
  v

TABLE OF CONTENTS 
 

1. OVERVIEW ..................................................................................................................1 
1.1 Introduction..................................................................................................1 
1.2  Scour Types .................................................................................................2 
1.3  Abbreviated Chronology of Technology Development...............................4 
1.4 Scope and Objectives...................................................................................7 

 
2. FUNDAMENTALS OF UNLINED SPILLWAY EROSION ....................................11 

2.1 Introduction................................................................................................11 
2.2  Erosion Mechanics.....................................................................................12 

2.2.1 Headcutting of Spillway Channels.................................................12 
2.2.2  Hydraulic Fracturing and Scour in Plunge Pools...........................13 

2.3  Air Entrainment .........................................................................................15 
2.4  Hydrodynamic Properties ..........................................................................17 
 2.4.1    Introduction....................................................................................17 

2.4.2 Pressure Fluctuations .....................................................................18 
2.4.3 Forces.............................................................................................19 

2.5 Geologic Factors ........................................................................................22 
2.6 Spillway Erosion Prediction ......................................................................25 

2.6.1 The Annandale Model....................................................................25 
2.6.2 The USDA Model ..........................................................................26 
2.6.3 The U.S. Army Corps of Engineers Methods ................................27 

2.7 Scour and Pressure Fluctuations ................................................................28 
2.7.1  Bollaert’s Comprehensive Scour Model .......................................28 

2.8 Notation......................................................................................................28 
 
3. ANNANDALE’S ERODIBILITY INDEX METHOD...............................................31 

3.1 Introduction................................................................................................31 
3.2 Material Resistance....................................................................................33 
3.3 Erosive Power of Water .............................................................................33 
3.4 Erosion Threshold......................................................................................34 
3.5 Determination of Erodibility......................................................................36 
3.6 Determination of Extent of Scour ..............................................................38 
3.7 Application.................................................................................................39 

3.7.1 Hydraulic Jumps ............................................................................40 
3.7.2 Bed Slope Change..........................................................................41 
3.7.3 Channel Flow.................................................................................41 
3.7.4 Plunge Pool ....................................................................................42 

3.8 Summary ....................................................................................................45 
3.9 Notation......................................................................................................45 

 
4. USDA EROSION MODEL .........................................................................................47 

4.1 Introduction................................................................................................47 
4.2 USDA Unlined Spillway Erosion Model...................................................47 

4.2.1 Phase I ............................................................................................48 



  vi

4.2.2 Phase II...........................................................................................50 
4.2.3 Phase III .........................................................................................51 
4.2.4 Application.....................................................................................54 

4.3 Headcut Erodibility Index .........................................................................55 
4.4 Extension of USDA Model .......................................................................56 

4.4.1 Threshold Modification .................................................................56 
4.4.2 Application.....................................................................................59 
4.4.3 Additional Spillway Erosion Case Histories..................................59 

4.5 Notation......................................................................................................62 
 
5. REMR METHOD ........................................................................................................65 

5.1 Introduction................................................................................................65 
5.2 Erosion Risk Classes..................................................................................65 
5.3 Erosion Potential........................................................................................66 

5.3.1 Lithology........................................................................................66 
5.3.2 Substance .......................................................................................66 
5.3.3 Genesis...........................................................................................68 
5.3.4 Tectonics ........................................................................................68 
5.3.5 Rock Mass......................................................................................68 

5.4 Application.................................................................................................68 
5.5 Notation......................................................................................................69 

 
6. BOLLAERT’S COMPREHENSIVE SCOUR MODEL.............................................71 

6.1 Introduction................................................................................................71 
6.2 Experimental Modeling of Dynamic Pressures in Rock Joints .................72 

6.2.1 Test Facility ...................................................................................72 
6.2.2 Plunge Pool Bottom Pressures .......................................................73 
6.2.3 Transient Rock Joint Pressures ......................................................75 

6.3 Physical Background of Rock Failure Criteria ..........................................76 
6.3.1 Relationship Between Wave Celerity and Pressure  
 Inside a Rock Joint.........................................................................76 
6.3.2 Philosophy of Rock Failure ...........................................................78 
6.3.3 Failure Criteria for Partially Jointed Rock.....................................80 
6.3.4 Failure Criteria for Completely Jointed Rock................................81 

6.4 Comprehensive Scour Model.....................................................................83 
6.4.1 The Module of the Falling Jet........................................................84 
6.4.2 The Module of the Plunge Pool .....................................................85 
6.4.3 The Module of the Rock Mass.......................................................87 

6.5 Application Example .................................................................................93 
6.5.1 Scour Computation for One Rock Layer .......................................94 
6.5.2 Scour Computations with Depth....................................................96 

6.6 Conclusions................................................................................................97 
6.7 Notation......................................................................................................97 

 
7. MAINTENANCE AND REMEDIAL MEASURES.................................................101 

7.1 Introduction..............................................................................................101 



  vii

7.2  Remedial Measures..................................................................................101 
7.3  General Remedial Measures ....................................................................102 

7.3.1 Reduced Frequency of Operation ................................................103 
7.3.2 Reduced Velocity.........................................................................107 

7.4 Channel Lining.........................................................................................110 
7.4.1 Vegetation ....................................................................................110 
7.4.2 Rock Riprap .................................................................................111 
7.4.3 Concrete Paving ...........................................................................112 
7.4.4 Roller Compacted Concrete.........................................................112 
7.4.5 Mats..............................................................................................113 

7.5 Erosion Cutback Prevention ....................................................................113 
7.5.1 Cutoff Wall ..................................................................................113 
7.5.2 Rock Anchors...............................................................................114 
7.5.3 Energy Dissipation.......................................................................114 

7.6 Materials Stabilization .............................................................................114 
7.6.1 Soil Cement..................................................................................115 
7.6.2 Shotcrete ......................................................................................115 

 
8. MONITORING AND EVALUATION .....................................................................117 

8.1 Introduction..............................................................................................117 
8.2 Pre-Overflow............................................................................................117 
8.3 During the Flood .....................................................................................118 
8.4 After the Flood.........................................................................................118 

 
REFERENCES ................................................................................................................121 
 
APPENDIX A — TUTTLE CREEK SPILLWAY .........................................................133 
 Introduction................................................................................................................133 
 Tuttle Creek Dam.......................................................................................................134 
 Tuttle Creek Spillway ................................................................................................134 
 Geology of Tuttle Creek Spillway .............................................................................137 
 Flood of 1993.............................................................................................................139 
 Spillway Erosion........................................................................................................139 
 References..................................................................................................................141 
 
APPENDIX B — SAYLORVILLE LAKE SPILLWAY................................................143 
 Introduction................................................................................................................143 
 Saylorville Dam .........................................................................................................144 
 Saylorville Spillway...................................................................................................144 
 Geology of Saylorville Spillway................................................................................146 
 Spillway Discharge ....................................................................................................148 
 Spillway Erosion........................................................................................................151 
 Spillway Damage .......................................................................................................152 
 References..................................................................................................................156 
 
 



  viii

APPENDIX C — OVERTOPPING OF GIBSON DAM................................................157 
 Introduction................................................................................................................157 
 Gibson Dam ...............................................................................................................157 
 Gibson Spillway.........................................................................................................157 
 Overtopping During the Extreme Storm on June 8, 1964 .........................................157 
 References..................................................................................................................164 
 
APPENDIX D — PAINTED ROCK DAM ....................................................................165 
 Introduction................................................................................................................165 
 Painted Rock Dam .....................................................................................................166 
 Painted Rock Spillway...............................................................................................166 
 Geology of Painted Rock ...........................................................................................166 
 Flood of 1993.............................................................................................................169 
 Erosion .......................................................................................................................169 
 Conclusions................................................................................................................172 
 References..................................................................................................................173 
 
APPENDIX E — WHITE OAK SPILLWAY.................................................................175 
 Introduction................................................................................................................175 
 White Oak Spillway...................................................................................................175 
 Sites Input ..................................................................................................................175 
 Sites Output................................................................................................................182 
 Reference ...................................................................................................................183




