM shows elevation changes with some indication of features such 

as pools and bars, but these features are better shown in later analyses. DEMs for each time step 

of Runs 1 and 2 can be found in Appendix E. Elevation profiles across each of the points of interest 

were also evaluated and included in Appendix F, but were not used further in the analysis. 
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Figure 7: Run 1 points of interest and division of meander bends (flow is right to left) 
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Figure 8: Run 2 points of interest and division of meander bends (flow is right to left) 
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Figure 9: Run 1a (US skew, low flow) final DEM at t = 120 min (flow is right to left) 
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Figure 10: Run 1b (US skew, high flow) final DEM at t = 180 min (flow is right to left) 
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Figure 11: Run 2a (DS skew, low flow) final DEM at t = 120 min (flow is right to left) 



 

55 

 

 

Figure 12: Run 2b (DS skew, high flow) final DEM at t = 180 min (flow is right to left) 
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5.1.1 Slope Adjustments 

During the analysis of both topographical and planform configuration changes over the course of 

all experiments, the channel bed slope S through each bend was correlated to many of the trends 

observed. To provide a context for those changes, this section will discuss the trends in bed slopes 

observed with how those trends adjusted throughout the course of all experiments. 

5.1.1.1 Detrended Elevation Profiles 

Early indications for trends in the adjusting channel bed slopes were observed in the elevation 

profiles plotted against streamwise distance s. Elevations were sampled at cross-sections spaced 

0.05 m apart along the streamwise distance, and at 0.01 m intervals along those cross-sections. 

Two assessments of elevation were made: minimum and average elevation. The minimum was 

taken as the lowest elevation at a given cross-section, while the average was calculated by 

averaging all sampled values at a cross-section. All elevation profiles are included in Appendix G. 

The observed trends became much more evident by detrending the elevation profiles to remove 

the channel slope. For Runs 1 and 2, this was a simple process since the channel slope was targeted 

at a constant 1/125 for all sections of the experimental channel. The calculated elevation based on 

that slope was subtracted from all elevation data points, showing how elevations changed relative 

to that datum. In the Good (2018) dataset, the process was slightly more complex. It was known 

that the straight inlet and outlet regions were carved to theoretically match the valley slope, which 

was calculated to be about 0.01709. The calculation was based on the flume length and known 

elevation drop between the inlet and outlet plates. The straight inlet and outlet regions were 

detrended using that slope. For the meandering channel, the theoretical slope was assumed based 

on the remaining elevation drop and the length of the centreline for the purposes of detrending. 

Overall, the initial channel bed elevations and corresponding slopes in Runs 1 and 2 matched very 

well to the theoretical desired values. However, the elevations in both channels adjusted over the 

course of the experiments to be above the datum, with this result becoming especially evident at 

the high flow time steps. Since the elevation increases were larger in later meander bends, slopes 

in earlier bends must decrease for this to occur. Those decreases were observed in the first two 

meanders but were more prevalent in M2. These same patterns were not observed in Runs 1G, 2G, 

and 3G, however, because of much larger variations between the local slopes in each meander 
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bend. The steeper slope at the inlet and outlet regions were also correlated to many of the trends 

in seen in morphological development for these experiment runs. 

The detrended minimum elevations for Runs 1 and 2 are shown in Figure 13 and Figure 14. In the 

minimum elevation profiles, a clear trend can be observed where bed elevations increase in the 

channel over time. Minimum elevation was chosen to be shown because it shows both the elevation 

increase and locations for the pools, but elevation increases were also seen with the average 

elevations in the channel. The rise in elevation was attributed to deposition within the channel as 

well as an increase in flow width, which reduced the relative size of the deeper thalweg to the 

entire channel width. The increase in flow width was likely more impactful on low flow 

adjustments, since the effects of deposition were minimal on minimum elevations during low flow, 

but greatly increased elevations after high flow. Looking at the trends between meanders, relative 

elevation increased in the first two meander bends, with smaller or no changes in the remaining 

three bends. The minimum elevation profile also shows the location of the deepest pool. A regular 

pattern was present in each run where the deepest pool formed upstream of the apex, although a 

secondary pool was observed in each meander of Run 2 downstream of the apex. 
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Figure 13: Run 1 detrended minimum elevation profile 
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Figure 14: Run 2 detrended minimum elevation profile 
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Detrended minimum elevation profiles for the Good (2018) dataset are presented in Figure 15 to 

Figure 17. Across all runs, the local slope between meander bends were much more variable and 

resulted in the elevations deviating from the theoretical datum used for detrending. In Run 1G, the 

elevations suggest steep slopes in M1 and M2, with more moderate slopes in the remaining three 

meander bends. In Run 2G, slopes were closer to the theoretical datum across the entire 

meandering region of the channel, although elevations were still below the datum line. Lastly, Run 

3G shows reduced slopes in M2 and M3. Across all three runs, the initial conditions impacted the 

final elevations and slopes observed. These clear differences in slopes between meander bends 

likely obscured the decreasing slope trends seen in Runs 1 and 2 caused by deposition in the 

channel. In addition, since development and elevation change were small in magnitude for Runs 1 

and 2, it suggests that a flow rate of 0.5 L/s for this channel geometry was insufficient to 

significantly form the channel. This suggests that the flow rate would also be unable to fully reform 

the channel and eliminate the variability in the initial conditions of the Good (2018) dataset. 

Despite the variable slopes and elevations, the same trend in increasing relative bed elevations 

over time is observed across all three runs in the minimum elevations. Further, the location of the 

deepest pool in each meander bend is again identified upstream of the apex for most apexes of all 

three runs on the minimum elevation plots, regardless of the skewness orientation of the initial 

channel. The results seen in the plots matched closely with Runs 1 and 2, where one deep pool 

forms ahead of the apex in upstream skewed channels, while a primary pool forms ahead of the 

apex in downstream skewed channels with a secondary pool downstream of the apex. In the 

symmetrical channel of Run 3G, the pool was not seen in M2 and M3, but can be seen ahead of 

the apex in M1, M4, and M5. The lack of a pool in M2 and M3 of that run was likely due to the 

greatly reduced slopes and increasing relative elevations, preventing enough morphological 

development for the pools to form. The consistent location of this pool suggested further analysis 

could yield more insights and will be further discussed in Section 5.1.2. 
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Figure 15: Run 1G detrended minimum elevation profile (after Good, 2018) 
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Figure 16: Run 2G detrended minimum elevation profile (after Good, 2018) 
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Figure 17: Run 3G detrended minimum elevation profile (after Good, 2018) 
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5.1.1.2 Local Meander Slope vs. Flow Width Evolution 

To better understand the relationship between slope adjustments identified in the detrended 

elevation profiles and the level of morphological development, comparisons were made between 

the local bed slopes and average channel widths in each meander bend. Comparisons for Run 1 

are presented in Figure 18 while those for Run 2 are shown in Figure 19. Slopes are plotted in 

colour using the left vertical axis while flow width is plotted in black lines using the right-side 

vertical axis. Slopes were assessed for the initially carved channel, after the last low flow time 

step, and after the last high flow time step. Channel widths were assessed similarly using 

interpolated flow depths, although data from the first time step is shown instead of initial 

conditions. 

With the data plotted this way, it can clearly be identified in Run 1 that the slope in M2 drops 

drastically, from about 0.0090 m/m in the initial channel down to about 0.0055 m/m by the last 

time step after high flow. Slopes in M1, M4, and M5 had minimal change over the course of the 

experiment, while M3 had slight increases in slope. Correlations can also be identified between 

the channel slope and flow width at both low flow and high flow. At low flow, the slope saw 

relative decreases at M2 and M4 relative to the other bends, which is reflected with similar slight 

decreases in channel width. After high flow, the slopes overall tend to increase moving 

downstream through each meander bend, and channel width also increases correspondingly. 

In Run 2, slopes also decrease the most in M1 and M2 at low flow, although not as drastically as 

in Run 1. At low flow little change in slope is seen for M3, M4, and M5. After high flow, slopes 

decrease across the entire meandering channel, but the largest decreases are still in M1 and M2. A 

similar correlation between flow width and channel slope can be seen, particularly at the increase 

in slope in M3 with a corresponding increase in width. Interestingly, the slope decreases in M5 but 

flow width did not decrease after high flow, which is possibly due to a combination of fast moving 

flow having picked up momentum through the previous two meanders and outlet effects. 

These results further support the earlier observation that aggradation causing increased bed 

elevations led to slope decreases in early meanders, especially M2. Further, this trend in slope 

across meander bends also correlates to trends in flow widths. The increasing flow widths in later 

meander bends could also cause positive feedback, favouring further sediment deposition. 
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Figure 18: Run 1 bed slope and flow width adjustments  

 

Figure 19: Run 2 bed slope and flow width adjustments 
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The relationship between slopes and average flow width can be more clearly identified in the Good 

(2018) dataset, where locally varying slopes between each meander had matching trends in the 

final widths. Comparisons of the slopes to flow width are shown in Figure 20, Figure 21, and 

Figure 22 for each run of the Good (2018) dataset. In all runs, flow width was seen to increase and 

decrease with changing slopes between each meander. Comparing the initial and final trend in 

slopes shows that initial slope conditions continued to impact channel conditions even at the end 

of the experiments. 

Previously, Runs 1 and 2 were found to have sediment deposition that decreased slopes in early 

meanders, particularly M2. Although the trends with this dataset are not identical, there is evidence 

that a similar deposition effect still occurs but is delayed into the later meanders. Across the three 

experimental runs, the slopes in M2 and M3 tend to increase, while slopes in M4 and M5 tend to 

decrease. It is believed that the higher inlet region slopes caused flow to enter the meandering 

channel at increased velocities, leading to erosion in M1 and increased sediment supply that 

deposited in that meander bend. In Runs 1G and 2G, the deposition extended into M2 and began 

picking up sediment again in M3, which led to the reduction in slope phenomenon beginning to 

occur in M4, extending into M5. This assessment is consistent with the detrended elevation plots 

with the relatively larger elevation changes in M1, M2, M4, and M5 in comparison to M3. In Run 

3G, the slope in M2 was significantly lower than in the other two runs, leading to relatively little 

change in M2 and M3, but the deposition effect can be observed to begin slightly in M3 and greatly 

reduce slopes in M4. These explanations of changing levels of development for these meander 

bends are further discussed in the topographic analysis in Section 5.1.2. 

In the original analysis of the data, the locally varying channel slopes were found to be correlated 

to the level of bed development but were not able to fully explain the trends observed. That analysis 

compared initial slopes to the difference between the minimum thalweg elevation and the 

maximum point bar elevation at cross-sections positioned at the apex, which is different from the 

comparison of final slope to flow width completed here. It is likely that initial slopes have weaker 

correlations to channel adjustments, although still have impacts on the final slopes as seen in this 

analysis. It is also possible that slopes have weaker correlations to bed morphology due to its 

increased dependence on sediment supply than bank erosion and adjustments to flow width. 
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Figure 20: Run 1G bed slope and flow width adjustments (after Good, 2018) 

 

Figure 21: Run 2G bed slope and flow width adjustments (after Good, 2018) 
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Figure 22: Run 3G bed slope and flow width adjustments (after Good, 2018) 

 

5.1.1.3 Meander Slope and Flow Width Relationship 

Thus far, a visual correlation between the trends in local bed slope and average flow width for each 

meander bend has been shown. To analyze this relationship, the two parameters were plotted 

together in Figure 23 and Figure 24 for initial conditions and final conditions. Final conditions for 

Runs 1 and 2 at both low and high flow conditions are included with Figure 24. Flow width for 

initial conditions here also used values from T1. With initial slopes and T1 flow widths, a minimal 

relationship is seen between the parameters. The data has a large range in slope with similar flow 

widths across all experimental runs. However, it can be seen that the improved carving methods 

in Runs 1 and 2 reduced the variability in bed slope compared to Runs 1G, 2G, and 3G. 

At both low flow and high flow there is a positive linear relationship between slope and flow width 

across all runs, with the slope of the linear relation increasing after high flow. The relation indicates 

that increasing slopes lead to increases in bank erosion and thus channel widths. The slope of the 

linear relation was also similar across the experimental runs, suggesting the level of development 
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could be predicted by the local meander slope. This comparison highlights the need to consider 

local slope conditions when analyzing the morphological developments in each meander. 

 

Figure 23: Initial bed slope and T1 flow width relationship 

 

Figure 24: Final bed slope and flow width relationship 
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5.1.2 Bed Morphology 

This section will discuss the formation and positioning of morphologic features at the channel bed. 

Morphologic features in the channel that were analyzed include bars, pools, and the thalweg. 

5.1.2.1 Detrended and Normalized DEMs 

In order to directly compare each meander bend, the DEMs were detrended and normalized. The 

initial carved channel was sampled for elevations at each point of interest (apex points and 

inflections) and interpolated for a smooth raster assumed to be the initial channel bed elevations. 

In Runs 1 and 2, the buffer elevation raster was created similarly to be used as the bankfull 

elevation datum, but in Runs 1G to 3G, the initial bankfull elevation was assumed to be 0.05 m 

above the channel bed. While this was approximately correct due to the size of the carving tool 

used in those runs, that bankfull elevation was not consistent throughout the channel due to later 

adjustments to correct the local channel slopes. By using interpolated rasters, it was also possible 

to assess any errors in the initially carved channels for regions that may be lower or higher 

elevations than intended. Normalization was then done to scale the elevations to the initial bankfull 

and bed elevations, where 0 is bankfull elevation and -1.0 is the initial channel bed elevation. 

Results presented here will examine the initial carved condition and compare it to the final 

morphologic conditions at the end of low flow and at the end of high flow time steps. A full set of 

all the normalized detrended DEMs for all time steps is included in Appendix H. 

The results of the detrended and normalized DEMs for Runs 1 and 2 are shown in Figure 25 though 

to Figure 30 for morphological conditions at T0 (initial), T9 (after low flow) and T13 (after high 

flow). The black lines indicate the locations for inflections and apexes. In both runs, the initial 

carved state had regions of elevations differing from intended such as the lower elevation region 

in M1 of Run 1 or in M2 of Run 2. With the little morphological change observed at low flow, 

many of those regions could still be identified in the normalized detrended DEMs after T9. After 

low flow, some small bars and pools can be identified, but the effects of initial conditions made it 

more difficult to analyze them. Additionally, it was also observed during experiments that M1, 

M3, and M5 consistently saw increased morphological development than M2 and M4, especially 

in Run 1. It is believed that this could be related to sediment supply amounts or fluctuations in 

hydraulic conditions as flow passes through each bend. It is possible that the hydraulic conditions 

were adjusting through each meander in an oscillating manner that matched the channel 
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wavelength. Another possibility would be oscillating levels of sediment supply, where sediment 

supplied into the meandering region settles in M1, but has little sediment remaining carried into 

M2. Sediment eroded from M2 could then be supplied in M3 and the pattern continues 

downstream. Although the difference in development between meander bends was observed 

visually, it can also be observed in the normalized detrended DEMs at low flow as slight 

differences in the relative elevation of the bars at the apex points. 

After the high flow time steps, there are much clearer bar and pool features that form in both runs. 

The distribution of features follows similar patterns to those that were observed at low flow, 

although at a much larger magnitude. In addition, another trend can be observed for increasing 

levels of development and sizes of morphologic features in downstream meander bends relative to 

upstream bends. It is believed that this trend in increasing development in both experimental runs 

is related to the slope adjustments previously discussed, which impact sediment supply and 

hydraulic conditions in each meander bend. Slopes in early meander bends became reduced over 

time while staying relatively similar in later meander bends, which was accompanied with larger 

flow widths. Larger flow widths meant greater bank erosion supplying larger amounts of sediment 

to create features as bars, but it also meant that hydraulic conditions would slow down, favouring 

increased deposition and allowing for the larger growth of morphological features. Downstream 

meanders would also have sediment supply being transported from upstream meanders, while the 

first two meander bends may have limited sediment supplies incoming from the inlet section. 

However, despite the difference in magnitudes of morphological changes, the patterns of 

morphological developments across the different meanders are similar in pattern for each run. 

Between the runs, the different skewness orientations produced some differences in morphological 

development, but surprisingly carried similarities in some aspects as well. 

In the normalized detrended DEMs at high flow, a significant difference can be observed between 

the skewness orientations for positioning of bar and pool formations in each bend. In Run 1, the 

main bar forms beginning just upstream of the apex and extends past the apex, approximately 

halfway from the apex point to the downstream inflection point. A second bar forms further 

downstream, where the meander bend is perpendicular to the valley centreline, extending just past 

the downstream inflection point into the next meander bend. In M3 to M5, where the level of 

development is increased, these two bar formations merge together into a single bar that wraps 
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around the entire inner bank of the meander bend. Even with increased development however, the 

bar remains largest at the apex point itself. A single pool can be seen in each meander bend, located 

just upstream of the apex point and upstream of where the bar reaches its largest magnitude. 

In Run 2, there are also two distinct bars that form. The first bar forms upstream of the apex, where 

the meander first becomes perpendicular to the valley centreline, and trails off near the apex point. 

The second bar forms beginning at the apex point and extends up until the downstream inflection 

point, ending near where the next meander bend begins. With increased development in M3 to M5, 

these bars do merge together but it retains the larger size on either side of the apex point. Instead, 

at the apex itself, the channel bed becomes relatively raised up, leading to the formation of two 

pools on either side where the bars are located. However, the pool upstream of the apex point was 

deeper than the pool downstream of the apex. The positioning of the deepest pool upstream of the 

apex was unexpected, since the bend curves much more tightly downstream of the apex compared 

to this location upstream of the apex. Further, the distance between the deepest pool with the 

upstream inflection point are visually similar between the two runs. 
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Figure 25: Run 1 initial detrended & normalized DEM (flow is right to left) 
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Figure 26: Run 1 final low flow detrended & normalized DEM (flow is right to left) 
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Figure 27: Run 1 final high flow detrended & normalized DEM (flow is right to left) 
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Figure 28: Run 2 initial detrended & normalized DEM (flow is right to left) 
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Figure 29: Run 2 final low flow detrended & normalized DEM (flow is right to left) 
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Figure 30: Run 2 final high flow detrended & normalized DEM (flow is right to left) 
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Before comparing the results of Runs 1 and 2 to the Good (2018) dataset, it should be noted that 

the locally variable slopes in the Good (2018) data meant the normalize and detrend process 

affected the data slightly differently. With Runs 1 and 2, initial elevations were very close to the 

desired values, meaning the process produced similar results whether the datum was theoretical 

elevations or measured elevations in T0. With the Good (2018) dataset, using the theoretical 

elevations led to some meanders appearing far below the datum and others far above, as seen in 

the detrended elevation plots from Section 5.1.1. Using the measured T0 elevations as the datum 

was the better option to highlight the relative change in elevations and morphological features for 

each meander, but dampens the effects of locally varying slopes. With this effect considered, the 

results are still reliable since the large deposition seen in certain bends are reflected by 

corresponding changes in the detrended minimum elevation plots from Section 5.1.1. 

Results for each run of the Good (2018) dataset at initial and final conditions are shown in Figure 

31 through to Figure 36. Accounting for the changing datum in each meander bend meant that the 

initial carved channel appears more similar between bends, although regions of especially low 

elevations are still seen in M1 and M4 of Run 3G. Despite this relatively large irregularity, the 

effect of the initial condition does not appear to impact the final morphological condition of that 

run. It is likely this was due to the large sediment influx of collapsing vertical banks allowing for 

much larger morphological development at the 0.5 L/s flow rate than in Runs 1 and 2. In other 

meander bends, the sediment influx meant that there was larger morphological development than 

seen in Runs 1 and 2 at the low flow rate. 

Across the three runs of the Good (2018) dataset, the morphological features observed matched 

those seen in Runs 1 and 2. The upstream skewed channel in Run 1G had a similar pattern where 

the bar forms just upstream of the apex and extends through the bend along the inner bank, reaching 

up to the downstream inflection point in some meanders. The pool in that run also formed upstream 

of the apex, similar to the upstream skewed channel in Run 1. In Run 2G, little development 

occurred at low flow, possibly due to reduced slopes. However, slight evidence for a pool forming 

upstream of the apex can be visible, similar to patterns in Run 2. Run 3G did not have an analogous 

result in the new experimental runs but had a small bar and more visible pool forming upstream of 

the apex, similar to the skewed channels. 
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Although similar patterns of morphological features are seen in the Good (2018) dataset, there is 

a difference in the level of development between meanders. Runs 1 and 2 saw increasing levels of 

development moving downstream, with the least development in M1 and the most in M5. These 

trends are different across the Good (2018) dataset runs and was attributed to a combination of the 

initially varied slopes as well as effects of a steep slope inlet region. With Run 1G, the development 

in M1 and M2 was much greater than the rest of the meandering channel, although M5 also had 

greater development than M3 and M4. Sediment was likely carried in from the steep inlet region 

and deposited in the first two meanders, where flow slowed down due to the meandering geometry 

as well as reduced slopes. Reduced development in M3 and M4 is then expected because the slopes 

there are smaller than M1 and M2, combined with the lack of sediment supply since it had already 

deposited earlier. In M5, the increased slope and sediment supply would allow for increased 

development once again. 

For Run 2G, the steep inlet once again led to slightly increased development in M1 and M2, but 

the smaller slopes across all meanders relative to Run 1G explains the reduced level of 

development overall. A similar trend is seen with reduced slopes and development in M2 to M4, 

but if there was increased development in M5 to correspond with increased slope, it was not large 

enough to be clearly visible. 

Lastly, Run 3G had a different pattern of development than Run 1G and 2G. The same increased 

development is seen in M1, once again likely due to the steep inlet slope. However, development 

was almost negligible in M2 and M3, with large changes seen in M4 and M5. The slopes in M2 

and M3 were significantly smaller than the other meander bends and the other experimental runs, 

likely preventing any significant development there. Slope then became drastically steeper in M4 

and M5, and combined with the availability of sediment supply, it accounts for the larger 

morphological development observed. The effects of steeper inlet slope and availability of 

sediment seen in these results supports the previous conclusion that the effects of initial slope may 

be less related to bed development because of changing sediment supplies and the steep inlet slope. 
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Figure 31: Run 1G initial detrended & normalized DEM (flow is right to left; after Good, 2018) 
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Figure 32: Run 1G final detrended & normalized DEM (flow is right to left; after Good, 2018) 
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Figure 33: Run 2G initial detrended & normalized DEM (flow is right to left; after Good, 2018) 



 

84 

 

 

Figure 34: Run 2G final detrended & normalized DEM (flow is right to left; after Good, 2018) 



 

85 

 

 

Figure 35: Run 3G initial detrended & normalized DEM (flow is right to left; after Good, 2018) 
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Figure 36: Run 3G final detrended & normalized DEM (flow is right to left; after Good, 2018) 
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5.1.2.2 Normalized Minimum Elevations over Normalized Distance 

To further examine the location of deepest pool in each experimental run and compare them in a 

way that could be applied to predict pool locations in natural rivers, the minimum (thalweg) 

elevation was analyzed on a normalized basis. Minimum elevation was normalized by scaling all 

values between 0 and 1, with 0 being the lowest thalweg elevation in a meander bend and 1 being 

the highest thalweg elevation in that bend. Elevations were plotted against normalized distance, 

which was also a scaled value where 0 was the beginning of the meander at the upstream inflection 

point and 1 was the end at the downstream inflection point. The distance normalization was 

simplified by using a common meander length for all runs, but since elevations were measured at 

cross-sections generated for the initial channel, the error introduced was only on the order of about 

± 0.05 m (or ± 0.03 normalized distance). Since values were scaled between 0 and 1, the value for 

each axis could be viewed as a percentage expressed in decimal form. Each meander bend was 

analyzed separately over all time steps, but they were averaged together to obtain a representative 

meander for each experiment. The individual analyses for each bend are included in Appendix I.  

Results for Runs 1 and 2 are shown in Figure 37 and Figure 38. In Run 1, the deepest pool forms 

at a normalized distance of 0.24, or 24% of the distance through the bend. The pool location shifts 

slightly downstream after high flow, ending at 0.28 distance. In Run 2, trends are less clear. At 

low flow, a maximum occurs at about 0.60 distance, just upstream of the apex, with deeper 

elevations on either side. A clear pool location is difficult to identify since the detrended elevation 

had subtle variations that greatly amplified noise. After high flow, clearer pool can be identified 

at about 0.34 distance from the upstream inflection, with a secondary pool at 0.85 distance that is 

about 30% the magnitude of the deepest pool. Between Run 1 and Run 2, the deepest pool in Run 

2 has a more gradual transition, whereas the Run 1 pool changes elevation more quickly. 

These results show that despite the differences between skewness orientations, the deepest pool 

will still occur in a similar location relative to the inflection point regardless of whether it is a tight 

curve like in upstream-skewed Run 1 or a gradual curve like in downstream-skewed Run 2. An 

explanation for this is that there may be underlying behaviours in hydraulic condition for this size 

of channel that are independent of the skewness orientation. The deepest pool occurring upstream 

of the apex contrasts with results from Abad & Garcia (2009b), but may be caused by differences 

in the experiments such as unconfined banks and a wide channel condition.  
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Figure 37: Run 1 normalized minimum elevation profile 

 

Figure 38: Run 2 normalized minimum elevation profile 

If the consistent location of the deepest pool was due to a phenomenon in the hydraulic conditions 

independent of the skewness, then similar locations for the deepest pool could be expected in Runs 

1G, 2G, and 3G. The results for these runs are included in Figure 39 to Figure 41. With Run 1G, 

a similar behaviour to Run 1 is seen. Elevations change quickly near the deepest pool, which occurs 

at about 0.29 distance for both low and high flow. Run 2G is also similar to Run 2, with the deepest 
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pool forming at 0.33 distance and a secondary pool forming at 0.88 distance. The deepest pool 

changes elevations more gradually as well. Run 2G has more clear pool positions than Run 2 at 

low flow, likely due to the larger sediment supply from collapsing banks allowing for 

morphological features to start forming more clearly. A transient effect is observed in Run 2, where 

the secondary pool is relatively larger in early time steps but gradually reduces in relative size. 

Lastly, Run 3G might be expected to behave as a mix of the skewed channels, since it between the 

two skewnesses at a symmetrical geometry. The primary deepest pool formed at about 0.34 

distance at low flow. Elevations changed gradually, similar to the downstream skewed channels. 

In addition, a very small, almost unnoticeable secondary pool was present at low flow positioned 

near 0.88 distance that was relatively deeper to start but gradually disappeared over time similar 

to Run 2G. 

Comparing the Good (2018) dataset results to those obtained in Runs 1 and 2 shows that similar 

behaviours can be observed in the primary pool location relative to the inflection point. In the 

downstream skewed and symmetrical channels, a secondary pool forms downstream of the apex, 

but slowly reduces in relative size over time in Run 2G while nearly disappearing in the 

symmetrical Run 3G. In Run 2, the secondary pool disappears at high flow initially, but slowly 

forms again over time. The primary pool positions for each run after high flow are summarized 

below in Table 6. The consistency of the locations suggests that the channel may be adjusting 

towards a common geometry, which will be explored further with analyses on the adjustments in 

planform configuration. 

Table 6: Normalized distance pool locations 

Run Number 1 2 1G* 2G* 3G* 

Primary Pool Position 0.28 0.34 0.29 0.33 0.34 

Secondary Pool Position N/A 0.85 N/A 0.88 0.88 

* data obtained from Good (2018) 
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Figure 39: Run 1G normalized minimum elevation profile (after Good, 2018) 

 

Figure 40: Run 2G normalized minimum channel profile (after Good, 2018) 
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Figure 41: Run 3G normalized minimum channel profile (after Good, 2018) 

 

5.1.2.3 Thalweg Migration Compared to Initial Centreline 

The last component of morphologic adjustments at the channel bed that was investigated was the 

thalweg position. The minimum elevation profile was already analyzed for positioning of the pool, 

but this analysis was to determine if there were any relationships that could be identified with how 

the thalweg deflects from the initial centreline over time. Figure 42 shows the evolution of the 

thalweg line for Run 1 while Figure 43 shows the same evolution for Run 2. Similar to previous 

observations in bed morphological adjustments, the thalweg deflects further from the initial 

centreline in downstream meanders. In both runs, minimal change can be observed at low flow, 

with significant changes only occurring at high flow. 

In Run 1, the thalweg inflection point shifts downstream over time, occurring near the pool instead 

and tightening the curve to change direction more rapidly. The thalweg deflects towards the outer 

bank from the inflection point but meets with the initial centreline again near the valley centreline, 

where the curvature decreases for a relatively straight path until the next inflection point. In Run 

2, the inflection points of the thalweg remain close to the centreline inflection point but increases 

in maximum deflection angle significantly. Past the inflection point, the thalweg stays further 
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towards the outer bank through the entire meander until the next inflection point, creating a larger 

meander bend than the centreline while retaining a similar shape overall. 

Comparisons of the patterns in thalweg migration to the Good (2018) dataset was more difficult 

that previous comparisons, since the changes at low flow are quite subtle. In addition, not all bends 

developed in the same way, with differing levels of development depending on slopes, similar to 

the previous discussions of bar and pool formation. 

Without many comparable meander bends between the runs, it was difficult to make a conclusion 

for the thalweg analysis outside the general observations. Attempts to numerically calculate the 

migration distance and determine a location of maximum migration distance were unsuccessful. 

In Runs 1 and 2 the largest migration distance tended to be at the downstream inflection point due 

to the increasing level of development with downstream distance. With Runs 1G, 2G, and 3G, the 

inconsistency between meander bends meant that reliable results could not be obtained. 

 

Figure 42: Run 1 thalweg evolution 
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Figure 43: Run 2 thalweg evolution 

 

5.1.3 Bank Erosion and Planform Adjustments 

In this section, analyses on the locations of bank erosion and changes in the planform geometry 

will be discussed. Results analyzed thus far for the morphological changes at the channel bed have 

shown that the level of development is related to the local meander slope, including if the channel 

slope begins at a similar value and adjusts over time due to sediment deposition. This finding will 

affect the discussions on patterns in bank erosion. Additionally, although differences in 

morphological features were present between different skewness orientations, there was a 

similarity in the location of the primary pool suggesting that there may be a more stable common 

geometry that all experimental channels were adjusting towards. This possibility will also be 

further explored by analyzing how the planform geometry adjusts over time. 

5.1.3.1 Difference Rasters and Bank Erosion 

Similar to how the normalized detrended rasters were indicative of morphological development at 

the bend, the difference rasters could be used to visualize regions of bank erosion. These rasters 

were created by subtracting the DEM in a time step from another, leading to a raster with values 

of elevation change. The results for Runs 1 and 2 are shown in Figure 44 to Figure 47 for elevation 

differences after low flow and after high flow. Positive (blue) regions are where net deposition 
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occurred while negative (red) regions are where net erosion occurred. Some of the previously noted 

positions for pools and bars can also be identified in these difference rasters. In the two runs, 

different patterns of bank erosion were present between the skewness orientations, but they were 

similar for each run between the low and high flow conditions. In both runs, erosion is primarily 

along the outer bank since the trapezoidal bank shape prevented significant bank movement along 

the inner bank. Bank erosion increased in downstream meanders, as previously observed via flow 

width. The extent of erosion in both runs was mostly confined within the buffer region. However, 

erosion in M5 at high flow did extend beyond the carved buffer region near the downstream end.  

In Run 1, bank erosion can be seen to start just after the upstream inflection point of each meander 

bend at the outer bank and extended through the entire meander bend into the inner bank of the 

next meander. The magnitude of erosion was slightly larger near the apex point and at the inner 

bank of the next meander bend. At the downstream meanders where bank erosion increased, the 

magnitude of erosion became more constant along the entire outer bank. With Run 2, bank erosion 

also begins slightly downstream from the inflection point and extended on the outer bank through 

the whole meander bend. However, in this downstream skewed orientation, the magnitude of 

erosion peaks on either side of the apex point, with less movement of the bank at the apex itself. 

This pattern continues in the downstream meander bends, although the magnitude of bank erosion 

increases overall. A summary of the average bank migration distances for a representative meander 

bend in these two runs is included in Table 7. 

Between the two runs, the average bank migration distance is very similar at both flow conditions, 

with only a difference of 2 mm. With such a small difference, it is possible that this would be 

within the error range of the data. However, comparing the extremes in data with the maximum 

and minimum bank migration distances shows larger differences between the two channels. Run 

2 had slightly smaller values of maximum and minimum bank migration at low flow, but had much 

larger values after high flow, especially the maximum distance. This indicates that although the 

average and minimum bank migration distances in Run 2 were only slightly larger, the maximum 

migration distance was significantly larger. 
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Table 7: Average outer bank migration distances 

Run 
Skewness 

Coefficient (/32) 

Average Distance 

(m) 

Average Maximum 

Distance (m) 

Average Minimum 

Distance (m) 

1a 1.5 0.021 0.036 0.011 

1b 1.5 0.069 0.104 0.029 

2a -1.5 0.019 0.033 0.009 

2b -1.5 0.071 0.126 0.034 

 

From the difference rasters and values for bank migration distance, the results show that the 

upstream skewed channel in Run 1 erodes more evenly along the outer bank, leading to a more 

constant bank migration distance. The downstream skewed channel in Run 2 will average to a 

similar bank migration distance but has regions of increased erosion that leads to larger extremes 

in bank movement. These regions of preferred bank erosion would have implications on variations 

in the flow width throughout a meander bend and the parameters of the Kinoshita equation defining 

its planform shape. 
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Figure 44: Run 1 elevation difference after low flow (T0 to T9; flow is right to left) 
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Figure 45: Run 1 elevation difference after high flow (T9 to T13; flow is right to left) 
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Figure 46: Run 2 elevation difference after low flow (T0 to T9; flow is right to left) 
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Figure 47: Run 2 elevation difference after high flow (T9 to T13; flow is right to left) 
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5.1.3.2 Normalized Outer Bank Migration 

To determine the streamwise distance for the identified locations of maximum bank erosion, all 

meander bends were once again averaged for a representative meander and plotted on normalized 

scales. Streamwise distance was normalized in a similar manner to previous plots, while the outer 

bank migration distance was scaled between 0 and 1 for the minimum and maximum distances. 

While this process can amplify noise, it also allows comparison of the small magnitude changes 

in low flow with the large magnitude changes at high flow. Results for Runs 1 and 2 are shown in 

Figure 48 and Figure 49. Normalization shows trends that were previously not noticeable by 

comparing raw values and also eliminated effects from increasing flow depths that appears in the 

calculations as an apparent bank migration. T0 was not shown in these plots because it was used 

as the datum and cannot be normalized using this method. 

In Run 1, the previously observed peak in bank migration at the apex can be seen in the normalized 

plot. At low flow, this peak occurs at the apex and is the location of maximum migration in the 

representative meander. The peak then decreases to a minimum at 0.80 distance through the bend 

with only 35% of the peak migration distance. A secondary peak then occurs near the end of the 

meander bend that is 70% the magnitude of the larger initial peak. With the higher flow time steps, 

the peak in migration at the downstream inflection point becomes the point of largest bank 

migration. The peak at the apex still occurs but is only 85% the magnitude of the second peak. The 

minimum point in bank migration is still present but has a smaller difference to the peaks, reaching 

down to about 65% of the peak migration distance. At both flow rates, erosion at the outer bank 

appears to begin at around 0.15-0.20 distance into the bend, which is about halfway between the 

upstream inflection point and the apex. 

In Run 2, erosion begins at a similar location, around 0.20 distance into the meander bend. It was 

previously observed that there was a preference for increased outer bank erosion on either side of 

the apex. However, at low flow, this is not observed in the normalized data. There is some 

fluctuation throughout the time steps, but eventually, a plateau in bank migration distance occurs 

beginning at 0.40 until 0.70, past the apex, where bank migration increases to the largest peak at 

about 0.90 distance into the bend. The plateau is 50% of the peak bank migration. After high flow, 

the two peaks in bank migration on either side of the apex becomes clearer. The first peak occurs 

at about 0.43 distance that is 45% of the larger downstream peak which occurs at or beyond the 
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downstream inflection point. Between the peaks, a minimum occurs at 0.65 distance, near the apex 

point, which is 35% of the maximum migration distance. 

The result that both runs saw a near identical starting point for outer bank erosion was unexpected, 

since the curvature of the two geometries at that location was very different. Both runs also had 

the maximum peak in bank migration at the downstream end of the representative meander bend, 

which may be related to the increasing development in downstream meanders or could be an 

indication for downstream migration of the meanders. Lastly, the patterns observed in both runs 

were present in the normalized plots after only the first time step, although Run 2 continued to 

have fluctuations at low flow and changes in the raw data for several time steps. This finding is 

indicative that although the magnitudes of bank erosion may continue to increase over time, the 

pattern of erosion forms quickly within the first time step. 

 

Figure 48: Run 1 meander-averaged normalized outer bank migration 
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Figure 49: Run 2 meander-averaged normalized outer bank migration 

Analyses for the normalized pattern in outer bank migration for Runs 1G, 2G, and 3G were also 

completed, with the final time step included in Figure 50. An issue identified early in the analysis 

was the nature of how the banks collapsed in. When the rectangular banks were wetted, the bank 

collapse led to small irregularities in the bank line, unlike the banks for Runs 1 and 2 where any 

bank erosion was a smooth transition. These irregularities impacted bank delineation since flow 

was unable to fully eliminate them. However, errors from this should be suppressed by averaging 

the data into a representative meander, especially along the outer bank where larger flow-driven 

changes occurred. In Run 1G, patterns formed quickly within the first time step, but fluctuations 

and changes in Runs 2G and 3G continued throughout all time steps, especially in the region before 

significant bank erosion. The gradual changes may have been part of the collapsed bank slowly 

eroding away since flow was not strong enough to fully erode it quickly. 

In Run 1G, the pattern in normalized bank migration was very similar to Run 1. Bank migration 

began at 0.18 distance, but the peak occurred at 0.50 distance, past the apex instead of at the apex 

like in Run 1. A secondary peak also did not form, with a plateau forming instead at around 70-

80% of the peak migration value. The plateau began at 0.75 distance and extended to the end of 

the meander. With Run 2G, bank migration is delayed compared to all other runs thus far, 

beginning at 0.35 distance instead. The largest peak occurred at 0.95 distance near the end of the 

meander bend, with a secondary peak of about 75% magnitude occurring upstream of the apex at 
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0.55 distance. This pattern is similar to that seen in Run 2 after high flow, although the locations 

are shifted further into the meander. Run 3G also had a delayed start for bank migration along the 

outer bank, beginning at about 0.33 distance. Bank migration increased steadily to a peak at 0.88, 

although a secondary peak was also seen near the apex that disappeared over time.  

Comparing across all the data, the upstream skewed channels in Run 1 and 1G behaved the most 

similarly to each other, with near identical regions for the start of bank erosion and similar 

behaviours in where bank migration reaches a peak. Runs 2G and 3G were similar to each other 

and carried some aspects of similarity to Run 2, with one main difference in where bank migration 

began. It is unclear if the difference was due to the different initial bank geometry, differing 

skewness coefficients, or another reason. It was an interesting result to see that Runs 1 and 2 had 

such similar locations for the start of bank erosion, considering the difference in geometry and 

curvature at those locations. The upstream skewed channels also appeared to adjust very quickly 

relative to the downstream skewed and symmetric channels. Runs 1 and 1G had their trends form 

within the first couple of time steps and kept them throughout the remaining time steps. Runs 2, 

2G, and 3G continued to have fluctuations for several time steps before reaching the final pattern 

seen in the last time step. The difference could indicate that upstream channels adjust more quickly 

to form trends, but it could also be that the upstream skewed channels are more stable to begin 

with, requiring fewer adjustments than the other planform geometries. 
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Figure 50: Good (2018) dataset meander-averaged normalized outer bank migration 

 

5.1.3.3 Normalized Inner Bank Migration 

Minimal inner bank erosion and migration was initially expected since flow deflection would tend 

to cause erosion along the outer bank, with deposition at the inner bank. However, the experiments 

showed that erosion along the outer bank extended into the inner bank of the next meander, so it 

could be useful to also examine how far that erosion extends into the meander. Normalization was 

completed in a similar method to the outer bank. Results for Runs 1 and 2 are shown in Figure 51 

and Figure 52. As might be expected, the largest amount of bank erosion occurred at the upstream 

inflection, coming from the previous meander, and reducing with distance into the meander. At 

low flow, the data appears to fluctuate throughout the time steps, but the small magnitudes of 

change and use of normalization likely amplified variations caused by noise. It was difficult to 

determine where inner bank erosion stops at low flow, but the erosion in Run 1 can be seen to drop 

more quickly than Run 2, where a more gradual reduction is seen. At high flow, both runs 

converged to the same behaviour, decreasing at similar rates to zero at 0.28 distance, which is 

slightly past where outer bank erosion began. Although large bars formed at high flow in both 

runs, they did not stop flow and so did not shift banks inward. It is plausible that if flow had been 

returned to low flow conditions, the bars would have become the new banks. 
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Figure 51: Run 1 meander-averaged normalized inner bank migration 

 

Figure 52: Run 2 meander-averaged normalized inner bank migration 

With the Good (2018) dataset for the inner bank, greater differences and fluctuations are seen than 

with the outer bank. This issue is likely caused by the smaller magnitudes of change leading to 

amplification of noise as well as amplified effects of the irregularly collapsed vertical banks. 

Regardless, the final time step for all three of the runs shown in Figure 53 showed the same largest 

magnitude of change at the upstream inflection point that then decayed over streamwise distance. 
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Run 1G showed the most similar behaviour to the trends in Runs 1 and 2, quickly decaying until 

0.23 distance, where the rate of decrease slows until it reaches the minimum at 0.40 distance, which 

coincides with the apex. In contrast, Run 2G showed much more varied results, reaching a 

minimum at 0.25 distance but having a second peak at 0.45 distance before the actual minimum at 

0.60 distance. The patterns were similar to initial changes in the first time step, indicating strong 

effects of the initial conditions. Run 3G also had some variability but behaved more similarly to 

Run 1G, dropping quickly until 0.25 distance where the variability begins.  

Between the outer and inner bank migration results for all runs, the data seems to suggest that the 

upstream skewed channels adjust most quickly and readily to the final equilibrium conditions. The 

other geometries have trouble adjusting at low flow, particularly in Run 2G and 3G, in which the 

effects of initial conditions were not fully eliminated. However, this result may also be caused by 

the overall lesser slopes in those runs compared to Run 1G. 

 

Figure 53: Good (2018) dataset meander-averaged normalized inner bank migration 
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5.1.3.4 Centreline Migration 

Patterns in bank erosion can also be visualized by how the centreline profile migrates throughout 

the experimental channel. Since the centreline is affected by bank migration at both the outer and 

inner banks, it is equivalent to the net change in bank migration. The centreline migration profiles 

for Runs 1 and 2 are plotted in Figure 54 and Figure 55. The migration distances were calculated 

relative to the initial carved centreline at each of the automatically generated cross-sections, which 

were spaced 0.05 m apart along the initial centreline. In both runs, trends are similar between low 

flow and high flow with just a difference in magnitude, but the patterns of migration are different 

between the skewness orientations. 

With Run 1, it was previously observed that erosion begins upstream of the apex, reaches a 

maximum at the apex point, and then hitting a second maximum at the inner bank of the next 

meander bend. This observation can be seen in the centreline migration, with a peak in each 

meander at the apex point and a second at the downstream inflection point before the centreline 

crosses the inflection point to migrate in the opposite direction. Between these two peaks, there is 

a reduction in centreline migration that is largest in M1 but decreases in downstream meanders 

until it nearly becomes a plateau in M5. This pattern of migration indicates that the meanders in 

the upstream skewed channel are expanding outward at the apex while also migrating downstream. 

In Run 2, it was previously observed that increased erosion was seen on either side of the apex, 

with the largest peak being at the downstream inflection. The migration pattern of the centreline 

once again shows that trend, with most meanders having a peak in centreline migration on either 

side of the apex. The second, more downstream peak is larger and also reaches its maximum near 

or at the downstream inflection point. However, similar to Run 1, the region between the peaks 

increases in migration distance in downstream meanders, resulting in a plateau replacing the first 

peak by M5. An anomaly with the data is present with M2, however, since it does not show the 

same double peak pattern. Instead, M2 lacks the first peak and instead has increasing migration 

throughout the bend until the second peak. While the exact cause for this is unclear, it could be 

related to the adjusting slopes in M2 and changes in sediment supply. 
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Figure 54: Run 1 centreline migration from initial position 

 

Figure 55: Run 2 centreline migration from initial position 

The same analysis was completed for the Good (2018) dataset, but direct comparisons were 

difficult to make because of the differences between each meander of those runs caused by local 

slope differences. Regardless, the meander bends with the greatest levels of morphological 

development could be compared and similar trends were observed. The centreline migration 

patterns for Runs 1G, 2G, and 3G are shown in Figure 56, Figure 57, and Figure 58, respectively. 

Effects of the steeper inlet can be observed in each of the runs through the increased centreline 
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migration where the greyed region approaches the meandering channel, indicating larger amounts 

of bank erosion occurred there. 

Run 1G showed a similar double peak in M1 to the patterns seen in Run 1. Changes in the 

remaining meanders are very small at low flow and patterns were difficult to discern. For Run 2G, 

very little centreline migration was observed, which is consistent with the minimal morphological 

development observed in previous analyses. As such, no direct comparisons could be made 

between this experiment and Run 2. Lastly, Run 3G had few changes except for in M4 and M5. In 

M4, the migration distance has a double peak similar to Run 1, but M5 did not, showing just 

increased migration past the apex. It is difficult to determine which behaviour is more 

representative of how the symmetric channel should behave due to limited data, and possible outlet 

effects. Overall, comparisons at this scale to the Good (2018) dataset yielded limited insights 

despite the patterns identified in bank erosion for a representative meander bend. 

 

Figure 56: Run 1G centreline migration from initial position (after Good, 2018) 
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Figure 57: Run 2G centreline migration from initial position (after Good, 2018) 

 

Figure 58: Run 3G centreline migration from initial position (after Good, 2018) 
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5.1.3.5 Flow Width 

In addition to changes in the channel centreline, bank erosion patterns also led to changes in the 

flow width throughout a meander bend. Previously, the generated cross-sections were used to 

sample points along the bank lines and centrelines to determine the distance they migrate over time 

away from initial conditions. The same cross-sections can be clipped to the interpolated flow 

extents to yield estimates of the flow width. An estimate for initial flow conditions in the first few 

moments of the experiment was obtained and labelled T0 using the flow depths from T1 and the 

DEM for the initial carved channel in T0. 

Profiles of the flow width throughout the experimental channels for Runs 1 and 2 are included in 

Figure 59 and Figure 60. Once again, consistent patterns in flow width can be identified in both 

runs between meanders. Run 1 shows reductions in flow width at two regions on either side of the 

apex while Run 2 only had one region of reduced width upstream of the apex. Both runs showed 

increasing width with downstream distance, caused by increasing magnitudes of bank erosion that 

were previously seen in the centreline migration and bank migration analyses. Another clear 

difference between the two runs is the variability in flow width. Run 2 shows larger changes in 

flow width within a single meander than in Run 1. The cause of this is likely tied to previous 

findings on bank migration where Run 2 had larger extremes in migration distance, particularly 

the maximum distance. Initial flow widths in both channels were below the expected value due to 

smaller flow depths in those initial time steps than expected and the reduction in width caused by 

the trapezoidal banks. With stabilizing flow depths and bank erosion, flow widths increased above 

the expected value by the end of low flow. 



 

112 

 

 

Figure 59: Run 1 flow width evolution 

 

Figure 60: Run 2 flow width evolution 

Despite the differences between meander bends for Runs 1G, 2G, and 3G, plotting the flow widths 

in Figure 61, Figure 62, and Figure 63 showed that even with variable levels of bank erosion in 

each meander, patterns of flow width can still be identified across meanders. Magnitudes in flow 

width are still tied to the magnitudes of bank erosion, but the same drop in flow width ahead of the 

apex point can be identified across all three runs, especially in meanders with increased 

development. Initial flow widths for these runs are much closer to the designed flow width of 0.20 
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m since these experiments began with vertical banks that would not change width as long as 

bankfull flow was not present. The collapse of these vertical banks led to large changes in width 

by the end of T1, with regions of reduced width in some meander bends, likely caused by banks 

collapsing with an irregular pattern. 

 

Figure 61: Run 1G flow width evolution (after Good, 2018) 

 

Figure 62: Run 2G flow width evolution (after Good, 2018) 
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Figure 63: Run 3G flow width evolution (after Good, 2018) 

 

5.1.3.6 Normalized Flow Width 

To better visualize the patterns, another analysis was done on the flow widths on a normalized 

basis. As with the bank migration distances, the normalized flow width was created by scaling 

flow widths between 0 and 1 for the minimum and maximum flow widths, respectively, using 

averaged data for a representative meander bend. Results for Runs 1 and 2 are shown in Figure 64 

and Figure 65. Full per-meander datasets of Runs 1 and 2 for the outer bank migration, inner bank 

migration, and flow width analyses are also included in Appendix J. 

In Run 1, slightly different patterns are observed between low flow and high flow conditions. At 

low flow, channel width reaches a minimum at 0.15 distance, increasing to its peak at 0.36 distance 

near the apex, then decreasing for a second minimum of near equal magnitude to the first at 0.80 

distance. After high flow, the first minimum shifted downstream to 0.25 distance, and the peak at 

the apex becomes relatively smaller, only reaching 80% the largest width in the representative 

meander. The second minimum in width still occurs at 0.80 distance, but reaches down to only 

35% of the maximum width before increasing again to the largest channel width at the downstream 

inflection point. 
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In Run 2, patterns in flow width were also slightly different between low and high flow. At low 

flow, width begins nearly as large as the peak value but drops quickly to the minimum at about 

0.23 distance, then increases linearly to a maximum occurring at about 0.93 distance. Under high 

flow, the initial peak drops in magnitude to about 85% the maximum width, and the minimum 

shifts downstream to 0.25 distance. Instead of increasing linearly, the width forms a plateau 

between 0.40 and 0.65 distance of 20% the peak width value. The plateau ends at the apex point, 

where width rapidly increases to the maximum value at or beyond the downstream inflection point. 

Both skewness orientations across the two runs appear to have minimum flow width at the same 

location relative to the upstream inflection point, which also coincides near the previously 

identified deepest pool at around 0.20 distance. Run 1 has two peaks in width at the apex and at 

the downstream inflection point, which were previously identified as regions of increased outer 

bank migration. In Run 2, the larger bank erosion region downstream of the apex leads to the 

largest flow width, which extends into the next meander bend. The widening of the channel past 

the apex likely explains why the secondary pool there is much shallower than the primary pool 

ahead of the apex. The pool forms due to the tight curvature there from the downstream skewed 

geometry, but the widening channel meant that sediment deposition was preferred in that region 

in comparison to the location of the primary pool. 
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Figure 64: Run 1 meander-averaged normalized flow width 

 

Figure 65: Run 2 meander-averaged normalized flow width 

Normalized flow width was also calculated for Runs 1G, 2G, and 3G. The results are shown in 

Figure 66. In Run 1G, the minimum width occurs at 0.20 distance. Width then quickly increases 

to about 90% of the peak width at 0.40 distance, coinciding with the apex. From there, width 

slowly increases to the maximum peak at 0.55 distance and slowly decreases for the rest of the 

meander. Signs of a second minimum around 0.80 distance was present for some time steps, but it 
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was very small, only about 10% smaller than the surrounding widths at most. It is more apparent 

in the final time step shown, but is unclear if it is variability in the data or an actual minimum in 

flow width. In Run 2G, the minimum flow width was located at 0.28 distance. Downstream from 

that point, the width reaches 85% of the maximum width at 0.55 distance, then slowly increases to 

the maximum width at 0.90 distance. Run 3G has minimum flow width located around 0.20 

distance with the peaks at 0.80 distance, forming a more rounded curve in the plot than other runs.  

From the comparisons between the runs, it was concluded that many of the patterns seen in the 

representative meander bend for flow width are heavily tied to outer bank migration. Similar to in 

that analysis, the reason for differences between Runs 1 and 2 with the Good (2018) dataset is 

unclear. Differences may be a result of different skewness coefficients, different initial conditions 

for slope or geometry, or other possibilities. Regardless, upstream and downstream skew 

orientations had different patterns in flow widths from the analysis for Runs 1 and 2, with greater 

variability for width within the same meander bend in Run 2. 

 

Figure 66: Good (2018) meander-averaged normalized flow width 
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5.1.3.7 Fitted Kinoshita Equations 

The final component of river channel geometry that can be analyzed for adjustments is the 

planform shape. As a representative curve for river meanders, the Kinoshita equation should fit to 

the channel centreline quite well by changing the input variables of θ0, Js, Jf, and λM. Once again, 

analyses were done for individual meanders in each experimental run but was averaged into a 

representative meander for comparative analyses between the different geometries. To fit the curve 

to the data, Microsoft Excel Solver tool was used to minimize raw distance error between points 

of fixed streamwise distance. The solver was able to match the curves to channel centrelines very 

well, as seen with Figure 67 and Figure 68, although minor errors could be noticeable near the 

inflection points. Similar success was obtained with the data from Runs 1G, 2G, and 3G. 

A similar attempt to analyze the thalweg line using the Solver was done, but results showed poor 

matching of the Kinoshita curve to the thalweg line with large errors between the solved equation 

and the data. Part of the reason for this was shifting inflection points that meant the method of 

delineating a meander was not as good for analyzing the thalweg. Additionally, the manual 

delineation of the thalweg meant the curve was not as smooth or continuous as the centreline. 

Limited further analysis was done with this data, but a summary of those results is provided in 

Appendix K. 
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Figure 67: Run 1 T13 final fitted centrelines (flow is left to right) 

 

Figure 68: Run 2 T13 final fitted centrelines (flow is left to right) 

A summary of the Kinoshita equation variables and how they changed in Runs 1 and 2 is given in 

Table 8 along with percent differences between each variable. Percent difference for the initial 

channel was relative to theoretical values, final low flow was compared with initial values and 

final high flow was compared to final low flow. Cells in the table were colour-coded to indicate if 

the values increased or decreased significantly, with a defined threshold of 2%. Changes smaller 

than this value were considered to be minimal or within the noise range of the data. Percent 
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difference was used instead of percent change to prevent a division by zero when comparing results 

to the symmetric channel, which had Js and Jf values of zero. Note that percent differences were 

calculated with all decimal places and values provided in the tables have been rounded. 

In Run 1, the initially carved channel was flatter than intended with a slightly larger λM. After low 

flow, small changes were seen where θ0 and λM increased while Js and Jf decreased. After high 

flow, Js increased again while Jf and minimum rc decreased. Overall changes were small and some, 

like Js, changed direction between low and high flow for little net change. The only variable that 

changed significantly was the flatness coefficient, which decreased over time. It is possible that 

the theoretical upstream geometry was already stable to begin with, and the adjustments were 

focused on the variable that had the most error to adjust it back to the intended value. 

In Run 2, Js was slightly larger magnitude than intended, which shows as negative change since 

skewness here is a negative value. The value for λM was also slightly larger than intended but the 

greatest error was with Jf, which was much larger than intended. After low flow, Js adjusted 

positively towards a more symmetric channel and Jf increased despite the initially large value. At 

high flow, Js continued to drastically increase towards a more symmetric channel and Jf also 

continued to increase. Increases were also seen in λM and minimum rc. The direction and magnitude 

of these changes suggest that the downstream skewed geometry is less stable than the upstream 

skewed geometry in Run 1. Skewness and flatness increased under both low and high flow, which 

is indicative that the channel is at the least preferring to adjust to a symmetric channel, but may 

continue past that under the right conditions to become an upstream skewed channel. 

The larger stability of the upstream skewed channel in Run 1 and decreased stability of the 

downstream skewed channel in Run 2 is supported by previous observations in morphological 

development. Run 2 saw larger maximum bank migration distances and larger, more variable flow 

widths, especially after high flow conditions. With the greater morphological changes and 

direction of adjustment in planform geometry, it is likely that for these experiments, the upstream 

skewed orientation is preferred and has increased overall stability. This conclusion would agree 

with findings by Guo, Chen, & Parker (2019), who found that high sinuosity channels (σ > 2.6) 

are most likely to skew in the upstream direction, while downstream skewness is more likely in 

lower sinuosity (σ < 2.6) channels. Further, the preference for a certain skewness orientation and 
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consistency of morphologic feature locations such as the deepest pool and minimum flow width 

could be supportive of the resonance described by Blondeaux & Seminara (1985). Hydraulic 

conditions could be leading to a resonance with the channel wavelength that drives the channel 

into adjusting towards a preferred planform geometry. 

Table 8: Kinoshita equation changes for Runs 1 and 2 centrelines 

Variable 
Target 

Value 

Run 1 US Skew Run 2 DS Skew 

Initial After LF After HF Initial After LF After HF 

θ0 (°) 100 101.2 103.3 102.4 100.9 101.1 102.8 

Js (/32) ± 1.50 1.51 1.44 1.59 -1.58 -1.52 -1.17 

Jf (/192) 1.00 1.45 1.41 1.11 2.01 2.35 3.85 

λM (m) 3.38 3.45 3.55 3.54 3.48 3.50 3.61 

Min. rc (m) 0.236 0.236 0.239 0.234 0.237 0.241 0.262 

Variable 

Run 1 % Differences Run 2 % Differences 

Initial 

Error 

After LF 

vs. Initial 

After HF 

vs. LF 

Initial 

Error 

After LF 

vs. Initial 

After HF 

vs. LF 

θ0 (°) +1.2 +2.1 -0.9 +0.9 +0.3 +1.7 

Js (/32) +0.8 -4.5 +9.7 -5.1 +4.1 +25.6 

Jf (/192) +36.4 -2.8 -23.6 +67.1 +15.4 +48.5 

λM (m) +2.0 +3.0 -0.3 +2.9 +0.7 +2.9 

Min rc (m) +0.2 +1.0 -2.1 +0.4 +1.8 +8.3 

 

A similar analysis of Kinoshita equation variables for the centrelines of the Good (2018) dataset 

was completed and the results are shown in Table 9. Note that for Run 3G, the percent difference 

was calculated for Js and Jf by dividing by 1.0/32, similar to Run 1G. This modified calculation 

was used to scale the percent difference similarly to Run 1G and 2G since otherwise, the percent 

difference would rapidly approach infinity even with relatively small changes because the values 

would all be near zero values. Percent differences were also colour-coded to indicate significant 

changes using the same threshold of 2%. Under the target value column, Run 3G target values 

were written in brackets since the values differed from the skewed channels. 
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With Run 1G, the initial channel had slightly larger Js, λM, and minimum rc values than intended, 

with a significantly larger Jf value. By the end of the experiment, small increases can be seen in θ0 

and λM with small decreases in Js and Jf. The relatively small changes once again indicate that the 

upstream skewed channel in this run is relatively more stable. 

Run 2G started with slightly larger λM and minimum rc than intended and a significantly larger Jf 

value. After the experiment, only Jf changed to become larger, which is likely related to the low 

levels of development observed with this run. While this is consistent with Run 2, it was expected 

that there would be more changes in the other parameters, especially the skewness coefficient. It 

is possible that the reduced development in this run prevent more noticeable changes. 

Lastly, Run 3G had slightly lower θ0 and λM than intended but drastically larger Jf. After the 

experiment, only Js and Jf increased to adjust the channel towards a flatter, more upstream-skewed 

channel. This final result further supports that the upstream skewed channel is the most preferred 

geometry and is most stable of all the planform geometries tested. 

Across all runs, results have evidence that the upstream skewed orientation is most stable under 

these experimental conditions with an alluvial sand bed and a wide channel condition. The 

evidence is observed across both morphological development parameters and planform 

configuration changes. Although the initial flatness in most runs was greater than intended, the 

effect of this error is considered to be small, since many of the channels with the greatest errors 

continued to increase in flatness over time. The large changes and errors with the flatness 

coefficient is likely due to its small value as a fraction divided by 192. This meant small changes 

in the decimal value would lead to larger percentage changes. 

A final consideration with this Kinoshita equation comparison was the calculated minimum rc 

value. The upstream skewed and symmetric channels in Run 1, 1G, and 3G saw little change in 

the minimum radius of curvature but the downstream skewed channel in Run 2 had increases in 

that value. A change was expected in Run 2G but may have been unable to occur due to reduced 

development in that run. The results contrast with the original calculations done by Good (2018), 

who found reductions in the minimum rc value for the skewed channels but no change for the 

symmetric channel. It is unknown why results differed so significantly, but the methodologies used 

in the current analysis were considered to be more reliable and reproducible. The original 
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methodology used manual measurements by fitting a circle to the centreline, but the current 

updated methodology used a mathematical approach based on Equations (54) and (57) with the 

fitted Kinoshita centreline curve. 

Table 9: Kinoshita equation changes for Run 1G, 2G, and 3G centrelines (after Good, 2018) 

Variable 
Target 

Value 

Run 1G US Skew Run 2G DS Skew Run 3G no Skew 

Initial Final Initial Final Initial Final 

θ0 (°) 100 98.3 101.8 98.6 99.0 96.9 96.9 

Js (/32) 
± 1.00 

(0.00) 
1.03 0.96 -0.99 -0.97 -0.01 0.05 

Jf (/192) 
1.00 

(0.00) 
1.32 1.24 1.24 1.39 1.26 1.83 

λM (m) 3.38 3.47 3.65 3.49 3.53 3.15 3.13 

Min rc (m) 
0.263 

(0.308) 
0.277 0.280 0.279 0.282 0.313 0.314 

Variable 

Run 1G % Differences Run 2G % Differences Run 3G % Differences 

Initial 

Error 

Final vs. 

Initial 

Initial 

Error 

Final vs. 

Initial 

Initial 

Error 

Final vs. 

Initial 

θ0 (°) -1.7 +3.5 -1.4 +0.4 -3.2 0.0 

Js (/32) +2.7 -6.3 +1.3 +1.8 +0.6 +5.3 

Jf (/192) +27.6 -6.4 +21.4 +11.6 +125.7 +57.2 

λM (m) +2.7 +5.1 +3.2 +1.2 -6.9 -0.7 

Min. rc (m) +4.9 +1.4 +5.7 +1.1 +1.6 +0.3 

 

With the previous tables, a threshold of 2% for “significant” change was chosen arbitrarily. To 

assess the validity of that threshold, a comparison was made between two solutions for the same 

centreline curve. The initial centreline of the carved channel was independently solved twice, once 

when analyzing centrelines and once when analyzing thalwegs, since the T0 thalweg was defined 

as the initial centreline. Percent difference was again used as an indicator, this time for variability. 

These results are included in Table 10 and show that the 2% threshold was valid for θ0, Js, and λM. 
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Minimum rc of the thalweg could not be calculated because of the large errors in the solved 

equation and noise in the raw data. Variability between solved solutions for those parameters was 

within about ± 1.5%. However, the variability in Jf was much larger, up to 27% different in Run 

3G. The cause is likely the small value of that variable. The large variability in that parameter casts 

some doubt on earlier findings for large initial flatness and increasing flatness over time. However, 

many of the net changes to Jf were larger than the magnitude of this variability, and directions of 

change across the runs were still consistent. For those reasons, the underlying trend for increased 

flatness was considered to still be there, although the true magnitude of change may be uncertain. 

Table 10: Percent differences in initial centreline solutions 

Variable 
Run 1 Run 2 

CL Sol’n Thlwg Sol’n % Diff. CL Sol’n Thlwg Sol’n % Diff. 

θ0 (°) 101.16 101.30 0.1 100.86 101.01 0.1 

Js (/32) 1.51 1.49 -1.6 -1.58 -1.58 0.2 

Jf (/192) 1.45 1.27 -12.9 2.01 2.00 -0.4 

λM (m) 3.45 3.46 0.2 3.48 3.48 0.2 

Variable 

Run 1G* Run 2G* Run 3G* 

CL 

Sol’n 

Thlwg 

Sol’n 

% 

Diff. 

CL 

Sol’n 

Thlwg 

Sol’n 

% 

Diff. 

CL 

Sol’n 

Thlwg 

Sol’n 

% 

Diff. 

θ0 (°) 98.3 98.3 0.1 98.6 99.0 0.4 96.9 96.6 -0.3 

Js (/32) 1.03 1.03 -0.2 -0.99 -0.97 1.4 -0.01 0.01 1.5 

Jf (/192) 1.32 1.38 4.3 1.24 1.11 -11.4 1.26 1.53 26.8 

λM (m) 3.47 3.47 0.0 3.49 3.51 0.7 3.15 3.14 -0.3 

* data obtained from Good (2018) 

The expected skewness coefficient can be calculated for a given river channel using Equation (52), 

which was based on empirical data collected in the field. Previously, it was already noted that the 

equation can only predict positive skewnesses, with no mathematical way to obtain a prediction of 

zero or negative skewness. Regardless, the equation was used to try and predict the skewness 

coefficient value in Table 11 for each run. In all runs, the predicted skewness coefficient was 

centred around a value of 1.0/32. As such, the upstream skewed channel in Run 1G could be 
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expected to be the most stable, with other channels adjusting towards this geometry. The original 

value for skewness used in the Good (2018) dataset appears to be most correct, and they were 

based the same skewness used by Abad & Garcia (2009a; 2009b) who chose the values based on 

numerical simulations. However, those experiments were performed in a narrow channel while the 

work done here was done in a wide channel. Further, the increased skewness in Run 1 did not see 

a significant reduction in skewness as might be expected, which suggests the equations may have 

further room for improvement and are not capable of fully predicting how skewed channels will 

adjust or develop over time. 

Table 11: Theoretically calculated predicted skewness coefficients 

Type 
Run 

Number 

Meander-averaged Skewness Coefficient Js (/32) 

Initial After LF After HF 

Predicted 

1 1.03 1.01 1.07 

2 1.06 1.04 1.07 

1G* 0.88 1.13  

2G* 1.09 1.11  

3G* 0.98 1.12  

Observed 

1 1.51 1.44 1.59 

2 -1.58 -1.52 -1.17 

1G* 1.03 0.96  

2G* -0.99 -0.97  

3G* 0.00 0.05  

* data obtained from Good (2018) 

5.1.3.8 Normalized Radius of Curvature 

Another way to analyze the radius of curvature aside from the minimum value is to examine how 

the radius of curvature changes throughout the entire meander bend. As with previous analyses, 

the comparison was done on a normalized basis with a representative meander bend for better 

comparisons across different runs. To normalize the radius of curvature, the minimum value was 

used as the basis. By dividing all calculated values by the minimum value, values become scaled 

as multiples of the minimum radius. The minimum value itself would be the smallest value at 1.0. 
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Although it was a possible that normalizing in this way could lead to losses in information due to 

a changing minimum radius of curvature in each time step, a comparison of the raw values showed 

near identical trends. The changes in minimum radius of curvature were very small relative to the 

changes occurring at other points in the representative meander. Normalized radius of curvature 

plots for each meander bend of Runs 1 and 2 are included in Appendix L. 

Results for Runs 1 and 2 are shown in Figure 69 and Figure 70. In both runs, rc approaches infinity 

near the inflection points because the channel gets straighter as it flips in curvature. With Run 1, 

the minimum rc occurs at 0.25 distance, ahead of the apex point. This location is only slightly 

downstream of the previously noted locations for deepest pool and smallest flow width. The rc 

reaches a peak at 0.60 distance, past the apex, and reaches a second minimum at about 0.82 

distance. This location may be tied to second minimum in flow width, which occurred near the 

same location. Little changed in the patterns after low flow conditions. After high flow conditions, 

rc approaches infinity more quickly near the inflection points and increases slightly at the peak 

from 3.2x the minimum rc to 3.5x. These increases indicate these regions of the channel had 

become straighter, with less curvature. 

In Run 2, the initial pattern was flipped because of the opposite skewness. The secondary minimum 

occurred first, at about 0.17 distance, rising to a peak at 0.40 distance and dropping to the minimum 

rc at 0.75 distance. Similar to Run 1, little changed at low flow. At high flow, the secondary 

minimum shifted downstream to around 0.20 distance, and dropped from 2x the minimum rc to 

1.75x. The peak shifted slightly downstream to 0.42 distance and greatly reduced in magnitude 

from 3.2x the minimum rc down to 2.4x. The location of minimum rc did not change. The location 

of the secondary minimum coincides with the deepest pool occurring upstream of the apex, while 

the minimum rc occurred just upstream of the secondary pool formed downstream of the apex. The 

reduction of the peak in rc indicates that the bend at that location is becoming more curved. After 

high flow, the curvature also tends to infinity faster at the upstream end and slower at the 

downstream end, suggesting a straighter channel entering the meander and a more curved channel 

exiting the meander. These changes in the rc of Run 2 is also indicative that the channel is adjusting 

towards a more symmetrical channel. 
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The rc patterns in the Good (2018) dataset were also plotted but no notable changes were observed. 

Since the skewness in these runs were smaller in magnitude, the peak observed in Runs 1 and 2 

appear more similar to plateaus. 

With Runs 1 and 2, the locations for the pool, and minimum width could be almost directly 

correlated with the locations of changing curvature within the bend. However, although the same 

locations were often observed in Runs 1G, 2G, and 3G, they did not correspond to changing 

curvature. It is unclear why this is the case and why the locations of features like the pool do not 

adjust slightly to better reflect the curvature differences. Despite this, further study on the patterns 

in local curvature for meandering rivers could still yield new relationships between how the 

channel changes over time and the current planform geometry. One possible relationship could be 

similar to the findings by Sylvester, Durkin, and Covault (2019) that rates of meander migration 

are related to local curvature in data collected on natural channels in the Amazon Basin. 

 

Figure 69: Run 1 normalized rc with normalized meander distance 
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Figure 70: Run 2 normalized rc with normalized meander distance 

 

5.1.4 Sediment Transport 

Having analyzed the patterns in morphological changes in terms of slope adjustment, topographic 

features, and planform changes, the last aspect of morphological change examined was the total 

amount of sediment transported in each experimental run. Two sets of data are available to assess 

the sediment transported: the collected bedload amounts during experiments and the volumes of 

sediment erosion calculated from the changes between DEMs. The total changes for both of these 

datasets are in Table 12. With both runs, very little bedload was collected during the low flow time 

steps, although Run 1 had slightly more transported sediment. At high flow, Run 1 had less 

bedload. However, any conclusion drawn from this data is difficult because similar to results from 

Runs 1G, 2G, and 3G, the primary source for collected bedload sediment was the straight outlet 

region. The sourcing for the bedload was confirmed in the DEMs as large sections of the buffer 

region and beyond failed at the outlet region. Using the change in sediment volume from the DEMs 

could serve as a better assessment for sediment transport rates. In the original analysis of the Good 

(2018) dataset, only eroded volume was considered, without the deposition component, leading to 

the much smaller values seen here. While large volumes were eroded in Runs 1 and 2, large 

volumes were also deposited that led a surprisingly small net change in sediment volume. Run 1 

saw sediment loss at low and high flow but Run 2 only saw net sediment loss at low flow. At high 
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flow, the calculations yielded practically net zero change between the initial and final DEMs. 

Using cumulative calculations instead actually yields a small net deposition. This result seems 

counter-intuitive and contrasts with the previous section where the downstream skewed channel 

seemed less stable than the upstream skewed one. 

The first explanation explored for this result was possibly noise or errors in the DEM. For the 

calculation, the first and final DEMs were used, which were among the highest quality DEMs 

collected and were subject to the strictest quality checks before the experiment could continue. 

Looking at some of the other DEMs showed that some of the poorer quality DEMs had noise 

patches or constant errors of 2-5 mm across select regions of the channel. While these errors had 

minimal impact on previous analyses, they would greatly impact assessments of eroded or 

deposited sediment volumes. The identified problems were not present in any of the DEMs used 

in this calculation. Good (2018) reported a DEM accuracy of 2 mm, which over a meander bend 

area of about 2 m2, could lead to errors up to 4 L in magnitude as the upper bound. The error is not 

expected to be this large in these DEMs because of their greater quality, but even with that upper 

bound, the net sediment change is still unexpectedly small for the large morphological changes 

observed at high flow conditions. Thus, it was concluded that although the values for net volume 

changes may not be fully reliable, the range of the values indicates that most of the sediment eroded 

off the banks is re-deposited within the meandering channel and not transported out of it. This 

explanation agrees with the slope adjustment analysis where significant sediment aggradation is 

seen in the channel, leading to reduced slopes in the early meanders of the experimental channel. 

Table 12: Total collected bedload and net sediment volume changes for Runs 1 and 2 

Run # 
Collected Bedload (kg) Net Sediment Volume Change (L) 

After LF After HF After LF After HF 

1 2.2000 21.2920 -1.11 -2.61 

2 1.5021 26.4432 -2.83 -0.01 

 

Seeing small values of net volume change at low flow was expected, since minimal morphological 

development was observed. The 0.5 L/s flow rate was likely much smaller than the ‘channel-

forming’ flow and so did not mobilize large amounts of sediment. Seeing small changes at high 
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flow was more surprising, particularly with near zero sediment loss in the seemingly less stable 

Run 2, but it could be explained using the literature. Abad & Garcia (2009a; 2009b) found that in 

their confined bank flume experiments, the downstream skewed channel had a larger energy 

gradient and was more prone to morphological changes at the bed. The energy gradient indicates 

that energy was dissipated to the channel walls and bed, which led to increased morphological 

change. At first, the result appears to contrast with the sediment data collected. However, it is 

believed the larger energy gradient actually allows for the exact patterns seen in the data. At low 

flow, the decreased stability of the downstream skewness leads to increased sediment erosion in 

Run 2 when compared to Run 1. When flow rate is increased for the high flow time steps, it is not 

introduced as a gradual hydrograph. Instead, flow was increased immediately for the beginning of 

the next time step. The large energy gradient and decreased stability could have led to rapidly 

widening flow within the first few moments that would allow for slower flow and creating 

deposition zones so sediment could settle before being fully transported out of the channel. 

To determine if a rapidly widening channel caused the patterns in net sediment volume change, a 

comparison was made between flow widths at the end of low flow and at the end of the first high 

flow time step, shown in Table 13 for average, maximum, and minimum values. It was previously 

noted that bank migration distances were similar across the two runs by the last time step, although 

Run 2 had larger maximum bank migration distances. With this comparison, average width is again 

very similar across the two runs and changes within the first high flow time step are near identical. 

However, maximum width increases in Run 2 are larger on average by 0.017 m (1.7 cm), a 

difference of nearly 10% of the width at low flow. Minimum width also changes slightly less. In 

addition, the raw values for maximum flow width are larger in Run 2 and minimum flow width is 

smaller in Run 1, leading to great variabilities in flow width through a meander bend. While 

average widths in Run 2 remain smaller, the larger extremes in width can provide large regions of 

deposition that are able to collect more sediment than in Run 1 where there is less variation.  
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Table 13: Meander-averaged maximum, minimum, and average flow widths 

Run 

# 

Average B (m) Maximum B (m) Minimum B (m) 

After 

LF 

1st HF 

Step 
Change 

After 

LF 

1st HF 

Step 
Change 

After 

LF 

1st HF 

Step 
Change 

1 0.215 0.276 0.061 0.225 0.292 0.067 0.210 0.256 0.046 

2 0.207 0.267 0.060 0.222 0.306 0.084 0.194 0.237 0.043 

 

Another method to examine the trend in net volume change would be to calculate the average bed 

shear stresses (BSS) in the channel. As defined in Equation (6), the BSS is a function of the 

constant γw and the variables of S and h. Slopes and flow depth for the final low flow time step and 

first high flow time step are shown in Table 14. Run 2 can be seen to have shallower flow and 

reduced slopes across both of the time steps, leading to smaller bed shear stresses that could allow 

for more deposition. With evidence in flow width changes, flow depth, and channel slope, it is 

likely that this is the explanation for a smaller net sediment volume change in Run 2. 

Table 14: Meandering region averaged interpolated flow depth and average bed slope 

Run 

# 

Interpolated Avg. h (m) Average Channel Bed Slope (m/m) 

After LF 1st HF Step After LF 1st HF Step 

1 0.016 0.021 0.0078 0.0074 

2 0.015 0.019 0.0076 0.0072 

 

Comparisons with the data in Runs 1G, 2G, and 3G were not useful because of the effect that 

variability in slope would have on the width parameters, average depth, and average slope. In 

addition, the slopes in Run 1G were overall greater than those in Run 2G and 3G, which would 

lead to different results. Lastly, the initially rectangular banks would lead to a different mechanism 

and timing for sediment supply into the channel. Despite this, the net sediment volume change was 

still calculated. Run 3G saw the greatest sediment loss (-5.12 L), followed by Run 2G (-4.86 L) 

and 1G (-4.63 L). Net losses are still relatively small in these runs, which also indicate that much 

of the sediment gets deposited within the channel. 
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5.2 Time to Development 

In this section, changes across the collected data over time were analyzed to determine when the 

channel reached equilibrium conditions. When the variables analyzed reached a stable value and 

did not significantly change further, they would be considered to have reached equilibrium. Four 

sets of data were examined to find the time to development: flow depths, collected bedload 

samples, volumes of eroded sediment from the difference rasters, and the changes in 

morphological features. Results will only present data from Runs 1 and 2, since the original 

analysis of the Good (2018) dataset showed that adjustments primarily occurred only within the 

first time or two, with very little further development. That result was likely related to the collapse 

of the vertical banks and large initial sediment supply causing large changes that overshadow any 

remaining small adjustments that may occur. 

5.2.1 Flow Depths 

Flow depths were analyzed first, since trends were seen over time in how the depth of water 

changed in the channel. These trends would also affect the analysis of sediment load and volumes 

of change over time. Flow depth data collected from Runs 1 and 2 are shown in Figure 71 and 

Figure 72. With Run 1, the flow depth steadily increases through the early time steps of low flow, 

until T5 (30 min) where it starts to stabilize, reaching the final flow depth in T7 (60 min). Once 

high flow is introduced, flow depth increases in T10 (130 min) in response to the increased flow, 

but remains at a similar depth throughout the remaining time steps. In Run 1, it was noted that 

several days had passed between the carving procedure finishing and the beginning of the first 

time step. The delay was larger than with Run 2, which meant the flume was able to dry out more 

significantly. Misting the flume helped to wet the surface but would not have been able to fill the 

subsurface of the basin, leading to a losing stream in the first few time steps that likely decreased 

flow depths. This explains the large increase in flow depth in the first time steps as the flume fills. 

This effect was likely made larger due to the short duration of the time steps at 5 min each in the 

first four time steps. Visual observations of deep pool regions outside of the experimental channel 

confirmed the slow filling of the flume as it took time for water to begin filling those pools by 

seeping through the sand. 

In Run 2, the increase in flow depth was much more gradual, suggesting that the shorter time 

between carving and beginning the experiment led to a difference in how flow depths adjusted. 
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Despite the difference in initial conditions, the flow depth appears to reach stability at the same 

time as Run 1, around T7 (60 min). After high flow, the flow depth also increases in T10 (130 

min), but then decreases in T11 (140 min). The flow depth then continues to increase from there, 

suggesting that further adjustments may still be possible and that the channel had not fully reached 

equilibrium conditions. 

Examining flow depths also showed another interesting result between the depth at inflection 

points and apex points. In Run 1, the low flow rate depth converged quickly between the inflection 

and apex points. At high flow, the apexes increased in flow depth significantly compared to the 

inflection points, and the divergent pattern remains stable throughout the remaining time steps. In 

Run 2, the deeper flow depths at the apex are evident in low flow, with slight differences 

throughout the low flow time steps. Once again at high flow, the flow depth at the apexes increases 

greatly, but the divergence appears to reduce over time. Since the flow depths appear to still be 

changing by the end of the high flow time steps, it is possible that the flow depths could continue 

changing to more closely match. Part of the reason for the difference in flow depths is the 

measurement location at the visual centreline. The apex measurement falls into a portion of the 

pool, while the inflection point has a more consistent bed across the channel. The difference is 

much larger at high flow, leading to a greater difference in measured flow depths. Despite the 

observation that adjustments in flow depth could continue in Run 2, visual observations during the 

experiment showed very little further sediment movement. As such, variability in trends seen with 

flow depth may be more related to the measurement method than to changing hydraulic conditions. 
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Figure 71: Run 1 averaged flow depths within meandering region 

 

Figure 72: Run 2 averaged flow depths within meandering region 
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5.2.2 Bedload and Volume Eroded 

Bedload transport rates were used to try and assess the rate of channel development. As previously 

discussed, the bedload samples were primarily sourced from excessive erosion at the outlet region, 

meaning that insight from this data is limited. It would be more representative of the development 

in the outlet region itself. Despite this, the analysis still shows some trends that have implications 

for the channel itself. The bedload transport rates for Runs 1 and 2 are plotted in Figure 73. At low 

flow, Run 2 shows the simplest trend, with the largest sediment transport rate in T2 (10 min), and 

rapidly decreasing towards zero in an exponential decay curve. Run 1 was more complex, with 

high and near equivalent transport rates in T2, T3, and T5 (corresponding to 10, 15, and 30 min 

into the experiment, respectively). After this region of fluctuation, the transport rate decreased to 

near zero, similar to Run 2. The fluctuations in these early time steps are believed to be caused by 

the previous issues with a dryer initial channel condition and the short duration of those time steps. 

Both of these factors were considered to have minimal effects on the high flow time steps. 

At high flow, both runs showed very similar behaviours, with the sediment transport rate peaking 

in T11 (140 min). Even though rapid change occurred in the first high flow rate time step of T10 

(130 min), the rate of bedload transport is believed to be smaller because much of the sediment 

was being deposited within the channel, as seen previously in the detrended elevation profiles. 

Flow continued to widen throughout the remaining high flow time steps, which would have 

become bedload collected the outlet instead of being deposited in the channel. Run 1 decreased in 

transport rate more quickly than Run 2 towards the end of the experiment, which may be related 

to the decreased stability seen in the downstream skewed geometry. However, since much of the 

bedload had come from the outlet region, a conclusion from this data is difficult to make. 
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Figure 73: Collected bedload transport rate (LF on left; HF on right) 

The grain size of the collected bedload was also analyzed over time and is plotted in Figure 74. 

Some fluctuation is seen in Run 1 at low flow, likely related to fluctuation in bedload transport 

rate. Similar to the bedload rate, D50 continued to decrease in Run 1 at low flow over all time steps 

in an exponential decay. Run 2 had the grain size decrease at a steep linear rate until T3 (15 min) 

where it reached relative stability and slowly decreased from there for the remaining time steps, 

suggesting it had reached stability by 15 min into the experiment. The decreasing trend across both 

runs is indicative that transported particles get finer over time, likely due to armouring effects and 

widening flow that could reduce shear stresses on the bed.  

The transported grain size spikes to the same grain size as the first time step when high flow is 

introduced. Grain size decreased linearly in Run 1 while it remained the same in Run 2 until the 

final time step, where it dropped to just below the final value in Run 1. The behaviour in Run 2 is 

believed to be related to how the outlet region eroded over time at high flow conditions. With Run 

1, the region eroded quickly within the first high flow time step and washed out of the basin, while 

Run 2 persisted longer with continuing collapse of the areas around the buffer region across 

multiple time steps until the final one, where it began to reach stability. The constant collapse of 

regions around the buffer extents into the channel continued to supply fresh sediment that could 

be eroded, preventing the D50 from decreasing over time until the fresh sediment ran out. 
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Figure 74: Collected bedload measured D50 

Similar to analyzing the total sediment transport values, it was thought that analyzing the volume 

change using the difference rasters could provide insight for determining the time to development. 

However, unfortunately, there were some issues with a few intermediate DEMs that made it harder 

to analyze the data on a per-time-step basis than on a total change basis. Besides the noise patches 

identified in some DEMs, T8 (90 min) and T12 (160 min) in both Runs 1 and 2 had significant 

errors. These errors appeared as erosion in one time step and deposition in another, affecting the 

difference rasters for two different time steps but not the total changes previously analyzed. 

Looking at just eroded volumes in Figure 75, without accounting for deposition, the effects of 

these errors in intermediate steps is clear. Despite this, the data suggests that the largest erosion 

occurs in the first time step for both low and high flow, with reduced development in subsequent 

time steps. This rapid development would agree with the results obtained by Good (2018). 
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Figure 75: Volume eroded from meandering region over time 

Analyzing the net volume change over time accounting for both deposition and erosion did not 

yield useful information for time to development but supports the conclusion that very little 

sediment erosion and loss occurred within the meandering channel, with much of the eroded 

sediment being deposited nearby downstream. As seen in Figure 76, the net volume change 

appears to fluctuate over time and even on a cumulative basis, minimal net sediment loss is seen 

in the meander region for both runs. Accounting for the entire channel, the cumulative change is 

extremely large due to the excessive erosion near the outlet. Variations in the data are believed to 

be caused by noise or errors with individual DEMs. Interestingly, adding up all the cumulative 

changes yielded a different value for net sediment change than comparing only the initial and final 

DEMs. The latter was considered more reliable due to the higher quality of those DEMs. A clear 

time step for the time to development cannot be identified from the net volume change data. 

Despite the errors affecting calculations for volumes of sediment, it is not believed that these 

problems would have any significant impact on the morphological development results. 
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Figure 76: Cumulative net volume change in meandering region over time 

 

5.2.3 Morphological Development Rates 

With problems in using the bedload data and sediment volume data, the change in morphological 

parameters was also examined to see if a time to development could be identified. The limited 

insights the bedload and sediment volume data gave was that development occurred quickly, 

within the first few time steps. Overall, the morphological data indicated that development took 

longer, lasting well into the experiments for several variables. This may suggest that even without 

sediment transport, sediment was still being redistributing to change channel geometries. 

The first parameters examined were general changes in flow width, bed elevations, and the thalweg 

migration distance. Values were averaged across all meander bends for a representative meander 

in each run. Flow width can be seen in Figure 77 to stabilize at T7 (60 min) at low flow and at T11 

(140 min) at high flow. Detrended elevations in Figure 78 stabilizes earlier for low flow at T5 (30 

min), but at T11 (140 min) at high flow. Finally, thalweg migration distance in Figure 79 shows it 

only adjusted in T1 (5 min) at low flow. At high flow, it stabilized at T11 (140 min) too. These 

results indicate that the thalweg adjusts quickest, followed by the elevations and thus slopes, with 

flow width adjusting slowest. These results may indicate that the banks are slower to fully adjust 

than the bed. All variables show stability at T11 (140 min) for high flow. 
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Figure 77: Meander-averaged flow width adjustments over time 

 

Figure 78: Meander-averaged detrended cross-section averaged bed elevation over time 
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Figure 79: Meander-averaged maximum thalweg migration distance over time 

The remaining aspects of morphology that could be analyzed for time to development were the 

Kinoshita variables. Each variable of θ0, Js, Jf, and λM is plotted across Figure 80 through Figure 

83. All variables change rapidly in the first few low flow time steps until T4 (10 min), at which 

more gradual changes occur until T7 (60 min). Js and Jf stabilize here, but θ0 and λM fluctuate in 

T8 (90 min). Despite that, the fluctuation drops in T9 (120 min) to near the values of T7. Combined 

with the previously noted errors in the DEM for T8, it is plausible this was noise or an error in the 

data. At high flow, Run 1 appears to actually have little change across the parameters, with Jf and 

λM having nearly no changes. Even with θ0 and Js, changes are delayed until T12 (160 min) where 

values stabilize. Run 2 on the other hand, adjusts drastically over the high flow time steps and 

reaches some stability in T11 (140 min), but some changes can still be observed in the final time 

steps. The continuing change may be related to the continual changes in measured flow depths. 
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Figure 80: Meander-averaged maximum deflection angle adjustment over time 

 

Figure 81: Meander-averaged skewness coefficient adjustment over time 
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Figure 82: Meander-averaged flatness coefficient adjustment over time 

 

Figure 83: Meander-averaged streamwise meander wavelength adjustment over time 

Overall, assessments of time to development had mixed results. Bedload and sediment volume 

data were unreliable, while some morphological variables were possibly affected by continuing 

changes in the measured flow depth. Across the data considered, the results suggest that the 

channel bed was quick to develop to its final shape, although magnitudes of the pools and bars 

may continue to adjust. Banks continued to adjust for slightly longer, with widening flow, 

increasing flow depth, and changing planform configurations until around T7 (60 min). At high 
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flow, many of the variables showed stabilization at either T11 (140 min) or T12 (160 min). If the 

experiment had been run longer, more confidence could be gained on whether the data reached 

equilibrium since some values still had changes by the last time step. Further experiments would 

likely be required for more data on the time to development, although the results here show a clear 

difference to the data from the Good (2018) dataset. Nearly all parameters aside from the thalweg 

migration distance indicate that development takes longer than just the first 10 minutes, with the 

difference being caused by the difference in initial cross-sectional geometry. Thus, the time to 

development can be considered to be affected by the amount of sediment supply and vulnerability 

of the channel geometries to change. 
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6 Discussion 

This chapter presents a discussion on the reliability of each method used in the flow rate 

measurements along with their implications for the results and an extension of the data into 

reconstructing hydraulic conditions within the experimental channels. 

6.1 Flow Rate Measurements 

Since several different methods were used to measure the flow rate, this section will discuss the 

differences between each method and assess the reliability of each one. Use of various methods 

for measuring flow was intended to not only increase confidence in the value of flow rate that is 

measured, but also to help quantify any flow losses between the inlet and outlet due to water 

infiltrating down into the sand basin. All methods used are plotted for Runs 1 and 2 in Figure 84 

and Figure 85. The primary measurement used for controlling the inflow and for results 

calculations were based on the Dynasonics ultrasonic flow meter, which closely matched the 

desired flow rate across all time steps for both runs. The Omega turbine flow meter was installed 

after Runs 1G, 2G, and 3G to ideally replace the ultrasonic flow meter. However, as discussed in 

Section 4.1.2, the measurement range was not suitable for the flow rates used in these experiments. 

In the plots, it measured much higher values of flow than intended, although the offset does appear 

to average to a constant value at longer time steps. The offset is not constant between low and high 

flow. In addition to the offset, it was observed that the flow meter would sometimes struggle to 

register any flow, oscillating between a measured value and zero. As a result, the Omega flow 

meter was considered to be entirely unsuitable for experiments at these flow rate ranges. 

At the installed weir plate, two methods of measuring depth behind the weir were used: a manual 

measurement using a fixed ruler and a water level logger placed ahead of the weir. The water level 

logger frequently measured lower flow rates than the ruler method, but still had similar values and 

patterns. The discrepancy between the methods was likely caused by the accuracy of the water 

level logger, which was rated to be within 1-2 cm. For the weir, this difference would lead to a 

large difference in calculated flow rate. Despite that, both measurements of flow at the weir were 

larger than the intended flow rate. That was unexpected, since it was believed that flow should be 

the same or lower due to flow losses to fill the basin. In addition, some flow would escape through 

the bottom of the weir plate, further reducing the measured flow rate over the top of the weir. 
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The reason for weir measurements being larger than the intended flow is unclear. Likely 

explanations include the design of the weir, flow conditions leading up to the weir, or assumptions 

used in the calculations. The weir plate was designed for use at both 0.5 L/s and 0.9 L/s while 

satisfying a number of dimensional requirements for proper operation of the weir. As a result, 

calculated flow rates were highly sensitive to small changes in depth behind the weir. To counter 

this, two weir plates could be used that are more specifically designed to a given flow rate, reducing 

the sensitivity to flow depth. Use of the weir also assumes certain flow conditions leading up to 

the weir. These flow conditions were observed to be disrupted by short-circuiting as flow impacts 

the sedimentation basin wall and redirects straight to the weir. Excessive bedload depositing in the 

sedimentation basin can also lead to altered hydraulic conditions, although was most likely to only 

affect the high flow time steps when large samples were collected in each time step. Effects of 

short circuiting could be reduced using additional baffles to slow flow down as it enters the 

sedimentation basin. Finally, the flow rate was calculated using Equation (17) based on an assumed 

value for cd based on the literature. At this scale and with a difference in operating conditions, it 

is possible that the cd value could differ from the literature value and would need to be measured. 

With the problems present, the weir would not be an ideal method of measuring flow rates in its 

current state for further experiments with this flume system. 

The final method used to measure flow rate was the placement of a water level logger in the outfall 

basin to measure how quickly the water rises between two known points. Water depths in this 

method are much larger than at the weir, meaning that conditions are more favourable for use of 

the water level logger. In the collected data, this method measured flow rates that were much closer 

to the ultrasonic flow meter measurements, although some variability is still seen, especially with 

the initial time steps. With the initial time steps, flow rate was lower than expected and stabilized 

in later time steps to be higher than expected. The lower initial flow rates could be indicative of 

the dryer channel conditions when water is lost to the sediment basin. Since the values are closer 

to the ultrasonic flow meter measurements, the method was considered most reliable after the 

ultrasonic meter itself. To assess ambient pressure, the pressure values measured by the logger 

prior to submerging it was used. Seeing the consistency of measurements over the longer time 

steps indicates that this method was reliable enough to not introduce large errors over time if 

ambient pressures changed. 
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Figure 84: Run 1 measured flow rates for all methods used 

 

Figure 85: Run 2 measured flow rates for all methods used 

With the indications that the outfall basin method was reliable, one last discrepancy to address in 

the flow rate data was why the outfall basin method measured higher flow rates than the ultrasonic 

flow meter in later time steps when flow losses would be minimal. One possibility is an error in 

calibrating the volume of water required to fill the outfall basin between the two marked water 

surface elevations. Calibration only had one reliable measurement in the end after accounting for 
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other problems and was completed using a large bucket with a marked volume from the 

manufacturer. Although the measurement was likely close to the correct value, further confidence 

in the data would be gained if more calibration measurements could be done with a more reliable 

measurement of added water volume. If the calibration is assumed to be correct though, then 

another possibility to explain the difference in measurements could be an error with the ultrasonic 

flow meter itself. If the true flow rate was slightly higher than measured by ultrasonic flow meter, 

that may also partially explain the higher flow rates measured using the weir methods. This 

possibility would not have large impacts on the morphological results since those results remain 

valid as a comparison between a low flow and a high flow condition, regardless if the true flow 

rate values were slightly different. 

Following the conclusion of the experiments and during analysis of the flow data, a mechanism 

for this possibility was discovered with how the flow meters were installed. As shown in Figure 

86, the newer Omega turbine flow meter was installed upstream of the ultrasonic flow meter in the 

piping system. An ultrasonic flow meter operates by measuring the transit time for a sound wave 

through the water in the pipe, which is affected by the flow rate in the pipe. However, the meter 

assumes certain hydraulic conditions for the flow in the pipe, requiring it to be installed at certain 

distances from any elbows or changes in flow pattern both upstream and downstream of the 

measurement location. The turbine flow meter operates by measuring the rate at which a turbine 

rotates in response to the moving flow. It is possible that the presence of this turbine in the flow 

path may disrupt the hydraulic conditions in the pipe, affecting the measurements by the ultrasonic 

flow meter. It is unclear what effect this would have on the measured data, but is a possible 

mechanism for error that may contribute to the difference seen between the ultrasonic 

measurement and the outfall basin method. Any future work with the flume system should examine 

this possible source of error in further detail before proceeding with experiments. 
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Figure 86: Flow meter connections 
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6.2 Hydraulic Conditions and Flow Resistance 

To conclude the analysis of experimental results, the measured data and morphological 

information in the DEMs were combined to estimate the hydraulic conditions throughout each 

channel for possible differences. Many of the equations and concepts discussed in Section 2 are 

applied throughout this section for the calculations. Most hydraulic condition calculations in this 

section were based on interpolated flow depths in the channel, meaning that an assessment of 

interpolation accuracy should be done before proceeding further. Measured flow depths are plotted 

with interpolated flow depths at the centreline in Figure 87 and Figure 88 for both Runs 1 and 2. 

Measured values are represented by points at the inflections and apexes, while interpolated values 

are represented as continuous lines. Overall, measured values match very well with the interpolated 

depths except for A3 and the outlet region. Errors at the outlet region had no effect on the analysis, 

but can easily be explained by the difficulty in visually determining the centreline during 

experiments because of the large deposition zones and impact of flow against the flume wall. It 

was also difficult to properly assess where the location of A6 was after high flow when the buffer 

regions completely collapsed and eroded away. Measurements at A3 were different from other 

apexes since a fixed location ruler apparatus was used instead of a manual ruler measurement. The 

calculations accounted for that ruler’s reference point being the initial channel bed, but there was 

still a discrepancy between the interpolated and measured flow depth. The reason for this may be 

related to how the interpolated depths were sampled at the changing centreline in each time step 

while measured depth was measured at the initial centreline, or there may have been a larger 

difference in water surface elevation across the channel than expected. Run 2 had missing 

measured flow depths at the inlet and outlet locations so an assumed depth was extended out from 

A0 and A6, but this would have minimal impact on the interpolated values within the meandering 

region. 

Changes in hydraulic conditions in this section were not considered for assessing the time to 

development since they are based on only a few measured values, which were already analyzed 

for when they reached equilibrium conditions. Further calculations based off those values would 

only yield similar trends in the time to development. 
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Figure 87: Run 1 interpolated flow depth (lines) vs. measured flow depths (points) 
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Figure 88: Run 2 interpolated flow depth (lines) vs. measured flow depths (points) 
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6.2.1 Base Hydraulic Conditions 

Before examining the calculated parameters that describe hydraulic conditions, it would be useful 

to consider the base variables of slope S, flow width B, and flow depth h. Most calculations used 

some combination of these values to assess other aspects of the hydraulic conditions. Patterns for 

Runs 1 and 2 were previously examined for time to development, but they are shown together with 

values from Runs 1G, 2G, and 3G in Figure 89, Figure 90, and Figure 91. Hydraulic conditions 

for the initial moments when flow entered the channel (T0) were estimated by using the initial 

carved channel DEM with measured flow data from T1. Hydraulic conditions were compared on 

a representative meander bend basis by averaging data from all meanders for each experimental 

run. Note that the time step lengths in Runs 1 and 2 are different from those in Runs 1G, 2G, and 

3G. The theoretical values for all variables shown here were used to calculate theoretical values in 

the next sub-section. 

In Runs 1, 2, and 1G, the average channel slope decreased over time, which was consistent with 

the previous results showing deposition in the channel and an upward adjustment of bed elevations 

over time. Theoretical slope was plotted for Runs 1 and 2 only, and the initial slopes were very 

close to the desired value. Reductions over time meant that the slope decreased relative to that 

theoretical value. With Run 1G, the average slope of a representative meander is similar in value 

to the slopes in Runs 1 and 2, but were significantly larger than the slopes in Runs 2G and 3G. The 

large slope would greatly impact other parameters of hydraulic conditions that are calculated. Both 

Runs 2G and 3G retained a similar slope by the end of those runs. At high flow in Runs 1 and 2, 

slope continued to decrease. Slopes decreased more in Run 2 than in Run 1, which indicates more 

deposition in the channel that would reduce slopes, supporting previous findings with sediment 

transport. 

With flow width, the theoretical line was 0.200 m, the initial carved width in the Good (2018) 

dataset. As expected, the initial flow width of Runs 1G, 2G, and 3G were very close to this value, 

with adjustments towards a wider flow due to collapsing banks and bank erosion. Run 1G increased 

in flow width much more than Runs 2G and 3G, which is likely caused by the overall steeper 

slopes in the channel. Runs 1 and 2 had initial flow widths below the theoretical value but adjusted 

to be wider than theoretical by halfway through the low flow portion of the experiment. Part of 

this would be related to shallower flow depths measured in the first few time steps, since the flow 
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width reaches or exceeds theoretical by the time the flow depths stabilize despite little bank erosion 

being observed at low flow. As expected, a large increase in flow width was seen at high flow in 

Runs 1 and 2. 

The final base value for calculating hydraulic conditions was flow depth. Run 1G had a much 

deeper flow depth than all other time steps in the first 10 min before dropping down to values that 

were comparable to Runs 2G and 3G. Run 3G also saw decreasing flow depth overall, but to a 

lesser extent than Run 1G. Runs 1, 2 and 2G all saw flow depth increases over time. With Runs 1 

and 2, especially Run 1, initially dryer conditions in the channel could explain the increase in flow 

depth over time. Interestingly, Run 1 had deeper flow depths overall than the other runs once Run 

1G adjusts downward. The downstream skewed channels with Run 2 and 2G start with the 

shallowest flow depths and Run 2 remains below the depths observed in Run 1. At high flow 

conditions in Runs 1 and 2, the same trend continues, although Run 2 matches with Run 1 for flow 

depth at the end of the last high flow time step. The pattern suggests an upstream skewed channel 

may have larger flow depths until channel forming flow is able to reshape the channels towards a 

more stable state. 

 

Figure 89: Average meandering region bed slope (S) over time 
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Figure 90: Average meandering region flow width (B) over time 

 

Figure 91: Average interpolated meandering region flow depth (h) over time 
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6.2.2 Calculated Hydraulic Conditions 

The remaining aspects of hydraulic conditions in the meandering channel were calculated from the 

base values. These parameters include the 1D bed shear stress τ0, stream power Ω, Reynolds 

number Re, Froude number F, width-to-depth ratio B/h, and the relative flow intensity η*. 

Beginning with τ0 in Figure 92, the trends are similar to those seen with h. Run 1G has a very large 

τ0 in T0 (initial) to T1 (10 min), but it drops significantly by T2 (20 min). However, it remains 

larger than the τ0 in Runs 2G and 3G, which is likely due to the steeper slopes in Run 1G. Shear 

stresses in Runs 2G and 3G change little overall. Larger τ0 in Run 1G explains the larger 

morphological development when compared with Runs 2G and 3G. Runs 1 and 2 have larger shear 

stresses than the Good (2018) dataset runs from 30 min onward despite the minimal development 

observed at low flow in those runs, emphasizing the impact of the trapezoid banks on channel 

development. Run 1 has larger τ0 than Run 2 at all time steps, likely driven by deeper h values. 

The same patterns are seen between low and high flow for τ0. Although Run 1 has a larger τ0 than 

Run 2, a clear difference in levels of development was not seen. The lack of a difference may be 

in part due to the differing patterns in development that made it difficult for direct comparisons. 

 

Figure 92: Average meandering region bed shear stress (τ0) over time 
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Comparing stream power in Figure 93 shows that Runs 1 and 2 had the largest values of Ω of all 

runs, which again contrasts with the minimal development observed at low flow and emphasizes 

the impact of having stable initial banks. Run 1G had larger Ω than Runs 2G and 3G, which also 

agrees with the larger development seen. Stream power increases greatly at high flow. Run 1 and 

2 match at T9 (120 min), T10 (130 min), and T11 (140 min). From there, Run 1 stabilizes in stream 

power while Run 2 decreases. Theoretical stream power was calculated from the desired flow rate, 

theoretical slope for Runs 1 and 2, and the theoretical flow width of 0.20 m. 

 

Figure 93: Average meandering region stream power (Ω) over time 

The Reynolds number calculation required an estimate of the flow velocity u and hydraulic 

diameter Dh. From the interpolated data and samples at generated cross-sections, an estimate of 

the average flow area A and wetted perimeter Pw was obtained. These could be used to calculate 

Dh through its relationship with hydraulic radius Rh. Flow velocity was estimated by dividing the 

measured flow rate Q by the area. Theoretical Reynolds number was based on the conditions for 

the trapezoidal cross-section of Runs 1 and 2 assuming B was 0.20 m and h was 0.02 m. All runs 

fell below this theoretical value when plotted in Figure 94, although were still fully in the turbulent 

regime above the threshold of 4000. Overall, the Reynolds number changed little over time, 
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although it did slightly decrease over time for both Runs 1 and 2. Reynolds number increased 

further into the turbulent regime at high flow conditions. 

 

Figure 94: Average meandering region Reynolds number (Re) over time 

The Froude number was dependent on flow velocity and flow depth. Velocity was the same as 

from the Reynolds number calculation, while interpolated values were used for flow depth. A 

theoretical value was once again calculated based on the theoretical conditions of Runs 1 and 2. 

As seen in Figure 95, the Froude number for all runs was much larger than the theoretical value. 

Only Run 1G had a similar F value in T0 (initial) and T1 (10 min) until the flow depth dropped in 

T2 (20 min), leading to an increased value of F. Runs 2G and 3G saw large fluctuations in F and 

so no trend could be clearly identified over time. Runs 1 and 2 had the largest Froude numbers of 

all runs to start, but slowly decreased overtime to be among the smallest values. No trend of change 

can be clearly identified after high flow. Upstream skewed channels in Run 1 and 1G overall had 

the lowest Froude numbers, which was likely related to the deeper flow depths seen in those 

experiments. Regardless of the trends and fluctuations in F over time, all runs remained in the 

subcritical region. Values of F were surprisingly large for Runs 1 and 2 in the first few time steps, 

reaching up to about 0.63. Larger F values are not believed to affect the morphological 

development of the channel unless it reaches or exceeds the critical F value for supercritical flow. 
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Figure 95: Average meandering region Froude number (F) over time 

The width-to-depth ratio is a simple calculation, being just a ratio between the two parameters. 

This ratio is primarily important for the applicability of a wide channel assumption, which can be 

used if B/h is larger 10. Only Run 1G was potentially below the wide channel threshold within the 

initial moments of the first time step before the banks collapsed and eroded, as seen in Figure 96. 

By T2 (20 min), Run 1G increased to have the largest B/h ratio of all runs, likely related to the 

large increase in channel width in that run. No clear trend is visible for any run at low flow, 

although Runs 1 and 2 appear to have increased ratios in T1 (10 min) compared to T0 (initial), 

which then slowly decrease over time to be very similar to the initial value. Run 1 had the lowest 

ratio of all, followed by Run 2 due to the deeper flow depths and small amounts of bank erosion. 

Runs 1 and 2 had little initial change at high flow but then increased over time to have a slightly 

larger ratio. At the last time step, both Runs 1 and 2 matched in the B/h ratio at a value of 15. 

Comparing the B/h ratio to the resonance plots given by Seminara & Tubino (1992), the 

experimental channels were determined to be far into the sub-resonant regime. Following their 

definitions for dimensionless grain roughness, the sediment used comes to a roughness of about 

0.04-0.05. The Shields equation they used defined a slightly different formulation from the X and 

Y parameters used in this work, although using their definition yields a value for dimensionless 
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Shields of around 0.08-0.014. Two sets of plots were provided, but the plot for a planar bed was 

used to estimate the resonant half-width-to-depth ratio at about 10-17 for these experiments. The 

plot for a dune-covered bed did not cover the range of values calculated in this analysis. Based on 

that half-width-to-depth ratio, the resonant B/h should be in the range of 20-34 for the experimental 

channels, placing the current experiments in the sub-resonant regime. Although the B/h ratio 

adjusts to similar values at high flow conditions, it is unclear if this would be connected to the 

resonant ratio. 

 

Figure 96: Average meandering region width-to-depth ratio (B/h) over time 

Finally, the relative flow intensity relates the bed shear stress to the critical shear stress value 

needed to mobilize the sediment. In the calculations done here, mobility number and critical 

mobility number are used instead, but they are analogous to the shear stresses. Accounting for 

constants and assumptions used in the calculations, the value of η* is only dependent on S and h. 

As a result, the trends seen in Figure 97 are very similar to the previous analysis of τ0, which are 

also dependent on the same parameters. Run 1G had the largest relative flow intensity overall, with 

a very large value in T0 (initial) and T1 (10 min) that decreased drastically before stabilizing in 

the remaining time steps. While little change is seen in Runs 1G, 2G, and 3G, the relative flow 

intensity appears to increase slightly over time in Runs 1 and 2. As expected, the value spikes 
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across at high flow, although decreases again over time. At all times, the average relative flow 

intensity in the channel is large enough to mobilize the D50 of the sediment bed, although 

armouring effects quickly decrease sediment mobility. It may be possible in future experiments 

that if information on the armoured bed can be gathered, a modified form of this plot could be 

made to compare flow intensity to the D50 of the armoured bed instead of the initial bed. That plot 

should show that the relative flow intensity decreases over time to be below the armoured bed 

threshold. Since all values of relative flow intensity in all runs are quite low, it is valid to assume 

all transported sediment was bedload and no suspended load was present. 

 

Figure 97: Average meandering region relative flow intensity (η*) over time 

 

6.2.3 Flow Resistance 

The final aspect of hydraulic conditions analyzed was the flow resistance in each run. A difference 

between skewness orientations were expected due to the literature results indicating there was a 

difference in energy gradient and bed development, as well as a preference for upstream skewness 

in highly sinuous channels. To begin looking at flow resistance, Manning’s equation was used 

first. The equation assumes that the energy slope Sf is equal to bed slope S, meaning that uniform 

flow conditions are present. To assess how valid that assumption may be, the Manning’s equation 
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was used with an assumed coefficient of 0.035, a common value for meandering river channels, to 

calculate the energy slope. If energy slope matched closely with bed slope or at least showed a 

similar linear pattern, then flow should be relatively uniform. 

Results for that test of uniformity in the flow for Runs 1 and 2 are shown in Figure 98 and Figure 

99. In both runs, the initial energy slope was much larger than the bed slope, suggesting that there 

would be energy losses in the channel that decelerates flow and dissipates energy into mobilizing 

sediment. By the end of the low flow time steps, the energy and bed slopes match much better, 

especially in Run 1. In Run 2, M5 continued to have a large energy slope compared to the bed 

slope, suggesting energy dissipation was still large. After high flow, the bed and energy slopes in 

both runs matched very closely to each other, although Run 1 was closer with a near linear match 

between the slopes. Results thus suggest that uniform flow is achieved by the end of the high flow 

time steps, but the assumption is likely less applicable in earlier time steps, particularly near the 

beginning of the experiment. With Runs 1G, 2G, and 3G, the original data analysis by Good (2018) 

showed that energy and bed slopes matched in Runs 1G and 2G, especially 1G, but diverged in 

Run 3G. Part of the reasoning for that finding may be related to the vertical bank collapse being 

such a large contributor to development compared to any erosive action by the flow conditions. 
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Figure 98: Run 1 energy and bed slope comparison 

 

Figure 99: Run 2 energy and bed slope comparison 
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Despite the assumptions being less valid at time steps other than T13 (180 min), flow resistance 

calculations were still made for all time steps for any possible insights. By assuming Sf was equal 

to S, the Manning’s equation can then be rearranged to solve for the resistance coefficient n, which 

is plotted in Figure 100. Run 1 appears to have larger resistance than Run 2 for most time steps 

until T13 (180 min) when they match very close to the literature value of 0.035. This agrees with 

flow depths being greater in Run 1, suggesting higher resistance is present to slow down flow 

velocities and increase depth. Run 1G also shows greater flow resistance than Runs 2G and 3G, 

supporting a conclusion that upstream skewed channels may have larger flow resistance. Despite 

the difference in resistance, the results in Run 1 and 2 suggest that with flood events and channel-

forming flow, the geometries will adjust to the same flow resistance near the theoretical literature 

value. The result supports the use of the literature value as a good approximation for the Manning’s 

flow resistance in a fully developed river channel. The greater flow resistance in upstream skewed 

river channels would also agree with previous findings in morphological development. A 

meandering channel should increase its flow resistance over time as it develops to slow down flow. 

If upstream skewed rivers have larger flow resistance, they should also be more stable than 

downstream skewed rivers. As seen with the adjustments in morphological features and planform 

configuration, the downstream skewed channel of Run 2 seemed to be less stable and was adjusting 

towards a symmetric, or possibly eventually upstream skewed geometry. Higher flow resistance 

in Run 1 contrasts with the results by Abad & Garcia (2009a), but may be a result of differences 

between the experiments such as unconfined banks and a wide channel condition. 
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Figure 100: Average meandering region Manning’s resistance coefficient (n) over time 

Manning’s coefficient is also related to the Chézy coefficient. Analyzing the Chézy coefficient 

would yield the same results as with Manning’s equation, but an advantage to using Chézy is the 

ability to break down the Chézy resistance coefficient into components of friction, bedform, and 

meandering resistances. Friction and bedform resistances can be calculated from the collected data, 

while meandering resistance would be the remaining unaccounted portion of total resistance. That 

meandering resistance can then be plotted to determine if there was a relationship between 

resistance and skewness such as with the results obtained by da Silva & Binns (2009). Results of 

the comparison are plotted in Figure 101. In the calculations, bedform resistance was several orders 

of magnitude smaller than the other two components, which makes sense since no ripples and 

dunes were observed in the meandering portion of channel, only bars and pools. Small ripples 

formed at the outlet section but were outside the region of analysis. Of the remaining components, 

the meandering component was calculated to be quite large, just above the upper end of the ranges 

expected when looking at the results of da Silva & Binns (2009) for the maximum deflection angle 

used in these experiments. With the decimal form of the fraction, the calculations suggested a 

majority of the resistance was due to meandering and not friction. However, this result was 

believed to be caused by a key assumption in the calculations that was not valid. When calculating 

the friction resistance, the D50 used was the initial sand bed value. As a result, the value for friction 
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resistance was nearly unchanged over all time steps. Friction resistance is a description of the 

resistance caused by the sediment surface at the bed and banks exerting forces against the flow of 

water. As armouring occurred in the channel, the D50 at the sediment surface would become much 

larger, increasing the friction resistance. Missing this information was believed to be the root cause 

for such a large apparent contribution of meandering resistance. To be able to assess these 

components more accurately and work towards possibly identifying a skewness-based term to 

resistance, future experiments would require information to be collected on the grain size 

distribution of the armoured sediment bed. 

 

Figure 101: Average meander region squared meander Chézy resistance ratio over time 
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7 Conclusions 

This final chapter will present a summary of the important results and conclusions reached from 

them. A discussion of engineering implications from this research and recommendations for next 

steps in future research is also included. With the conducted experiments and comparisons to the 

Good (2018) dataset, the research completed in this thesis compared morphological development, 

sediment transport patterns, and hydraulic conditions across different skewness orientations and 

skewness values. Relationships and patterns of change were identified through normalized plots 

of the data and fitting of the Kinoshita equation to the channel centreline over time, which can be 

used in future work to develop predictive equations. A time to development was not concretely 

found in the experimental data, but trends identified still held important implications for both 

practical applications and future research. 

7.1 Key Findings 

Analyses on the morphological adjustments in the channel covered three key aspects: channel 

slopes, topographic features, and planform configurations. Across all runs, a relationship was 

found between level of development with slopes, highlighting the importance of ensuring that the 

carving procedure produced correct slopes. Even with correct initial slopes, adjustments over time 

due to sediment aggradation in the channel led to lower slopes in early meander bends, meaning 

levels of development increased with downstream distance. Analysis of the Good (2018) dataset 

yielded effects from the steep inlet, leading to increased development in the early meander bends.  

Patterns of topographic feature formation in the bars and pools differed across the skewness 

orientations, although similar patterns were observed in similarly skewed channels. Upstream 

skewed channels formed a single pool and two bars, one near the apex and another near the 

downstream inflection point. At larger levels of development, the bars merge into a single bar 

extending through the meander. Downstream skewed channels formed two pools and two bars on 

either side of the apex, with the deeper pool occurring upstream of the apex. An explanation for 

the downstream pool being shallow was that the meander bend widened near the downstream 

inflection, favouring deposition in that region of the meander. These locations for the bars in both 

runs were also found during the planform analysis to be the region of greatest bank erosion, while 

the deepest pool occurred near the location of minimum flow width. Results showed that patterns 
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in the distribution of topographic features were not very sensitive to slight changes in skewness, 

with matching patterns observed across similarly skewed experiments. However, despite the 

differences between skewness orientations, the deepest pool was discovered to always form at a 

similar distance from the upstream inflection. That unexpected result was the first indication that 

the channels may be adjusting toward a common geometry with increased stability. 

In addition to identifying regions of increased bank erosion, the planform analysis also showed 

that flow width in the downstream skewed channels had larger variability within the same meander 

bend. Fitting the Kinoshita equation to the centreline showed small changes in the planform shape 

of the upstream skewed channels, but large changes in the planform shape of the downstream 

skewed channels. The downstream skewed channels became less skewed and flatter over time. 

Patterns of change in the Kinoshita equation, together with the consistency of pool locations and 

minimum flow width suggested that the downstream skewed channels were less stable, adjusting 

towards a symmetric channel. The one symmetric channel in the dataset showed slight increases 

in skewness, which further suggests that an upstream skewed channel is the preferred geometry. 

A more stable geometry in the upstream skewed orientation would match with findings in the 

literature for larger energy gradients in downstream skewness and a tendency for high sinuosity 

natural river systems to be skewed upstream. 

Across all experimental runs, the net change in sediment volume was found to be small or even 

near zero, with much of the collected bedload samples coming only from the outlet region. The 

downstream skewed channel in Run 2 lost more sediment at low flow, attributed to the larger 

energy gradient. At high flow, Run 2 had variable flow widths and lower shear stresses that led to 

reduced net sediment losses. 

Analysis of the data to find a time to development for the channel did not yield concrete 

conclusions due to errors in intermediate steps of the data or issues. The problems prevented 

reliable detailed analysis of the time to development. Despite this, the results for Runs 1 and 2 still 

showed that sediment losses at low flow tended to occur quickly within the first 10-20 min, 

although adjustments in flow conditions and morphology continued up to about 40-60 min. In high 

flow conditions, most parameters analyzed appeared to reach stability after 20 min. The times 

observed in the new experiments were longer than those noted with the older data and was 
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attributed to the difference in the initial geometry. The new runs had stable trapezoid banks while 

the older data had vertical banks that collapsed and provided large sediment supplies, making 

development occur more quickly. 

Analyzing the hydraulic conditions in the channel showed flow was always turbulent and 

subcritical, with the threshold for wide channel assumptions always being satisfied. Flow intensity 

was in the range to allow for sediment mobility, but low enough that suspended load could be 

assumed to be minimal with bedload being the primary method of sediment motion. The upstream 

skewed channel appeared to have increased flow resistance, driven by the deeper flow depths that 

were measured. Increased resistance in the upstream skew further supports that geometry being 

more stable, since a river channel should adjust over time to increase resistance and have slower 

moving flow. By the end of the last time step at high flow, calculated flow resistance matched 

closely with the theoretical literature value. The last time step was also when flow was considered 

to most closely reach uniform flow conditions, suggesting that for a developed river channel with 

uniform flow, the literature value for resistance is a good approximation for the flow resistance. 

Breaking the resistance into components was attempted but required additional information on the 

armouring of the bed for a better estimate for friction resistance. 

Examining the different flow measurement methods showed problems with the methods that need 

to be addressed before future experiments but were not believed to cause significant impacts to the 

key findings. The installed weir was not suitable for use with the water level logger and was too 

sensitive to the depth measurement, leading to large changes in calculated flow for small changes 

in depth behind the weir. A redesign of the weir plate is suggested to address this issue. 

Measurements at the outfall basin appeared most reliable, second only to the primary method of 

the ultrasonic flow meter. Further calibration of the outfall basin is suggested to address a 

discrepancy between the two flow measurements. Additionally, a mechanism for possible 

disruption to the ultrasonic flow meter was discovered with the turbine flow meter being installed 

upstream. Further testing and analysis would be needed to assess whether the positioning of the 

flow meters could have any significant impacts on the measured flow rates. 

Returning to the research questions posed at beginning of this work, new knowledge was gained 

in terms of the differences in morphological development and hydraulic conditions for different 
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skewness orientations. Sensitivity of these differences appeared small with changes in the 

skewness coefficient, since many patterns of change were similar and differences were attributable 

to other factors. Across different flow conditions, many of the same patterns of change can be 

identified but with larger magnitudes under higher flow conditions. Additionally, evidence was 

found to suggest increased stability and flow resistance in the upstream skewed channel, with 

decreased stability in the downstream skewed channel as it tries to adjust towards the more stable 

condition. Normalized analysis of the data provided some methods to predict the behaviour of 

natural river systems at larger scales, but further work can be done to fit equations and 

mathematical relationships to the data in the interest of developing better prediction models of 

river evolution. This may include fitting equations to the shapes of morphological developments 

or adding additional terms to known mathematical equations to account for skewness effects. 

7.2 Engineering Implications 

Results of this work can have implications for many engineering applications surrounding natural 

river systems. The identified regions for pool and bar formation or increased bank erosion highlight 

areas most at risk to sediment erosion at the bed and banks as well as areas for sediment deposition. 

Increased stability in the upstream skewed channel will have implications for models predicting 

the migration of meander bends and the expected morphological responses in natural systems 

during flood events. Potentially higher flow resistance in an upstream skewed geometry could also 

be of use in understanding the hydraulic conditions in a river channel and any flood risks that may 

be present. Applications of the findings in this research to other river systems should keep in mind 

the limitations of the work done and account for the differences in scale, such via dimensionless 

parameters. These aspects of river characterization will benefit the management of contaminated 

sediment sites, river restoration or construction projects, and preparing infrastructure to be more 

resilient to emerging challenges caused by urbanization or climate change.  

Highlighting regions for greater erosion at the bed and banks by identifying pools, bars, and bank 

migration will factor into sediment mobility risk assessments at sites of contaminated sediments. 

Not only would they give indications for priority areas of study to determine sediment mobility, 

but they can be applied in prediction models to estimate a timescale for river migration into regions 

with contaminants and the rates at which they may be redistributed downstream. In regions where 

contaminants may have already been eroded or redistributed over a wider area, identifying the 
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regions of deposition can help trace where those contaminants are most likely to accumulate in 

downstream reaches. Understanding the morphologic response of river systems to flood events 

with the high flow data collected in this work can also inform assessments of contaminant 

migration during flood events. 

With river restoration, the increased stability and possible flow resistance of an upstream skewed 

channel can be useful information to consider when designing the appropriate channel planform 

geometry and maximize the chances for success. Understanding the erosion patterns and areas 

where pools and bars form can highlight areas where the river channel is more likely fail, allowing 

for mitigation measures to be used more effectively and efficiently. Construction projects for 

structures near rivers such as bridges can also benefit from this information. Understanding regions 

of the river more prone to erosion or scour can inform improved placement of support structures 

if it is a major concern to the design. Increased flow resistance in relation to skewness can also 

have implications for the prediction of flood events and flood severity, which can damage or cause 

failure of structures as well. 

Lastly, studying river systems and their response to high flow events can help with mitigating the 

effects of urbanization and climate change. Growing cities and increasing impervious surfaces lead 

to more rapid and more severe flow events, while climate change can lead to more severe 

precipitation events. Combined, these challenges can cause significant damage to river systems 

and lead to larger, more rapid changes in the coming years. The research done here can provide 

insights to the behaviour of skewed river channels in response to rapid, large flood events and help 

engineers to plan infrastructure around these challenges.  

7.3 Recommendations and Future Work 

Recommendations and areas for possible future can be divided into two categories. The first 

category is to make improvements and modifications to the methodology for more reliable results 

or to explore other data collection methods. The second category is to continue adjusting the 

geometries and flow conditions in the experiments to better establish relationships between 

variables and collect more data in the interest of finding better predictive equations for modeling 

efforts. 
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7.3.1 Improvements to Flume and Methodologies 

Methodology improvements to the current flume system include improving photogrammetry 

procedures and exploring different uses of the photogrammetry data, improving reliability of flow 

rate measurements at both the inflow and outflow ends of the flume, and finding methods to track 

flow velocities in the channel to verify hydraulic condition calculations. While most of the DEMs 

created with the photogrammetry procedure were high quality, there were regions of undesirable 

noise or some DEMs with noticeable errors. DEM quality can be improved with more consistent 

lighting conditions. The best photogrammetry data was collected during the day, since the 

laboratory lights were not enough to brightly illuminate the flume for best quality pictures after 

sunset. However, many hours of the day were lost due to direct sunlight shining onto the flume. 

These issues can be solved with improved shades on the laboratory windows that are translucent 

enough for sunlight to enter but enough to block direct sunlight. Alternatively, improved lighting 

systems in the laboratory can allow collection of high quality data even on dark, cloudy days or 

after sunset. Image quality was also inconsistent due to shaking hands when capturing pictures, 

which could be improved using a better tripod setup for greater stability or implementation of a 

rail system where the camera could be mounted for the best consistency of data quality. 

With improved photogrammetry data, it may also be possible directly measure water surface 

elevations or collect armouring information on the dry channel bed. With higher quality DEM 

data, methodologies such as those used by Leduc, Peirce, & Ashmore (2019) can be applied to 

create a DEM without stopping flow, as well as collect grain size information based on the image 

texture. Using improved lighting conditions and a polarized filter, it may be possible to collect 

photographs without significant reflections in the image, allowing for a creation of the DEM while 

flow is still in the channel. The method was attempted once during a test experiment run not 

included with the analysis using a polarized filter from a pair of 3D glasses used in cinemas. The 

method was unsuccessful but was also before improved lighting conditions and camera stability 

was introduced for the other runs. With that method, a comparison of the flow extents in the final 

time step when equilibrium was achieved could be made with the final dry channel DEM to obtain 

a more reliable estimate of flow widths and flow depths. Better flow depth data can also possibly 

be collected using fixed datum rulers like at A3 in Runs 1 and 2 instead of a manual ruler 

measurement at a visually estimated centreline. Flow depths can also be better analyzed by using 
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more advanced techniques, such as the laser-ultrasonic sensor used by Vesipa, Camporeale, and 

Ridolfi (2018). If DEM resolution can be improved with better lighting conditions and use of more 

close-range images, the image texture could be processed and empirically verified to get estimates 

of the armouring effects and D50 at the bed surface. The current data likely cannot be processed 

for image texture because the resolution is not large enough to differentiate the particle sizes used 

in the channel. 

Discussion on the quality of the flow measurements was included in Section 6, along with some 

suggestions on improvements. It is unclear if the installation of the newer Omega turbine flow 

meter affected any measurements from the Dynasonics ultrasonic flow meter. Work should be 

done to determine the effects, if any, that the new flow meter may have on the ultrasonic meter. 

Weir design should be improved to not only further minimize flow losses below the weir plate, but 

also to decrease the sensitivity of the measurement so that small changes in depth do not 

correspond to large changes in calculated flow rate. Further, the cd coefficient in the flow 

calculation should also be verified using a known flow rate input to the weir. Baffles can also be 

installed in the sedimentation basin to reduce flow short-circuiting and improve flow conditions 

approaching the weir. Lastly, the outfall basin method could be better calibrated for more reliable 

measurements. Installing a flow meter at the outlet is likely impossible since flow in the pipe is 

not at pipe full conditions. However, the ultrasonic meter has an analog data output, which can be 

connected to an external computer or microcontroller device to log the data at defined intervals for 

fully continuous flow rate measurements. 

Finally, adding measurements of velocity to the dataset when performing experiments can provide 

useful insights to the hydraulic conditions and can be used to verify the calculations. Using a tracer 

would be difficult, since it may contaminate the sand and prevent it from being reused or alter 

sediment properties. Even if it does not contaminate the sediment, contamination in the water 

would also lead to issues since the flume system is setup for recirculating flow. Use of an acoustic 

Doppler velocimeter (ADV) device may work better, but conditions in the channel prevented 

successful ADV measurements for these experiments. The structure used for mounting the GoPro 

camera and fixed datum ruler at A3 was originally designed to hold a shallow depth ADV for 

velocity measurements during experiments. However, in the initial test runs, it was unable to 

produce reliable data at the flow depths expected. Interestingly, it was able to collect accurate 
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velocity information at similar flow depths in another straight channel plastic flume, verified with 

calculations of flow rate with flow area and testing of surface velocity using a floating object. In 

the sand flume, velocities measured were often near zero or constantly changing direction 

regardless of positioning location or orientation in the channel and no setting could be identified 

to improve the collected data. It was believed that the smooth walls of the plastic flume allowed 

for favourable velocity fields that the ADV could measure. In the sand flume, the roughness of the 

sand likely formed eddies and complex velocity fields that the ADV picked up as changing flow 

directions. In addition, with the shallow depths in the channel, the ADV was observed to visibly 

impact local flow conditions at the ADV head, further casting doubt on any data collected. Use of 

the ADV may be possible if deeper flow depths are present, requiring a reduction of slopes in the 

experimental channel and possibly larger flow rates. 

Finally, another aspect to consider with the current flume system is to examine the lining material. 

It was observed that with extended periods of exposure to water, a black colour would leach off 

the lining and produce an odour. However, the leached material would appear to fully evaporate 

when exposed to air for about a day, allowing the sand to dry out. It was assumed that the leached 

material would not impact sediment properties, but any future with the flume should consider the 

possibility and assess whether the lining material could potentially be contaminating the sediment. 

7.3.2 Areas for Future Research 

In terms of general steps that can be taken by future researchers seeking to expand this work, 

additional variables can be changed and analyzed with channel geometry, sediment type, hydraulic 

input conditions, and using the data to produce predictive relationships. In the literature, some of 

the original work with skewed channels used narrow channels with confined flumes for 

experiments. The same skewness coefficient from those studies were used in the Good (2018) 

dataset for a wide channel unconfined flume experiment. Further changes to the B/h ratio could be 

explored for further information on how the channel behaviour changes in wider channels. Other 

changes in the Kinoshita variables can also be used to test further relationships in morphological 

development with those values. Future experiments with low sinuosity and high sinuosity 

configurations could show insights into how or why channels tend to evolve from downstream 

skewed low sinuosity geometries to upstream skewed high sinuosity geometries as reported by 

Guo, Chen, & Parker (2019). Those experiments may also yield more evidence for resonance based 



 

175 

 

on the B/h ratio. Future research in the lab can also consider how results scale to larger geometries 

in a larger flume system, or the effects of using a longer experimental channel with more meander 

bends. In the current work, an effect was already seen between the early and later meanders for 

differences in slope adjustments and morphological development magnitudes. Longer flumes with 

more meander bends may provide more insight to how this trend continues past the current data. 

Research can also consider how more complex geometries may impact river morphological 

evolution, with differences in geometry between meanders or other irregular planform geometries 

outside of the skewed Kinoshita-type meandering planform. 

Changing the sediment type can result in different patterns of morphological changes, since each 

sediment type may behave differently. Fine sediments can introduce cohesive effects while 

including larger gravels can lead to enhanced armouring in the channel. Changing the ratios of 

each type of sediment in the mixture may also lead to differing results in how the channels adjust. 

In addition, the experiments run here did not have any input sediment, meaning that the early 

meanders have sediment scarce conditions while downstream meanders can be considered to have 

larger sediment supplies coming from upstream. Based on this knowledge, different assessments 

could possibly be done to make conclusions on how the same channel geometry may respond to 

different sediment supply regimes, applicable for reaches of a river affected by sediment supply 

disruptions such as near dams. 

Running experiments with different hydraulic conditions can also lead to different results. In the 

current work, 0.5 L/s was too low and resulted in little morphological change, while 0.9 L/s was 

possibly too large and led to very large changes. Using flow rates in between could show different 

results, especially if the flow increase was introduced gradually as a hydrograph instead of a 

sudden spike in the flow rate. Using different shapes of input hydrographs would also lead to 

different behaviours and can be interpreted as how the river channel might respond to different 

storm events. Based on the visual observations of the bar formations, it is possible that use of 

hydrographs and returning to low flow conditions could lead to formations of secondary channels 

and islands where the bars formed at high flow. 

With additional experiments and a more extensive dataset, empirical relationships may be 

established between the observed results and changing input variables for geometry, sediment 
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type, and hydraulic conditions. These equations could use dimensionless parameters to describe 

each of the input variables in order to provide relationships that allow the obtained laboratory 

findings to be scaled up to a full-sized river system. Equations developed could be focused on 

improving predictions for rates, magnitudes, or patterns of change, or simply to describe the final 

morphological geometries. Relationships of this type can provide a foundation to predict aspects 

of natural river systems without requiring the collection of extensive amounts of data, which may 

be difficult or have prohibitive costs. Finally, research looking to establish relationships between 

these parameters on a dimensionless basis can investigate the formulation of dimensionless time 

in order to scale the time to development for predictions around flood events in natural rivers. 

Overall, although river systems have been critical resources throughout human history and 

continue to be crucial to modern society, there are many aspects of river behaviours that are still 

not well understood. Further research on how river systems change and evolve will continue to 

help scientists and engineers manage them sustainably as a resource. Understanding the mechanics 

of river evolution around the world would also not only benefit society, but could show insights 

for investigations of flowing liquids on worlds beyond our own. 
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9 Appendices 

Appendix A: Sediment Transport Rate Equations 

This appendix was included for supplementary information on some of the equations available in 

literature for predicting sediment transport rates in river systems. These equations were not 

included in the main body of the thesis because a detailed analysis using the equation was not 

done. Sullivan (2018) investigated these equations and found differences between the predicted 

values with the measured bedload. This result could, at least in part, be explained by the lack of 

sediment feed to the flume and the channel being in sediment-scarce conditions. Since this 

limitation also applies to the current work, the use of these equations was not further explored. 

Many of the equations available to predict the bedload rate are based on Einstein’s φ (1950), but 

the discussion here will be limited to a few more commonly used ones. The φ parameter is used to 

calculate the volumetric transport rate: 

 𝑄𝑠𝑏 = 𝑞𝑠𝑏𝐵 

𝑞𝑠𝑏 =
𝜑𝛾𝑠

1
2𝐷50

3
2

𝜌𝑤

1
2

 

(58) 

(59) 

where Qsb is the volumetric sediment transport rate (m3/s), and qsb is the specific sediment transport 

rate (m2/s). A probabilistic approach to determine φ was also given as: 

 𝐴𝐸𝜑

1 + 𝐴𝐸𝜑
= 1 −

1

2
[erf(𝛽2) − erf(𝛽1)] 

(60) 

where AE, β1, and β2 are parameters used in the calculation. Based on empirical data, AE was found 

to be a constant equal to 43.5, while β1 and β2 are: 

 
𝛽1 = − (

0.143

𝑌
+ 2) 

(61) 

 
𝛽2 = (

0.143

𝑌
− 2) 

(62) 
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Another equation to calculate φ was proposed by Meyer-Peter and Müller (1948) with a validity 

range of 0.4 mm < D50 < 3.0 mm: 

 
𝜑 = 8(𝑌 − 𝑌𝑐𝑟)

3
2 

(63) 

Yalin (1963) proposed another set of equations to calculate the φ parameter: 

 
𝜑 = 0.635𝑠𝑌√𝑌 [1 −

1

𝑎𝑌𝑠𝑌
ln(1 + 𝑎𝑌𝑠𝑌)] 

(64) 

 
𝑠𝑌 =

𝑌 − 𝑌𝑐𝑟

𝑌𝑐𝑟
 

(65) 

 

𝑎𝑌 =
2.45𝑌𝑐𝑟

1
2

𝑊0.4
 

(66) 

 𝑊 =
𝜌𝑠

𝜌
 

(67) 

where both sY and aY are parameters of the equation while W is the specific gravity of the sediment. 

R. A. Bagnold (1966) also suggested that φ could be calculated from the relationship: 

 
𝜑 = 𝐵𝑠𝛽𝐵𝑌

1
2(𝑌 − 𝑌𝑐𝑟) 

(68) 

where βB is a parameter depending on the D50. From Bagnold’s work, the Engelund-Hansen (1967) 

equation was developed: 

 

𝑔𝑠 = 0.05𝛾𝑠𝑢2
√

𝐷50

𝑔 (
𝛾𝑠

𝛾𝑤
− 1)

[
𝜏0

𝐷50(𝛾𝑠 − 𝛾𝑤)
]

3
2
 

(69) 

where gs is similar to qsb, but in mass units (kg/m/s). This equation accounts for both suspended 

and bedload, whereas all the other sediment transport equations provided here are for bedload only. 

Lastly, a method was also developed by van Rijn (1984): 

 𝜑 = 0.053𝛯−0.3(𝜂∗ − 1)2.1 (70) 
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Appendix B: Data Analysis Detailed Procedures 

This appendix provides detailed procedures used for converting photogrammetry data into DEMs 

and for the subsequent analysis of those DEMs in ArcGIS. The detailed steps taken in Agisoft to 

convert the photogrammetry data to DEMs were as follows: 

1) Images were all transferred to workspace folders on the computer and imported into 

Agisoft using “Add Photos” under the Workflow tab. 

2) “Estimate image quality” tool was used to identify the blurry or out of focus images, 

accessible by right-clicking an image in the Photos window. Quality scores could be seen 

with detailed view in the Photos window. Images scoring below 0.5 were removed from 

the dataset, although even images with scores as high as 0.7 could be poor quality. Poor 

quality images with higher scores were identified and removed when processing GCPs. 

3) GCPs were automatically identified with the “Detect Marker” tool under the Tools tab. 

While this provided a starting point, the tool was found to be inconsistent. Invalid GCP 

markers were removed and markers were renamed to match the numbering convention. 

4) Markers for targets 2, 6, 10, 12, 16, and 18 were manually placed in all photos where they 

were visible. Images were zoomed in when placing markers for higher accuracy. The 

colours for each marker had different meanings: 

a. Green: user-defined fixed target; ensure all markers are green before proceeding. 

b. Blue: auto-detected target position; may update as more green markers are placed. 

c. White: target predicted to possibly in frame but is disabled for further processing. 

5) XYZ coordinates were entered into the reference window for all placed markers. 

6) “Align Photos” tool under the Workflow tab was used to create an initial alignment with 

the highest accuracy setting. All other options were kept default. This initial alignment was 

often unsuccessful in accurately aligning all photos and needed further steps to align them: 

a. All photos were selected and alignment reset in the right-click menu. 

b. Photos from 3 adjacent stations were aligned in the right-click menu. 

c. If alignment issues persisted, steps 6a-b were repeated with different stations. Best 

results were obtained using the three stations nearest the inlet or outlet. 

d. With a successful alignment, the “Align Photos” tool was used again to align the 

remaining stations with the ‘Reset current alignment’ option deselected. 
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e. If alignment continued to be unsuccessful, it was likely to be caused by either a 

poor quality image or an error in placing GCP markers. 

7) After alignment, the remaining markers (4, 8, 14, 20) were then manually placed and their 

coordinates entered in the Reference window. At this point, the software could correctly 

predict marker locations and was as an indicator the DEM generation would be successful. 

8) “Optimize Camera Alignment” under the Reference tab (star-shaped button) was used to 

maximize accuracy in the sparse point cloud. The options used are shown in Figure B-1. 

9) With the alignment correct and optimized, the “Reset Region” tool (square with hand 

button in toolbar) was used to fit the DEM boundaries to the entirety of the flume. 

10) “Build Dense Cloud” under the Workflow tab was used to create the dense cloud. Medium 

quality and aggressive depth filtering settings were used to balance DEM quality with 

processing time. This step was the most time-intensive and was left to run overnight. 

11) “Build DEM” in the Workflow tab was used to make the DEM. Elevations were checked 

with the Ruler tool in the toolbar before exporting to a .TIFF file in the right-click menu. 

 

Figure B-1: Settings used for “Optimize camera alignment” tool 
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Detailed steps to analyze the DEMs in ArcGIS, Excel, and Python proceeded as follows: 

1) Pre-processing of DEM files: 

a. Agisoft .TIFF DEMs were imported to ArcMap and data frame units set to metres. 

b. AutoCAD was used to draw a rectangle with exact coordinates for the flume 

extents, exported as a .SHP and imported to ArcMap. For Runs RG1-3, the 

coordinates did not match and a rectangle was drawn with ArcMap Editor instead. 

c. Clip (Data Management) was used to clip the DEMs to the flume extents. 

2) Initial delineation of channel extents: 

a. Slope (Spatial Analyst) was used to obtain a slopes raster with units of percent rise. 

b. Con (Spatial Analyst) was used to isolate the steepest slopes. Due to the trapezoid 

banks, the threshold slope was set relatively low at 50%. Areas that met the slope 

requirement were set equal to 1 and all other areas were set to 0. 

c. Raster to Polygon (Conversion) was used on the conditional raster to obtain vertices 

for object snapping. Polygons led to better software performance than polylines. 

d. ArcCatalog was used to create polygon features and the Editor tool in ArcMap used 

to manually digitize the upper channel bank at a zoom scale of 1:4.  

e. Buffer (Analysis) was used to expand the delineated channel extent by 0.03 m to 

ensure the banks were captured. All other settings were left as default. 

f. Clip (Data Management) was used to clip the DEMs to the channel extents. 

g. Contour (Spatial Analyst) was used to generate contours at 1 cm intervals on the 

DEMs for better visualization of elevation changes. 

3) Creation of initial channel centreline: 

a. Centreline generation was completed using a 3rd party toolbox called “Polygon to 

Centreline Tool for ArcGIS” (Dilts, 2015). 

b. Create Skeleton was used with a 0.01 m densify value to create the skeleton feature. 

c. Trim Skeleton was used to trim extra branches in the skeleton feature. 

d. Trimmed skeleton was manually checked to remove remaining branches and 

extended using Editor to intersect with the flume extents. 

e. Dissolve (Data Management) was used to dissolve the trimmed skeleton to a single 

polyline feature with only one length measurement value. 
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4) Delineation of meander bend boundaries and point of interest (POI) cross-sections (XS): 

a. ArcCatalog was used to make a series of point features for discretized centrelines. 

b. Editor tool was used on the dissolved centreline. After selecting the line, the 

“Construct Points” option could be used to create evenly spaced points along the 

curve at 0.01 m intervals with additional points added at the start and end. If the 

selected line had arrows pointed upstream, distance was set to calculate from the 

end, or if pointed downstream, set to calculate from the start. 

c. Two fields of type float were added to the attribute table of each point feature 

labelled ‘X’ and ‘Y’. Field calculator (Python) was used to determine coordinates: 

i.  “!SHAPE.FirstPoint.X!” for the X field. 

ii. “!SHAPE.FirstPoint.Y!” for the Y field. 

d. Export Feature Attribute to ASCII (Spatial Statistics) was used to export the 

attribute table coordinates to text files for processing in a spreadsheet. 

e. In the spreadsheet, deflection angles between each point were calculated using 

trigonometry. A 3-pt moving average of these angles was used to define the 

locations of apexes (angle approaches 0°) and inflections (angle approaches a 

maxima). Conditional formatting was used to aid in identifying these points. 

f. Identified inflection and apex points were selected and exported to a separate POI 

point feature in ArcMap. 

g. ArcCatalog was used to create a series of polygons for meander boundaries, which 

would be used to clip data for analysis of individual meander bends. 

h. Meander boundary polygons were manually drawn with the Editor tool based on 

the identified inflection points. Boundaries defined a bend as extending from the 

upstream inflection to the downstream inflection and were drawn perpendicular to 

the channel at a ‘representative’ location to best fit all time steps. Boundaries were 

copied as templates for subsequent bends where possible and were made 

sufficiently large to include the banks at all time steps. 

i. ArcCatalog was used to create polyline features for manually drawn POI XS in the 

Editor tool. Inflections matched the meander boundary while apexes passed 

vertically through a ‘representative’ location to best fit all time steps. 

5) Calculation of volumes of sediment erosion and deposition: 
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a. Minus (Spatial Analyst) was used to subtract DEMs to obtain elevation difference 

rasters both between time steps and between initial and final DEMs. 

b. Clip (Data Management) was used to split difference rasters by meander bends. 

c. Surface Volume (3D Analyst) was used to calculate the area and volume of 

elevation change both above and below the reference plane of 0. Detailed analyses 

were completed by exporting the data to a spreadsheet. Positive change above the 

reference plane meant deposition while negative change corresponded to erosion. 

6) Delineation of flow depth based bank lines and corresponding centrelines: 

a. In Runs 1b and 2b, bank erosion was minimal and little useful analysis could be 

done. Measured flow depths were used to more accurately define the bank line. 

Intersect (Analysis) was first used with the POI XS lines, initial bank lines, and 

initial centrelines to create three points at each POI XS. 

b. Merge (Data Management) was used to merge all points into a single feature. 

c. In the merged points attribute table, new fields of type float were added for 

measured depth and water surface elevation. Measured flow depths were entered 

for each POI in units of metres. Unnecessary fields were turned off in the table. 

i. For Runs 1G-3G where depth data was limited to apex points only, locations 

without data were left with placeholder values for later interpolation. 

d. Multipart to Singlepart (Data Management) was used to split the merged point 

feature into a singlepart point feature for use as compatible input for later steps. 

e. Sample (Spatial Analyst) was used with the singlepart points and DEMs to extract 

elevations. Cubic interpolation was unstable and caused software crashes, so 

bilinear interpolation was used. Stability increased when not running the 

interpolations in quick succession as part of a loop. 

f. Add Join (Data Management) was used to join the sample output to the points layer. 

g. Calculate Field (Data Management) was used to add the sampled elevation at the 

centreline to flow depth, obtaining water surface elevations. Points at the bank line 

were set equal to the value at the centreline. Where data was unavailable and 

placeholder values used, a spreadsheet was used to interpolate the elevation value. 

i. In Runs 1G-3G, where data was not available for the inlet and outlet regions, 

the average meandering region water surface slope was used to extrapolate. 
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ii. This method assumed at a given XS, the water surface was level across the 

channel, or at least that any differences would be below detection limits.  

iii. In Runs 1-2, measurements at apex 3 were done using a different apparatus 

and water surface elevations were manually edited to account for this. All 

other measurements were relative to ‘current’ bed elevation, but apex 3 was 

relative to the initially carved bed elevation 

h. Diffusion Interpolation with Barriers (Geostatistical Analyst) was used to 

interpolate the water surface to a raster using the initial bank lines as the barrier.  

i. Kernel Interpolation with Barriers (Geostatistical Analyst) was tested but it 

interpolated better in the XY directions than streamwise direction, leading 

to larger slopes in the transverse direction. 

ii. Diffusion interpolation tended to average out the data, reducing extremes. 

This was considered a benefit since the water surface was expected to be a 

smooth slope moving downstream without large local changes. 

i. Clip (Data Management) was used to remove interpolated areas outside the initial 

channel bank extents. 

j. Slope (Spatial Analyst) was used to visually verify that the water surface slope was 

interpolated smoothly in the downstream direction without large local slopes. 

k. Minus (Spatial Analyst) was used to subtract the DEM from the interpolated water 

surface raster, yielding a raster of flow depths. 

l. Con (Spatial Analyst) was used to identify wetted extents from the flow depth 

raster. Negative flow depths were set to 0 while positive flow depths were set to 1. 

m. Raster to Polygon (Conversion) was used to convert the new wetted extent 

conditional raster for use in re-delineating an updated bank line. 

n. Polygons had rough edges and smoothing tools were unable to fix the problem. 

ArcCatalog was used to create a series of polygon features and the Editor tool used 

to once again manually delineate a new set of bank lines similar to step 2d. 

o. Step 3 was repeated using the updated flow depth based bank line polygons to 

create a more accurate centreline. 

p. Steps 4a-4c were repeated with the new centreline. Points were separated by 

meander bend before exporting to analyze each bend separately. Select Layer by 
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Location (Data Management) was used to select points in each meander boundary 

before Export Feature Attribute to ASCII (Spatial Statistics) was used to export 

data to a spreadsheet for further analysis of Kinoshita variables and rc. 

7) Creating detrended and normalized elevation rasters: 

a. Steps 6a-6d were repeated to create another two sets of POI XS point layers, one 

for the initial channel bed elevation and one for the buffer region elevation. 

i. Instead of flow depths, elevations were entered into the attribute tables.  

ii. Ideally, theoretical elevations for the bed and buffer region would be used 

to identify errors in carving. However, this found to not work well for the 

datasets for Runs 1G-3G, and step 6e was repeated to detrend and normalize 

relative to the initial carved channel bed instead. For Runs 1-2, this change 

had minimal effect since carved elevations were very close to theoretical. 

iii. Buffer region elevations for Runs 1G-3G were assumed to be 0.05 m higher 

than the bed elevation since no buffer was actually present. 

b. Steps 6h-6i were repeated to interpolate elevation rasters for the initial bed and 

buffer region elevations. 

c. Raster Calculator (Spatial Analyst) was used with the DEMs and initial elevation 

rasters to create detrended and normalized elevation rasters. The formula used was: 

 
𝐷𝑒𝑡𝑟. 𝑁𝑜𝑟𝑚. 𝑅𝑎𝑠𝑡𝑒𝑟 =

(𝐵𝑢𝑓𝑓𝑒𝑟 𝐸𝑙𝑣. 𝑅𝑎𝑠𝑡𝑒𝑟) − (𝐷𝐸𝑀 𝑅𝑎𝑠𝑡𝑒𝑟)

(𝐵𝑢𝑓𝑓𝑒𝑟 𝐸𝑙𝑣. 𝑅𝑎𝑠𝑡𝑒𝑟) − (𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝐵𝑒𝑑 𝐸𝑙𝑣. 𝑅𝑎𝑠𝑡𝑒𝑟)
 

(71) 

8) Delineating the thalweg line: 

a. Copies of the detrended, normalized elevation rasters were made and specially 

formatted to visually highlight the deepest elevations in the channel, acting similar 

to contour lines. These were used to guide manual delineation of the thalweg using 

the Editor tool on polyline features created in ArcCatalog. 

i. 3rd party tools and Spatial Analyst Hydrology tools were tested for 

automated thalweg delineation but were unsuccessful at this scale. It is 

possible with correct settings some tools could succeed but it was not 

needed for this work. 
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b. Smooth Line (Cartography) with PAEK smoothing method and 0.02 m tolerance 

was used to smooth out the drawn thalweg line. 

c. Step 6p was repeated for the thalweg to attempt analysis as a Kinoshita curve. 

9) Automated creation of cross-sections: 

a. This procedure was provided by Esri (2019) and was done to create a large number 

of XS based on the initial carved channel centreline for evaluating morphological 

change. Accuracy was less than manually created XS but was sufficient for this 

analysis. ArcCatalog was first used create a route feature (polyline feature with M 

values) based on the initial T0 channel centreline. 

b. In Editor tool, the Trace tool was used to retrace the centreline into the route feature. 

c. In Editor tool under Edit Sketch Properties, M data was added by double-clicking 

the traced route feature. The first value was M = 0 and the last value was the channel 

length, obtained from the route feature attribute table. In the right-click menu of the 

route feature, Route Measure Editing > Calculate NaN was used to populate the 

remaining M values. 

d. A route ID field (type short integer) was added to the route feature attribute table 

and set to a constant value of 1 for all rows. 

e. ArcCatalog was used to create two event tables (table with route ID field). The 

tables had three fields for route ID (type short integer), measure location (type 

float), and offset distance (type float). One table was used for a positive offset and 

the other for a negative offset distance. 

f. Event tables were imported to ArcMap and edited: 

i. Route ID was set to match the route feature ID (value of 1). 

ii. Measure location was the s coordinate for each XS. Rows were added to 

have enough XS for the entire channel length at 0.05 m intervals. Values 

could be calculated in a spreadsheet and copied into the table. 

iii. Offset distance was the distance to extend each XS from the centreline. An 

offset of 0.35 m was best to cover the channel width for all time steps 

without significant overlap needing later editing. Offset was positive for one 

event table and negative for the other. 
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g. Make Route Event Layer (Linear Referencing) was used with the event tables and 

route feature to create two route event layers. Fields were matched for route ID, 

measure location, and offset distance. The “Events with a positive offset will be 

placed to the right of the routes” option was also used. 

h. ArcCatalog was used to make a points feature, importing fields from event tables. 

i. Append (Data Management) was used to combine the route event layers to the new 

points feature. 

j. Points to Line (Data Management) was used to convert the points to transects for 

each XS. Line field was set to the measure location field. 

k. Clip (Analysis) was used to cut the XS to the flow depth based bank lines with a 

tolerance of 0.01 m. 

l. Add Geometry Attributes (Data Management) was used to calculate the length of 

XS, representing the flow width at that XS. 

m. Densify (Editing) was used to increase vertices in the XS lines at 0.01 m intervals. 

n. Feature Vertices to Points (Data Management) was used to turn each XS into a 

series of points. These points would be used to sample elevations along each XS. 

10) Sampling data and exporting to a spreadsheet for calculations: 

a. Polygon to Line (Data Management) was used to convert flow depth based bank 

polygons to polylines and edited to obtain one polyline for each left and right bank. 

b. Intersect (Analysis) was used to generate sampling points along the centreline. 

c. Steps 4b-4c were repeated with the intersect points to get XY coordinates. 

d. Steps 10b-10c were repeated for the thalweg, right bank line, and left bank line. 

e. Merge (Data Management) was used to combine all POI XS into one feature. 

f. Steps 9m-9n were repeated for the merged POI XS feature for elevation sampling. 

g. Step 6e was repeated for the merged POI XS feature and the intersected centreline, 

thalweg, right bank line, and left bank line for further processing. 

h. Step 6f was repeated for the merged POI XS feature, auto-generated XS, intersected 

centreline and thalweg to obtain elevation profiles. Samples were taken at the 

intersection points between each line and the auto-generated XS. Along the POI 

XS, elevation samples were taken every 0.01 m. 
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i. Step 4d was repeated for the merged POI XS feature and intersected centreline, 

thalweg, right bank line, and left bank line to export for further analysis. Limitations 

with ModelBuilder meant parts of this step was completed using a Python script. 

j. Images of rasters were exported at 1:15 zoom scale for maximum resolution 

without clipping out any sections of the experimental channel. 

11) Spreadsheet calculations and processing: 

a. Python scripts were used to process the exported text files from ArcMap to a format 

easily used in a spreadsheet. The comma delimiter was replaced with tab delimiters 

and sorting completed where needed to organize the data points. 

b. For the auto-generated XS, data was processing in Python to obtain max, min, and 

average elevations for each XS. Wetted perimeter was also calculated using 

trigonometry for the known elevation points and distance between them. 

c. All data was filtered using a 3-pt moving average to reduce noise. Further analysis 

used equations described in Section 2 and normalization done where needed. 

12) Radius of curvature and Kinoshita curve calculations: 

a. All calculations were done in a spreadsheet. Distances between each point were 

calculated from the coordinates using Pythagorean theorem. 

b. XY coordinate were flipped where required to correct the coordinates for a common 

origin point for deflection angle calculations. 

c. Deflection angles were calculated based on changes in the X coordinate. 

d. s distance coordinates were calculated using sum of distances between points. 

e. s distance coordinates were used to calculate a theoretical Kinoshita curve. 

f. Excel Solver was used to fit the theoretical Kinoshita curve to the data for each 

meander bend by changing the input parameters of θ0, Js, Jf, λM, and the s distance 

offset while minimizing the sum of XY coordinate errors for matching s coordinate 

points. The theoretical values for each parameter were used to start, but subsequent 

time steps used the solved values from the previous time step. 

g. For rc calculations, the raw data had noise that prevented reliable calculations. The 

solved Kinoshita equation was observed to fit the centreline data extremely well 

and had zero noise. For this reason, the solved equation was used to calculated rc 
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using a normalized s distance resolution of 0.005. Normalized s was equal to 0 at 

the upstream inflection point for a bend and equal to 1 at the downstream end. 

h. Both equation (54) and equation (57) were used to calculate rc. The Menger 

equation was more reliable in calculating rc and for identifying minimum rc so it 

was used for further analysis. The calculus method often had errors near inflection 

points making it difficult to identify the minimum rc. 

i. Steps 12a-12h were repeated with the thalweg line, but the Kinoshita equation did 

not fit the thalweg very well. Errors were large and so the solved equations could 

not be used to assess rc, but noise in the raw data also prevented its use to calculate 

rc. A moving average was used to reduce noise but without success. 
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Appendix C: Collected Experimental Data 

This appendix contains data collected during experiments. Flow depth and sediment data are presented as raw measurements. Flow data 

from the flow meters are averaged per time stamp, but other methods of measuring flow are presented as raw measurements. 

Table C-1: Run 1 flow depth measurements 

Time 

Step 

Time 

(min) 

Location 

Inlet A0 I1 A1 I2 A2 I3 A3 I4 A4 I5 A5 I6 A6 Outlet 

1 
1.5 1.9 1.8 1.3 1.8 1.7 1.9 1.3 1.50 1.7 2.0 1.4 1.5 1.6 1.7 1.1 

3.5 2.0 2.1 1.4 1.7 1.7 2.3 1.5 1.40 1.4 2.5 1.4 1.4 1.7 1.6 1.4 

2 
6.5 2.0 2.1 1.6 1.8 1.8 2.0 1.8 1.50 1.4 2.0 1.6 1.6 1.9 1.8 1.4 

8.5 2.1 2.2 1.9 1.9 2.0 2.1 1.8 1.60 1.8 2.1 1.8 1.8 1.9 1.7 1.7 

3 
11.5 1.9 2.1 1.8 1.8 2.0 2.1 1.7 1.60 1.8 2.0 1.7 1.7 2.0 1.8 1.4 

13.5 2.1 2.3 1.8 1.8 2.1 2.3 1.5 1.60 2.0 2.1 1.7 1.7 2.0 1.7 1.5 

4 
16.5 2.1 2.2 1.7 1.9 2.1 2.1 1.8 1.70 1.9 2.1 1.6 1.8 1.8 1.9 1.3 

18.5 2.2 2.3 2.1 2.0 2.0 2.2 1.9 1.70 2.2 2.3 1.9 1.8 2.0 2.1 1.5 

5 
22 2.2 2.3 1.9 2.1 2.1 2.3 2.0 1.85 2.3 2.4 2.0 1.9 2.2 2.4 1.4 

28 2.4 2.5 2.0 2.2 2.3 2.3 2.2 1.85 2.2 2.5 2.1 2.0 2.1 2.0 1.3 

6 
32 2.1 2.2 2.0 2.1 2.0 2.2 2.0 1.85 2.1 2.3 2.0 2.0 1.9 1.8 1.3 

38 2.2 2.4 2.2 2.2 2.2 2.3 2.1 1.80 2.2 2.6 2.2 2.0 2.3 1.8 1.5 
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Table C-1: Run 1 flow depth measurements (continued) 

Time 

Step 

Time 

(min) 

Location 

Inlet A0 I1 A1 I2 A2 I3 A3 I4 A4 I5 A5 I6 A6 Outlet 

7 

42 2.2 2.3 2.2 2.3 2.2 2.3 2.2 1.85 2.3 2.3 2.2 2.2 2.2 1.9 1.4 

50 2.4 2.5 2.1 2.3 2.5 2.4 2.2 1.90 2.5 2.5 2.2 2.1 2.3 2.3 1.6 

58 2.5 2.6 2.2 2.3 2.4 2.5 2.3 1.95 2.4 2.5 2.3 2.3 2.2 2.3 1.4 

8 

62 2.3 2.4 2.2 2.1 2.4 2.4 2.3 1.90 2.3 2.4 2.0 2.2 2.3 2.0 1.4 

70 2.4 2.5 2.1 2.2 2.3 2.5 2.3 1.95 2.3 2.5 2.2 2.2 2.3 2.0 1.5 

80 2.4 2.6 2.2 2.3 2.5 2.6 2.2 1.95 2.4 2.6 2.1 2.2 2.3 2.1 1.4 

88 2.5 2.6 2.2 2.2 2.4 2.6 2.3 2.00 2.3 2.4 2.2 2.3 2.2 2.5 1.4 

9 

92 2.3 2.3 2.1 2.2 2.4 2.4 2.2 1.95 2.3 2.3 2.1 2.3 2.1 2.3 1.3 

100 2.4 2.4 2.1 2.1 2.4 2.5 2.2 1.95 2.4 2.4 2.2 2.3 2.3 2.2 1.5 

110 2.3 2.4 2.1 2.2 2.4 2.5 2.2 1.95 2.2 2.4 2.2 2.3 2.3 2.3 1.3 

118 2.3 2.5 2.3 2.3 2.5 2.5 2.3 2.00 2.4 2.4 2.2 2.3 2.3 2.3 1.4 

10 
122 3.1 3.2 2.9 2.8 3.0 3.5 2.8 2.60 3.0 3.0 2.9 2.8 2.9 2.7 1.7 

128 3.2 3.5 2.6 2.7 2.9 3.6 2.2 3.05 2.6 3.6 2.1 3.0 2.1 2.6 1.7 

11 
132 2.9 3.0 2.6 2.7 3.0 3.1 2.5 3.10 2.5 3.3 2.4 2.8 2.2 2.8 1.5 

138 3.3 3.4 2.8 3.0 3.1 3.6 2.3 3.25 2.8 3.6 2.4 2.9 2.4 2.5 1.8 
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Table C-1: Run 1 flow depth measurements (continued) 

Time 

Step 

Time 

(min) 

Location 

Inlet A0 I1 A1 I2 A2 I3 A3 I4 A4 I5 A5 I6 A6 Outlet 

12 

142 2.9 3.0 2.5 2.7 3.0 3.4 2.2 3.15 2.6 3.2 2.2 2.5 2.3 1.8 1.9 

150 3.1 3.5 2.9 2.8 3.0 3.5 2.2 3.30 2.5 3.5 2.3 3.0 2.3 0.5 1.5 

158 3.2 3.5 2.7 2.7 3.0 3.6 2.2 3.35 2.5 3.4 2.3 3.0 2.4 0.5 1.8 

13 

162 3.0 3.3 2.7 2.9 3.0 3.3 2.3 3.30 2.8 3.2 2.2 2.9 2.4 2.0 1.4 

170 3.1 3.3 2.7 2.8 3.1 3.5 2.2 3.35 2.4 3.2 2.2 2.8 2.0 2.0 1.7 

178 3.2 3.5 2.9 2.8 3.1 3.5 2.3 3.35 2.8 3.4 2.6 2.5 2.3 3.0 1.8 
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Table C-2: Run 2 flow depth measurements 

Time 

Step 

Time 

(min) 

Location 

Inlet A0 I1 A1 I2 A2 I3 A3 I4 A4 I5 A5 I6 A6 Outlet 

1 
1.5 - 1.4 1.6 2.0 2.0 1.5 1.5 1.50 1.2 1.5 1.2 1.5 1.8 1.3 - 

3.5 - 1.6 2.0 2.2. 2.1 1.7 1.6 1.65 2.0 1.5 2.1 1.5 2.0 1.4 - 

2 
6.5 - 1.8 1.6 1.8 2.0 1.6 1.4 1.60 1.9 1.5 1.8 1.8 1.7 1.2 - 

8.5 - 1.8 1.9 1.8 2.2 1.6 1.6 1.70 2.0 1.5 2.1 1.8 2.0 1.2 - 

3 
11.5 - 1.6 1.7 1.6 1.9 1.6 1.5 1.65 1.8 1.8 1.8 1.5 1.8 1.5 - 

13.5 - 1.9 2.0 1.8 2.0 2.0 1.7 1.70 1.8 2.0 2.0 1.5 1.8 1.7 - 

4 
16.5 - 1.8 1.7 1.7 2.0 1.9 1.7 1.70 1.9 1.9 1.9 1.6 1.6 1.8 - 

18.5 - 2.0 2.0 1.7 2.0 2.0 1.5 1.80 1.9 2.0 2.0 1.6 1.8 1.6 - 

5 
22 - 1.8 1.8 1.9 2.0 1.9 1.9 1.75 1.9 1.9 1.9 1.5 1.8 1.7 - 

28 - 2.0 2.0 2.0 2.1 2.0 1.9 1.80 2.0 2.0 2.0 1.7 1.7 1.8 - 

6 
32 - 2.0 1.8 1.8 2.0 1.9 1.7 1.85 2.0 2.0 1.9 1.7 1.7 1.8 - 

38 - 2.1 2.0 2.0 2.1 2.1 1.6 1.90 2.0 2.1 2.0 1.7 1.8 1.7 - 

7 

42 2.2 2.3 2.2 2.3 2.2 2.3 2.2 1.85 2.3 2.3 2.2 2.2 2.2 1.9 1.4 

50 2.4 2.5 2.1 2.3 2.5 2.4 2.2 1.90 2.5 2.5 2.2 2.1 2.3 2.3 1.6 

58 2.5 2.6 2.2 2.3 2.4 2.5 2.3 1.95 2.4 2.5 2.3 2.3 2.2 2.3 1.4 
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Table C-2: Run 2 flow depth measurements (continued) 

Time 

Step 

Time 

(min) 

Location 

Inlet A0 I1 A1 I2 A2 I3 A3 I4 A4 I5 A5 I6 A6 Outlet 

8 

62 - 2.0 2.0 1.9 2.0 2.1 1.8 2.00 2.0 2.1 2.0 1.9 1.8 2.0 - 

70 - 2.2 2.0 2.0 2.3 2.3 1.8 2.00 2.2 2.2 2.1 1.8 1.8 1.8 - 

80 - 2.3 1.9 2.0 2.3 2.3 1.8 2.00 2.3 2.4 2.1 2.0 1.8 2.2 - 

88 - 2.3 2.0 2.1 2.3 2.3 1.7 1.90 2.2 2.3 1.8 2.0 1.8 1.6 - 

9 

92 - 2.3 2.0 2.2 2.4 2.3 1.8 2.00 2.4 2.4 2.1 2.0 1.8 1.7 - 

100 - 2.4 2.0 2.2 2.5 2.4 1.8 2.00 2.3 2.3 2.0 2.0 1.9 2.2 - 

110 - 2.3 2.2 2.2 2.3 2.4 1.7 1.90 2.0 2.3 2.0 2.0 2.0 1.9 - 

118 - 2.2 2.1 2.0 2.2 2.3 1.8 1.90 2.0 2.3 2.0 1.9 1.9 1.8 - 

10 
122 2.0 2.2 2.1 2.3 2.4 2.4 1.9 1.90 2.2 2.5 2.1 1.9 1.8 1.9 1.6 

128 - 2.3 2.0 2.0 2.5 2.4 1.9 1.85 2.0 2.2 2.0 1.9 2.0 1.9 - 

11 
132 - 2.3 1.9 2.2 2.3 2.5 1.9 1.85 2.1 2.4 2.1 2.0 1.8 2.0 - 

138 3.0 3.2 2.0 2.8 3.2 3.2 2.3 2.85 2.3 3.1 2.7 2.0 2.2 2.3 - 

12 

142 3.2 3.3 2.2 2.3 2.3 3.2 2.2 3.20 2.0 2.5 1.8 2.1 2.0 1.9 - 

150 2.5 3.5 2.1 2.5 2.5 3.0 2.1 3.25 2.3 2.7 2.1 2.0 1.8 1.8 - 

158 3.1 3.5 2.2 2.6 2.5 3.0 2.2 3.40 2.2 2.7 2.0 1.6 2.0 1.6 1.7 

13 

162 3.0 3.2 2.2 2.7 2.5 3.0 2.2 3.40 2.0 2.8 2.1 1.8 2.0 1.8 1.7 

170 3.1 3.5 2.3 2.5 2.5 3.4 2.3 3.40 2.3 2.6 2.1 2.0 2.0 1.8 2.2 

178 3.2 3.5 2.3 2.3 2.5 3.5 2.4 3.45 2.2 3.0 2.1 1.7 2.2 2.0 2.3 



 

C-6 

 

Table C-3: Run 1 collected sediment data 

Time 

Step 

Measured Sediment Mass (g) 

Initial 

Total 

Sieve Size (mm) 

4.750 2.000 0.850 0.425 0.250 0.150 0.106 0.075 Pan 

1 170.0 0.0 27.1 66.5 40.6 19.2 9.6 4.3 2.5 0.5 

2 265.6 0.0 48.6 102.3 61.7 27.7 14.9 5.7 3.5 0.6 

3 275.9 0.0 39.0 91.5 71.2 41.8 21.1 7.6 3.7 0.4 

4 176.8 0.0 23.3 53.7 43.5 27.0 17.5 7.0 3.7 0.6 

5 569.8 0.4 91.9 190.5 138.7 77.8 42.6 17.9 8.8 0.9 

6 172.5 0.0 18.1 43.8 41.4 29.3 24.0 10.3 4.7 0.6 

7 343.6 0.0 38.2 94.2 83.9 55.5 38.7 21.0 10.5 0.9 

8 177.9 0.2 11.1 39.9 46.2 35.0 27.4 12.0 5.8 0.6 

9 47.9 0.0 2.0 9.8 13.8 10.8 7.1 3.4 1.6 0.2 

10 4947.4 3.8 1075.0 1537.2 1043.6 603.3 374.5 174.7 102.4 28.8 

11 6572.8 9.6 1384.8 2019.6 1364.6 835.4 543.1 245.8 125.2 42.9 

12 7452.3 6.7 1335.8 2273.1 1644.4 1051.2 670.1 291.5 138.4 36.8 

13 2319.5 0.5 306.9 701.4 568.5 356.6 228.9 97.8 48.0 8.6 
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Table C-4: Run 2 collected sediment data 

Time 

Step 

Measured Sediment Mass (g) 

Initial 

Total 

Sieve Size (mm) 

4.750 2.000 0.850 0.425 0.250 0.150 0.106 0.075 Pan 

1 194.8 - 37.5 67.8 44.8 - 35.2 - 8.3 1.1 

2 339.9 - 53.4 108.6 103.4 - 58.0 - 15.5 0.9 

3 98.9 - 7.9 29.0 26.5 - 26.9 - 8.0 0.3 

4 80.3 - 5.6 21.5 26.1 - 20.7 - 6.2 0.3 

5 170.3 - 14.4 49.0 46.4 - 49.5 - 10.5 0.5 

6 87.3 - 5.2 23.5 28.7 - 23.2 - 5.8 0.1 

7 244.6 - 17.6 70.9 68.8 - 68.2 - 18.4 0.6 

8 188.6 0.0 9.4 47.9 57.1 - 60.1 - 13.2 0.5 

9 97.4 0.0 4.3 21.9 32.5 - 30.6 - 8.2 0.2 

10 4799.0 5.0 1021.0 1482.2 1039.8 615.2 307.0 182.0 111.3 32.7 

11 6964.8 7.1 1528.9 2148.5 1530.1 947.4 431.8 226.9 118.0 28.0 

12 8523.7 7.5 1779.9 2720.6 1873.1 1095.9 567.1 294.6 146.4 40.0 

13 6155.7 4.3 1024.4 1775.2 1476.0 979.0 515.1 249.8 109.1 20.5 
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Table C-5: Run 1 flow meter measurements 

Time Step Time Stamp (min) Dynasonics Flow (LPS) Omega Flow (LPS) 

1 
0 0.497 0.88 

5 0.486 0.82 

2 
5 0.494 0.69 

10 0.503 0.69 

3 
10 0.533 0.89 

15 0.504 0.87 

4 
15 0.526 0.80 

20 0.496 0.74 

5 

20 0.511 0.75 

25 0.518 0.79 

30 0.489 0.76 

6 

30 0.480 0.71 

35 0.527 0.80 

40 0.535 0.79 

7 

40 0.520 0.71 

45 0.420 0.70 

50 0.530 - 

55 0.513 0.80 

60 0.516 0.80 

8 

60 0.540 0.78 

65 0.490 0.72 

75 0.477 0.81 

85 0.494 0.76 

90 0.485 0.75 
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Table C-5: Run 1 flow meter measurements (continued) 

Time Step Time Stamp (min) Dynasonics Flow (LPS) Omega Flow (LPS) 

9 

90 0.529 0.71 

95 0.512 0.75 

105 0.471 0.82 

115 0.490 0.80 

120 0.488 0.81 

10 

120 0.902 1.32 

125 0.912 1.38 

130 0.896 1.28 

11 

130 0.898 1.29 

135 0.878 1.29 

140 0.904 1.49 

12 

140 0.885 1.33 

145 0.902 1.40 

150 0.912 - 

155 0.899 1.42 

160 0.898 1.40 

13 

160 0.873 1.26 

165 0.939 1.43 

175 0.904 1.39 

180 0.893 1.45 
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Table C-6: Run 2 flow meter measurements 

Time Step Time Stamp (min) Dynasonics Flow (LPS) Omega Flow (LPS) 

1 
0 0.473 0.62 

5 0.468 - 

2 

5 0.544 0.71 

7 0.511 0.74 

10 0.486 - 

3 
10 0.494 0.77 

15 0.498 0.84 

4 
15 0.509 0.79 

20 0.497 0.89 

5 

20 0.488 0.75 

25 0.485 0.93 

30 0.488 1.06 

6 

30 0.517 0.72 

35 0.522 0.74 

40 0.486 0.87 

7 

40 0.517 0.84 

45 0.517 0.79 

52 0.488 0.72 

60 0.489 0.79 

8 

60 0.509 0.67 

65 0.502 0.66 

75 0.524 0.86 

85 0.493 0.82 

90 0.509 0.76 
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Table C-6: Run 2 flow meter measurements (continued) 

Time Step Time Stamp (min) Dynasonics Flow (LPS) Omega Flow (LPS) 

9 

90 0.499 0.72 

95 0.506 0.74 

105 0.535 0.95 

115 0.487 0.89 

120 0.487 0.80 

10 

120 0.913 1.32 

125 0.884 1.38 

130 0.905 1.34 

11 

130 0.866 1.25 

135 0.923 1.32 

140 0.868 1.33 

12 

140 0.919 1.27 

145 0.955 1.41 

155 0.902 1.36 

160 0.879 1.29 

13 

160 0.900 1.39 

165 0.891 1.38 

175 0.864 1.35 

180 0.929 1.42 
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Table C-7: Run 1 weir measurements 

Time 

Step 

Weir Pressure Logger Measurements Weir Depth Measurements 

Base Press. 

(kPa) 

Peak Press. 

(kPa) 

Calculated 

Flow (LPS) 

Time Stamp 

(min) 

Depth 

(cm) 

Calculated 

Flow (LPS) 

1 97.725 98.374 0.486 
1.5 7.5 

0.43 
3.5 8.4 

2 97.108 97.753 0.476 
6.5 - 

0.64 
8.5 8.8 

3 97.137 97.827 0.590 
11.5 8.7 

0.63 
13.5 8.8 

4 96.958 97.654 0.606 
16.5 8.4 

0.60 
18.5 8.9 

5 97.260 97.988 0.698 
22 9.0 

0.73 
28 9.2 

6 98.762 99.476 0.657 
32 8.6 

0.64 
38 9.0 

7 99.032 99.755 0.683 

42 8.8 

0.74 50 9.2 

58 9.4 

8 99.101 99.838 0.725 

62 9.0 

0.78 
70 9.2 

80 9.4 

88 9.5 

9 98.658 99.286 0.437 

92 8.9 

0.74 
100 9.2 

110 9.2 

118 9.2 
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Table C-7: Run 1 weir measurements (continued) 

Time 

Step 

Weir Pressure Logger Measurements Weir Depth Measurements 

Base Press. 

(kPa) 

Peak Press. 

(kPa) 

Calculated 

Flow (LPS) 

Time Stamp 

(min) 

Depth 

(cm) 

Calculated 

Flow (LPS) 

10 97.084 97.939 1.139 
122 10.5 

1.29 
128 10.8 

11 97.211 98.075 1.175 
132 10.6 

1.35 
138 11 

12 97.195 98.081 1.267 

142 10.8 

1.40 150 10.9 

158 11.0 

13 96.158 97.032 1.216 

162 10.6 

1.38 170 11.0 

178 11.0 
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Table C-8: Run 2 weir measurements 

Time 

Step 

Weir Pressure Logger Measurements Weir Depth Measurements 

Base Press. 

(kPa) 

Peak Press. 

(kPa) 

Calculated 

Flow (LPS) 

Time Stamp 

(min) 

Depth 

(cm) 

Calculated 

Flow (LPS) 

1 97.037 97.684 0.481 
1.5 8.8 

0.64 
3.5 - 

2 97.117 97.747 0.441 
6.5 8.6 

0.60 
8.5 8.7 

3 97.960 98.624 0.522 
11.5 8.0 

0.50 
13.5 8.5 

4 95.658 96.302 0.474 
16.5 8.1 

0.54 
18.5 8.7 

5 95.540 96.230 0.590 
22 8.6 

0.63 
28 8.9 

6 97.198 97.853 0.500 
32 8.4 

0.59 
38 8.8 

7 97.525 98.256 0.706 

42 9.0 

0.73 50 9.1 

58 9.2 

8 98.394 99.159 0.813 

62 8.8 

0.72 
70 9.0 

80 9.2 

88 9.2 

9 98.670 99.406 0.722 

92 8.9 

0.74 
100 9.2 

110 9.2 

118 9.2 
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Table C-8: Run 2 weir measurements (continued) 

Time 

Step 

Weir Pressure Logger Measurements Weir Depth Measurements 

Base Press. 

(kPa) 

Peak Press. 

(kPa) 

Calculated 

Flow (LPS) 

Time Stamp 

(min) 

Depth 

(cm) 

Calculated 

Flow (LPS) 

10 98.532 99.407 1.221 
122 10.7 

1.33 
128 10.8 

11 97.687 98.546 1.155 
132 10.8 

1.35 
138 10.8 

12 96.919 97.781 1.167 

142 10.7 

1.37 150 10.8 

158 11.0 

13 96.997 97.899 1.336 

162 10.8 

1.40 170 10.9 

178 11.0 
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Table C-9: Run 1 outfall basin pressure measurements 

Time 

Step 

Meas. 

No. 

Initial 

Amb. 

Press. 

(kPa) 

Final 

Amb. 

Press. 

(kPa) 

Lower 

Water Level 

Pressure 

(kPa) 

Upper 

Water Level 

Pressure 

Level (kPa) 

Time 

Elapsed 

(s) 

Calculated 

Flow Rate 

(LPS) 

1 1 97.692 97.692 103.011 103.720 43 0.406 

2 1 97.177 97.088 102.454 104.390 95 0.501 

3 1 97.187 97.160 102.500 104.419 98 0.482 

4 1 96.970 96.973 102.296 104.213 93 0.507 

5 
1 

97.272 97.278 
102.582 104.533 84 0.571 

2 102.599 104.516 84 0.561 

6 
1 

98.802 98.752 
104.099 106.018 91 0.519 

2 104.096 106.033 83 0.574 

7 

1 

99.059 99.020 

104.356 106.290 88 0.541 

2 104.353 106.290 80 0.596 

3 104.353 106.287 79 0.602 

4 104.350 106.287 78 0.611 

5 104.368 106.287 77 0.613 

8 

1 

99.158 99.116 

104.461 106.379 86 0.549 

2 104.456 106.390 84 0.566 

3 104.467 106.384 82 0.575 

4 104.447 106.384 82 0.581 

5 104.462 106.381 77 0.613 

6 104.444 106.379 78 0.610 

7 104.442 106.379 78 0.611 
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Table C-9: Run 1 outfall basin pressure measurements (continued) 

Time 

Step 

Meas. 

No. 

Initial 

Amb. 

Press. 

(kPa) 

Final 

Amb. 

Press. 

(kPa) 

Lower 

Water Level 

Pressure 

(kPa) 

Upper 

Water Level 

Pressure 

Level (kPa) 

Time 

Elapsed 

(s) 

Calculated 

Flow Rate 

(LPS) 

9 

1 

98.715 98.592 

103.977 105.896 87 0.543 

2 103.977 105.896 85 0.555 

3 103.977 105.913 85 0.560 

4 103.977 105.896 84 0.562 

5 103.977 105.896 86 0.549 

6 103.959 105.913 88 0.546 

7 103.979 105.898 87 0.543 

10 

1 

97.149 97.084 

102.422 104.370 51 0.940 

2 102.451 104.364 47 1.001 

3 102.428 104.379 47 1.021 

11 

1 

97.272 97.235 

102.582 104.499 50 0.943 

2 102.568 104.505 48 0.993 

3 102.588 104.507 46 1.026 

12 

1 

97.286 97.251 

102.604 104.542 50 0.953 

2 102.584 104.542 50 0.963 

3 102.586 104.525 49 0.973 

4 102.600 104.522 46 1.028 

5 102.583 104.519 47 1.013 

6 102.588 104.525 47 1.014 

7 102.577 104.510 47 1.012 
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Table C-9: Run 1 outfall basin pressure measurements (continued) 

Time 

Step 

Meas. 

No. 

Initial 

Amb. 

Press. 

(kPa) 

Final 

Amb. 

Press. 

(kPa) 

Lower 

Water Level 

Pressure 

(kPa) 

Upper 

Water Level 

Pressure 

Level (kPa) 

Time 

Elapsed 

(s) 

Calculated 

Flow Rate 

(LPS) 

13 

1 

96.199 96.183 

101.510 103.460 50 0.959 

2 101.508 103.423 47 1.002 

3 101.491 103.440 48 0.999 

4 101.522 103.454 47 1.011 

5 101.505 103.437 46 1.033 

6 101.522 103.452 45 1.055 

7 101.519 103.434 45 1.047 
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Table C-10: Run 2 outfall basin pressure measurements 

Time 

Step 

Meas. 

No. 

Initial 

Amb. 

Press. 

(kPa) 

Final 

Amb. 

Press. 

(kPa) 

Lower 

Water Level 

Pressure 

(kPa) 

Upper 

Water Level 

Pressure 

Level (kPa) 

Time 

Elapsed 

(s) 

Calculated 

Flow Rate 

(LPS) 

1 1 97.052 97.037 102.360 103.129 42 0.450 

2 1 97.123 97.125 102.448 104.125 87 0.474 

3 1 97.963 97.980 103.283 104.636 71 0.469 

4 1 95.749 95.650 101.023 102.559 86 0.439 

5 
1 

95.615 95.577 
100.924 102.852 100 0.474 

2 100.921 102.849 93 0.510 

6 
1 

97.157 97.204 
102.488 104.422 99 0.481 

2 102.488 104.422 94 0.506 

7 

1 

97.579 97.627 

102.921 104.838 87 0.542 

2 102.918 104.853 86 0.553 

3 102.918 104.853 85 0.560 

4 102.918 104.853 85 0.560 

5 102.918 104.836 84 0.562 

8 

1 

98.357 98.481 

103.748 105.670 88 0.537 

2 103.737 105.655 83 0.568 

3 103.740 105.678 83 0.574 

4 103.725 105.664 82 0.582 

5 103.728 105.681 84 0.572 

6 103.748 105.684 87 0.547 

7 103.731 105.684 86 0.559 
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Table C-10: Run 2 outfall basin pressure measurements (continued) 

Time 

Step 

Meas. 

No. 

Initial 

Amb. 

Press. 

(kPa) 

Final 

Amb. 

Press. 

(kPa) 

Lower 

Water Level 

Pressure 

(kPa) 

Upper 

Water Level 

Pressure 

Level (kPa) 

Time 

Elapsed 

(s) 

Calculated 

Flow Rate 

(LPS) 

9 

1 

98.714 98.739 

104.045 105.981 88 0.541 

2 104.062 105.981 86 0.549 

3 104.045 105.964 89 0.530 

4 104.045 105.981 89 0.535 

5 104.045 105.981 91 0.523 

6 104.045 105.981 90 0.529 

10 

1 

98.643 98.574 

103.920 105.855 49 0.971 

2 103.922 105.875 47 1.022 

3 103.925 105.861 46 1.035 

11 

1 

97.763 97.718 

103.078 105.013 47 1.013 

2 103.047 104.998 46 1.043 

3 103.050 104.984 46 1.034 

12 

1 

96.961 96.948 

102.283 104.199 49 0.962 

2 102.300 104.199 46 1.015 

3 102.266 104.216 50 0.959 

4 102.300 104.182 48 0.964 

5 102.266 104.199 47 1.012 

6 102.269 104.219 47 1.021 

13 

1 

97.044 97.048 

102.376 104.290 44 1.070 

2 102.367 104.299 44 1.080 

3 102.345 104.293 44 1.089 

4 102.373 104.290 43 1.097 

5 102.351 104.319 44 1.100 

6 102.351 104.282 43 1.105 

7 102.365 104.299 43 1.106 
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Appendix D: Photographs 

This appendix contains photographs taken of the experimental flume setup, carving procedure, and 

the appearance of the experimental channels at the initially carved stage, after low flow, and the 

final channel after high flow. 

Figure D-1 shows the carving tools used to create the experimental channel. These tools were 

designed in SolidWorks software and 3D printed using an Ultibot Giant 600 3D printer and PLA 

plastic material. The green tape was a modification made afterwards to attach a bubble level to the 

tool to assist in keeping the tool level during carving. 

 

Figure D-1: Buffer region carving tool (left) and main channel carving tool (right) 

Figure D-2 shows the V-notch weir. The central weir plate is removable to allow for cleaning of 

sediment from the basin while the side walls are fixed to the flume walls and basin floor. A cloth 

and brick weight were used to reduce flow moving through the gap below the removable plate. 
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Figure D-2: V-notch weir in sedimentation basin 

 

Figure D-3: Sediment trap at flume outfall 
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Figure D-4: Run 1 initial carved channel with wooden equipment mount 

 

Figure D-5: Velocimeter mount repurposed for fixed depth measurement at meander #3  
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Figure D-6: Carver buffer region for Run 1 (facing upstream) 

 

Figure D-7: Partially carved main Run 1 channel 
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Figure D-8: Run 1 initial carved channel (facing downstream) 

 

Figure D-9: Run 1 channel after end of T9 (low flow; facing downstream) 
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Figure D-10: Run 1 channel after end of T13 (high flow; facing downstream) 

 

Figure D-11: Run 2 initial carved channel (facing downstream) 
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Figure D-12: Run 2 channel after end of T9 (low flow; facing downstream) 

 

Figure D-13: Run 2 channel after end of T13 (high flow; facing downstream) 
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Appendix E: Channel GIS DEMs 

This appendix contains the DEM results from the end of each time step. (flow is right to left) 

 

Figure E-1: Run 1 initial channel DEM 

 

Figure E-2: Run 1 T1 DEM (low flow) 
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Figure E-3: Run 1 T2 DEM (low flow) 

 

Figure E-4: Run 1 T3 DEM (low flow) 
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Figure E-5: Run 1 T4 DEM (low flow) 

 

Figure E-6: Run 1 T5 DEM (low flow) 
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Figure E-7: Run 1 T6 DEM (low flow) 

 

Figure E-8: Run 1 T7 DEM (low flow) 
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Figure E-9: Run 1 T8 DEM (low flow) 

 

Figure E-10: Run 1 T9 DEM (low flow) 
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Figure E-11: Run 1 T10 DEM (high flow) 

 

Figure E-12: Run 1 T11 DEM (high flow) 
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Figure E-13: Run 1 T12 DEM (high flow) 

 

Figure E-14: Run 1 T13 DEM (high flow) 
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Figure E-15: Run 2 initial DEM 

 

Figure E-16: Run 2 T1 DEM (low flow) 
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Figure E-17: Run 2 T2 DEM (low flow) 

 

Figure E-18: Run 2 T3 DEM (low flow) 
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Figure E-19: Run 2 T4 DEM (low flow) 

 

Figure E-20: Run 2 T5 DEM (low flow) 
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Figure E-21: Run 2 T6 DEM (low flow) 

 

Figure E-22: Run 2 T7 DEM (low flow) 
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Figure E-23: Run 2 T8 DEM (low flow) 

 

Figure E-24: Run 2 T9 DEM (low flow) 
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Figure E-25: Run 2 T10 DEM (high flow) 

 

Figure E-26: Run 2 T11 DEM (high flow) 
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Figure E-27: Run 2 T12 DEM (high flow) 

 

Figure E-28: Run 2 T13 DEM (high flow) 
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Appendix F: Cross-Sectional Elevation Profiles 

This appendix contains cross-sections of the channel with water surface elevations at points of 

interest within each of the experimental channels. Each cross-section was drawn perpendicular to 

the channel with sufficient length to cover the extent of bank erosion after high flow. Elevation 

sampling was done every 1 cm along the drawn cross-section. The water surface elevations are 

based on the sampled centreline elevation at that cross-section and the measured water depth 

during the experiment. The inlet and outlet cross-sections assumed the defined inlet and outlet 

plate elevations instead of a sampled centreline elevation value since this boundary region of the 

digital elevation model was prone to noise in the elevation. 

 

Figure F-1: Run 1 inlet cross-sectional profile 
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Figure F-2: Run 1 apex 0 cross-sectional profile 

 

Figure F-3: Run 1 inflection 1 cross-sectional profile 
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Figure F-4: Run 1 apex 1 cross-sectional profile 

 

Figure F-5: Run 1 inflection 2 cross-sectional profile 
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Figure F-6: Run 1 apex 2 cross-sectional profile 

 

Figure F-7: Run 1 inflection 3 cross-sectional profile 
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Figure F-8: Run 1 apex 3 cross-sectional profile 

 

Figure F-9: Run 1 inflection 4 cross-sectional profile 
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Figure F-10: Run 1 apex 4 cross-sectional profile 

 

Figure F-11: Run 1 inflection 5 cross-sectional profile 
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Figure F-12: Run 1 apex 5 cross-sectional profile 

 

Figure F-13: Run 1 inflection 6 cross-sectional profile 
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Figure F-14: Run 1 apex 6 cross-sectional profile 

 

Figure F-15: Run 1 outlet cross-sectional profile 
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Figure F-16: Run 2 inlet cross-sectional profile 

 

Figure F-17: Run 2 apex 0 cross-sectional profile 
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Figure F-18: Run 2 inflection 1 cross-sectional profile 

 

Figure F-19: Run 2 apex 1 cross-sectional profile 
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Figure F-20: Run 2 inflection 2 cross-sectional profile 

 

Figure F-21: Run 2 apex 2 cross-sectional profile 
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Figure F-22: Run 2 inflection 3 cross-sectional profile 

 

Figure F-23: Run 2 apex 3 cross-sectional profile 
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Figure F-24: Run 2 inflection 4 cross-sectional profile 

 

Figure F-25: Run 2 apex 4 cross-sectional profile 
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Figure F-26: Run 2 inflection 5 cross-sectional profile 

 

Figure F-27: Run 2 apex 5 cross-sectional profile 
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Figure F-28: Run 2 inflection 6 cross-sectional profile 

 

Figure F-29: Run 2 apex 6 cross-sectional profile 
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Figure F-30: Run 2 outlet cross-sectional profile 
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Appendix G: Longitudinal Elevation Profiles 

This appendix contains longitudinal plots of the minimum and average elevations in the channel. 

Figure G-1 to Figure G-5 show the minimum elevation profiles for Runs 1, 2, 1G, 2G, and 3G 

while Figure G-6 to Figure G-10 show the average elevation profiles. For these plots, a series of 

cross-sections spaced 0.05 m apart along the initial centreline were used to sample elevations at 

0.01 m distances along the cross-section. The lowest value was the minimum elevation while 

average elevations were calculated by averaging all values in a cross-section. Greyed regions 

indicate the areas outside the meandering region used in analyses. This region includes both the 

straight channel at the inlet and outlet as well as the section of meander before the first inflection 

point as well as after the final inflection point. Data is colour-coded to indicate the flow rate for 

each time step. Initial time steps start at red and transition to green at low flow while blue lines are 

used exclusively for high flow conditions. 
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Figure G-1: Run 1 longitudinal minimum elevation profile 
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Figure G-2: Run 2 longitudinal minimum elevation profile 
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Figure G-3: Run RG1 longitudinal minimum elevation profile (after Good, 2018) 
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Figure G-4: Run RG2 longitudinal minimum elevation profile (after Good, 2018) 
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Figure G-5: Run RG3 longitudinal minimum elevation profile (after Good, 2018) 
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Figure G-6: Run 1 longitudinal average elevation profile 
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Figure G-7: Run 2 longitudinal average elevation profile 
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Figure G-8: Run RG1 longitudinal average elevation profile (after Good, 2018) 
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Figure G-9: Run RG2 longitudinal average elevation profile (after Good, 2018) 
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Figure G-10: Run RG3 longitudinal average elevation profile (after Good, 2018) 

 



 

H-1 

 

Appendix H: Normalized and Detrended Elevations 

This appendix contains the normalized and detrended DEMs for each time step. The rasters 

highlight the locations of pools and bars while helping to visualize changes in the channel over 

time. Values of normalized and detrended elevation are relative to the initial bankfull elevation. A 

value of zero is equal to the bankfull elevation, while a value of -1.0 is equal to the initial channel 

bed elevation. 
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Figure H-1: Run 1 T0 (initial) normalized and detrended DEM 
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Figure H-2: Run 1 T1 (low flow) normalized and detrended DEM 
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Figure H-3: Run 1 T2 (low flow) normalized and detrended DEM 
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Figure H-4: Run 1 T3 (low flow) normalized and detrended DEM 
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Figure H-5: Run 1 T4 (low flow) normalized and detrended DEM 
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Figure H-6: Run 1 T5 (low flow) normalized and detrended DEM 
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Figure H-7: Run 1 T6 (low flow) normalized and detrended DEM 
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Figure H-8: Run 1 T7 (low flow) normalized and detrended DEM 
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Figure H-9: Run 1 T8 (low flow) normalized and detrended DEM 
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Figure H-10: Run 1 T9 (low flow) normalized and detrended DEM 
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Figure H-11: Run 1 T10 (high flow) normalized and detrended DEM 
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Figure H-12: Run 1 T11 (high flow) normalized and detrended DEM 
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Figure H-13: Run 1 T12 (high flow) normalized and detrended DEM 
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Figure H-14: Run 1 T13 (high flow) normalized and detrended DEM 
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Figure H-15: Run 2 T0 (initial) normalized and detrended DEM 
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Figure H-16: Run 2 T1 (low flow) normalized and detrended DEM 
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Figure H-17: Run 2 T2 (low flow) normalized and detrended DEM 
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Figure H-18: Run 2 T3 (low flow) normalized and detrended DEM 
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Figure H-19: Run 2 T4 (low flow) normalized and detrended DEM 
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Figure H-20: Run 2 T5 (low flow) normalized and detrended DEM 
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Figure H-21: Run 2 T6 (low flow) normalized and detrended DEM 
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Figure H-22: Run 2 T7 (low flow) normalized and detrended DEM 
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Figure H-23: Run 2 T8 (low flow) normalized and detrended DEM 
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Figure H-24: Run 2 T9 (low flow) normalized and detrended DEM 
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Figure H-25: Run 2 T10 (high flow) normalized and detrended DEM 
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Figure H-26: Run 2 T11 (high flow) normalized and detrended DEM 
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Figure H-27: Run 2 T12 (high flow) normalized and detrended DEM 
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Figure H-28: Run 2 T13 (high flow) normalized and detrended DEM 
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Figure H-29: Run 1G T0 (initial) normalized and detrended DEM (after Good, 2018) 
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Figure H-30: Run 1G T1 normalized and detrended DEM (after Good, 2018) 
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Figure H-31: Run 1G T2 normalized and detrended DEM (after Good, 2018) 
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Figure H-32: Run 1G T3 normalized and detrended DEM (after Good, 2018) 
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Figure H-33: Run 1G T4 normalized and detrended DEM (after Good, 2018) 
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Figure H-34: Run 1G T5 normalized and detrended DEM (after Good, 2018) 
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Figure H-35: Run 1G T6 normalized and detrended DEM (after Good, 2018) 
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Figure H-36: Run 1G T7 normalized and detrended DEM (after Good, 2018) 
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Figure H-37: Run 1G T8 normalized and detrended DEM (after Good, 2018) 
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Figure H-38: Run 2G T0 (initial) normalized and detrended DEM (after Good, 2018) 
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Figure H-39: Run 2G T1 normalized and detrended DEM (after Good, 2018) 
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Figure H-40: Run 2G T2 normalized and detrended DEM (after Good, 2018) 
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Figure H-41: Run 2G T3 normalized and detrended DEM (after Good, 2018) 
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Figure H-42: Run 2G T4 normalized and detrended DEM (after Good, 2018) 
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Figure H-43: Run 2G T5 normalized and detrended DEM (after Good, 2018) 
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Figure H-44: Run 2G T6 normalized and detrended DEM (after Good, 2018) 
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Figure H-45: Run 2G T7 normalized and detrended DEM (after Good, 2018) 
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Figure H-46: Run 2G T8 normalized and detrended DEM (after Good, 2018) 
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Figure H-47: Run 2G T9 normalized and detrended DEM (after Good, 2018) 
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Figure H-48: Run 2G T10 normalized and detrended DEM (after Good, 2018) 
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Figure H-49: Run 3G T0 (initial) normalized and detrended DEM (after Good, 2018) 
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Figure H-50: Run 3G T1 normalized and detrended DEM (after Good, 2018) 
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Figure H-51: Run 3G T2 normalized and detrended DEM (after Good, 2018) 
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Figure H-52: Run 3G T3 normalized and detrended DEM (after Good, 2018) 
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Figure H-53: Run 3G T4 normalized and detrended DEM (after Good, 2018) 
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Figure H-54: Run 3G T5 normalized and detrended DEM (after Good, 2018) 
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Figure H-55: Run 3G T6 normalized and detrended DEM (after Good, 2018) 
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Figure H-56: Run 3G T7 normalized and detrended DEM (after Good, 2018) 
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Figure H-57: Run 3G T8 normalized and detrended DEM (after Good, 2018) 
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Appendix I: Normalized Minimum Channel Elevation Plots 

This appendix contains the normalized minimum channel elevation plots for each meander bend 

of Runs 1 and 2. These plots highlight the location of the pool in each bend and were averaged for 

a representative meander bend for further analysis. Data is colour-coded to indicate the flow rate 

for each time step. Initial time steps start at red and transition to green at low flow while blue lines 

are used exclusively for high flow conditions. 

 

Figure I-1: Run 1 meander 1 normalized minimum channel elevation profile 
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Figure I-2: Run 1 meander 2 normalized minimum channel elevation profile 

 

Figure I-3: Run 1 meander 3 normalized minimum channel elevation profile 
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Figure I-4: Run 1 meander 4 normalized minimum channel elevation profile 

 

Figure I-5: Run 1 meander 5 normalized minimum channel elevation profile 
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Figure I-6: Run 2 meander 1 normalized minimum channel elevation profile 

 

Figure I-7: Run 2 meander 2 normalized minimum channel elevation profile 
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Figure I-8: Run 2 meander 3 normalized minimum channel elevation profile 

 

Figure I-9: Run 2 meander 4 normalized minimum channel elevation profile 
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Figure I-10: Run 2 meander 5 normalized minimum channel elevation profile 
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Appendix J: Normalized Bank Migration and Flow Width Plots 

This appendix contains the normalized bank migration and flow width plots for each meander bend 

in Runs 1 and 2. These were averaged together to create a representative meander bend that was 

analyzed further. Data is colour-coded to indicate the flow rate for each time step. Initial time steps 

start at red and transition to green at low flow while blue lines are used exclusively for high flow 

conditions. 

 

Figure J-1: Run 1 meander 1 normalized outer bank migration distance from initial bank 
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Figure J-2: Run 1 meander 2 normalized outer bank migration distance from initial bank 

 

Figure J-3: Run 1 meander 3 normalized outer bank migration distance from initial bank 
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Figure J-4: Run 1 meander 4 normalized outer bank migration distance from initial bank 

 

Figure J-5: Run 1 meander 5 normalized outer bank migration distance from initial bank 
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Figure J-6: Run 2 meander 1 normalized outer bank migration distance from initial bank 

 

Figure J-7: Run 2 meander 2 normalized outer bank migration distance from initial bank 
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Figure J-8: Run 2 meander 3 normalized outer bank migration distance from initial bank 

 

Figure J-9: Run 2 meander 4 normalized outer bank migration distance from initial bank 
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Figure J-10: Run 2 meander 5 normalized outer bank migration distance from initial bank 

 

Figure J-11: Run 1 meander 1 normalized inner bank migration distance from initial bank 
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Figure J-12: Run 1 meander 2 normalized inner bank migration distance from initial bank 

 

Figure J-13: Run 1 meander 3 normalized inner bank migration distance from initial bank 
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Figure J-14: Run 1 meander 4 normalized inner bank migration distance from initial bank 

 

Figure J-15: Run 1 meander 5 normalized inner bank migration distance from initial bank 
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Figure J-16: Run 2 meander 1 normalized inner bank migration distance from initial bank 

 

Figure J-17: Run 2 meander 2 normalized inner bank migration distance from initial bank 
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Figure J-18: Run 2 meander 3 normalized inner bank migration distance from initial bank 

 

Figure J-19: Run 2 meander 4 normalized inner bank migration distance from initial bank 
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Figure J-20: Run 2 meander 5 normalized inner bank migration distance from initial bank 

 

Figure J-21: Run 1 meander 1 normalized flow width 
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Figure J-22: Run 1 meander 2 normalized flow width 

 

Figure J-23: Run 1 meander 3 normalized flow width 
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Figure J-24: Run 1 meander 4 normalized flow width 

 

Figure J-25: Run 1 meander 5 normalized flow width 
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Figure J-26: Run 2 meander 1 normalized flow width 

 

Figure J-27: Run 2 meander 2 normalized flow width 
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Figure J-28: Run 2 meander 3 normalized flow width 

 

Figure J-29: Run 2 meander 4 normalized flow width 
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Figure J-30: Run 2 meander 5 normalized flow width 
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Appendix K: Thalweg Kinoshita Equation Results 

This appendix contains a summary of the fitted Kinoshita equation parameters to the thalweg line. 

These values were not used in further analysis since the Kinoshita equation could not be fit very 

well to the thalweg shape and thus large errors were present. Radius of curvature could not be 

calculated based on the solved solution due to the large errors, but the raw data points contained 

too much noise to easily calculate the radius at every point along the curve. Note that the initial 

values and initial error were based on a second iteration of the Solver tool, independent of the 

calculations done for the centrelines. This led to slight differences in the values for the initial 

centreline, which was used as the baseline for the thalweg. 

Table K-1: Kinoshita equation changes for Run 2 and 2 thalwegs 

Variable 
Target 

Value 

Run 1 US Skew Run 2 DS Skew 

Initial After LF After HF Initial After LF After HF 

θ0 (°) 100 101.3 105.6 117.2 101.0 104.7 116.4 

Js (/32) ± 1.50 1.49 1.70 1.27 -1.58 -1.77 -1.05 

Jf (/192) 1.00 1.27 1.38 0.05 2.00 5.85 5.63 

λM (m) 3.38 3.46 3.65 4.38 3.48 3.73 4.31 

Variable 

Run 1 US Skew % Difference Run 2 DS Skew % Differences 

Initial 

Error 

After LF 

vs. Initial 

After HF 

vs. LF 

Initial 

Error 

After LF 

vs. Initial 

After HF 

vs. LF 

θ0 (°) +1.3 +4.1 +10.5 +1.0 +3.6 +10.6 

Js (/32) -0.8 +13.4 -29.4 -5.0 -11.3 +50.7 

Jf (/192) +23.8 +8.2 -185.1 +66.7 +98.1 -3.9 

λM (m) +2.2 +5.4 +18.2 +3.0 +6.8 +14.3 
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Table K-2: Kinoshita equation changes for Run 1G, 2G, and 3G thalwegs (after Good, 2018) 

Variable 
Target 

Value 

Run 1G Run 2G Run 3G 

Init. 
After 

LF 

After 

HF 
Init. 

After 

LF 

After 

HF 
Init. 

After 

LF 

After 

HF 

θ0 (°) 100 98.3 105.8 108.4 99.0 106.0 102.6 96.6 95.8 97.8 

Js (/32) 
± 1.00 

(0.00) 
1.03 1.44 1.24 -0.97 -0.89 -0.80 0.01 0.20 0.08 

Jf (/192) 
1.00 

(0.00) 
1.38 3.98 2.62 1.11 3.36 1.07 1.53 1.65 0.77 

λM (m) 3.38 3.47 3.84 4.16 3.51 3.95 3.81 3.14 3.13 3.26 

Variable 

Run 1G % Differences Run 2G % Differences Run 3G % Differences 

Init. 

Error 

LF vs. 

Init. 

LF vs. 

HF 

Init. 

Error 

LF vs. 

Init. 

LF vs. 

HF 

Init. 

Error 

LF vs. 

Init. 

LF vs. 

HF 

θ0 (°) -1.7 +7.3 +2.4 -1.0 +6.8 -3.3 -3.4 -0.9 +2.0 

Js (/32) +2.5 +33.7 -15.1 +2.7 +9.3 +9.8 -0.9 +18.7 -12.1 

Jf (/192) +31.8 +97.1 -41.0 +10.0 +100.9 -103.6 +152.5 +12.4 -87.6 

λM (m) +2.7 +10.1 +8.0 +3.8 +11.7 -3.6 -7.3 -0.5 +4.0 
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Appendix L: Normalized Radius of Curvature Evolution 

This appendix contains figures showing the normalized radius of curvature evolution for each meander bend of Runs 1 and 2. These 

curves were averaged to create a “representative” meander bend for analysis. Data is colour-coded to indicate the flow rate for each time 

step. Initial time steps start at red and transition to green at low flow while blue lines are used exclusively for high flow conditions. 

 

Figure L-1: Run 1 meander 1 normalized rc change over normalized meander distance 
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Figure L-2: Run 1 meander 2 normalized rc change over normalized meander distance 
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Figure L-3: Run 1 meander 3 normalized rc change over normalized meander distance 
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Figure L-4: Run 1 meander 4 normalized rc change over normalized meander distance 
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Figure L-5: Run 1 meander 5 normalized rc change over normalized meander distance 
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Figure L-6: Run 2 meander 1 normalized rc change over normalized meander distance 
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Figure L-7: Run 2 meander 2 normalized rc change over normalized meander distance 
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Figure L-8: Run 2 meander 3 normalized rc change over normalized meander distance 
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Figure L-9: Run 2 meander 4 normalized rc change over normalized meander distance 
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Figure L-10: Run 2 meander 5 normalized rc change over normalized meander distance 
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