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OBJECTIVE: This lecture is intended to provide an overview of the
technique of multi-level analysis for the solution of fluvial-system
problems. The individual steps of such an analysis will be presented,
with the emphasi s of the 1ecture focused upon the fi rst two com
ponents: Qualitative Geomorphic Analysis (Fluvial Geomorphology) and
Quantitative Geomorphic Analysis (Basic Engineering). The third com
ponent of this multi-level approach, Mathematical Modeling, will be
discussed briefly at the end of the lecture.

•
2

LECTURE 1: Multi-Level Analysis Approach

SLA, INC.

•

•

I. GENERAL .INTRODUCTION

The analysis of, and solution to, problems involving complex fluvial
systems generally are best approached through a step-by-step process
which defines each component of the problem and finds a solution to
same. The sol uti on approach presented here is composed of three
general levels of analysis which utilize analytical tools from the
disciplines of geomorphology, hydrology, and hydraulics. The solution
techniques employ both qualitative and quantitative methods, thereby
providing the engineer with a means to develop a general overview of
the fluvial system, as well as addressing specific items of concern.
Although each step in such a process is an independent one, the final
solution to a complex problem sometimes requires an iterative process
which uses this multi-level approach as a check-and-balance procedure
to assure that convergence to the "true" solution will in fact occur.

However, it is not always necessary to complete all three level s of a
multi-level analysis approach in order to obtain meaningful results.
Depending upon the data and the resources available, the solution to
fluvial-system response can often be obtained through the application
of individual components of the multi-level analysis approach. Thesa
components have been 1abe1ed as "1 eve1s" of anal ys is, and a;tre
described as follows:

Level I - A qualitative analysis, based upon general geomorphi;<:
concepts

Level II - A quantitative engineering analysis, based upon fun
damental hydrologic and hydraulic relationships

Level III - A detailed quantitative analysis, utilizing mathemat.f
cal modeling to describe complex watershed and river
processes

While each ascending level of analysis requires an increased commi-t
ment of resources, it also produces meaningful results in its ownl
right. Therefore, when applied as an itegrated approach, this muJt;-
level approach constitutes a powerful methodology for the solution, to.
campl ex fl uvi al-system probl ems, especi ally when eval uat;'ng short-term
and/or long-term responses of watershed and river systems.
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II. LEVEL I - QUALITATIVE GEOMORPHIC ANALYSIS

A. Use of General Relationships

o Well-Known Relationships (See Figures)

- Lane

- Leopold and Wolman

- Henderson

- Schumm

B. Use of Classification Systems

o Straight

o Meandering

o Braided

o Combination

C. Use of Aerial Photography

D. Interpret Changes in Land Use

E. Interpret Development Activities of Man

F. Assessment of Changes in Plan and Profile

o Changes in Flow Regime

o Changes in Hydrologic Processes

•

III. LEVEL .11 - QUANTITATIVE GEOMORPHIC AND BASIC ENGINEERING . A.~
ANALYSIS Y u

Y:
/"

o Changes in Sediment Yield and Transport Rate

o Design Discharge

o Dominant Discharge

B. Hydraulic Analysis

o Water-Surface Profiles



4 SLA, INC.

Braided streams

Meandering streams

a a I ,........c;::::----.----.,-----,-------r----r-----,

~ O.OOf
.2
<II

G.I
C
C
o
.c.
U 00001

•

•

0.00 001 L.-__---I .-..l.--=--__--L:--__--L.:--__-'-;;:--_~

10 10 10 2 103 10 4 10~ 106

Mean annual disc/"large (cfs) -r jJlseJAry ';J , ;)

/ . VcJl"f/AI,4"V U /~$'1 I'~
£-----:7" t/~ -r f1-'

Lane's discharge relation I 1- f',d o~ /tf!
{jr/~ j-1IfI /$ ~$

~/'

O. I ~~--.----r---__r___r----,r__.._--..__,_--_,

0.05

Braided

" Leopold and Wolman's d[scharge relation

Meandering

0.01

0.05

0.001

0.0005

v
a.
.2
<II

G.I
C
C
o
.c.
U

0.0001
0.0000 5 L...L.-_-L-L__-L.-L.-_..l.....-...L-_---J.----.l_~

10 3 10 4 10 5 10 6

Bank (ulldischarqe Cds)

•



"

•

•

•



5 SLA, INC.
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- Flow Distribution

- Depth

- Velocity

o Distribution of Bed and Bank Sediments

- Sieve Analyses (See Figures)

- PI and UCS Tests, if required

- Visual Analysis (Pebble Count,

o Estimate Sediment-Transport Rate

- From Actual Measurements

SLA, INC.

(fJ.
5·

•

•

- From Transport Equations(s)

o Compute Equilibrium Slope

- Using Simplified Transport Relationships

- Applying Principle of Sediment Continuity

o Predict Aggredation/Degradation Trends of Fluvial System
\

o Predict Lateral Migration/Meandering Trends of vl~l

Systems ~

IV. LEVEL III - MATHEMATICAL MODELING ' ,~ .;~
A. Definition /?

o Quantitative Means of Describing the Complex Interaction of
Physical Processes Related to Hydrology, Hydraulics,
Erosion and Sedimentation Which Occurs Within a Fluvial
System

o A convenient Means of Rapidly Executing Complex Numerical
Procedures (i.e., a "Number Cruncher")

B. Benefi ts

o Can Play "What- I f" Games

o Economical to Run Multiple Alternatives, Once Calibrated

o Can Evaluate Uncertainties of Assumptions and Decisions
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o More Complex Models Require Added Data and Generate
Increased Cost• C. Costs

10 SLA, INC.

•

•

o The Uninformed User Can Misapply Modeling and Unknowingly
Produce Inaccurate Results

- The Multi-Level Approach Described During This Lecture
Enables the User to Make System-Modeling Decisions on a
More-Informed Basis
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HYDROLOGIC AND HYDRAULIC ANAlYSES

LECTURE 2

Simons, Li &Associates, Inc.
120 West Broadway, Suite 120

P.O. Box 2712
Tucson, Arizona 85702

July 1986





OBJECTIVE: This lecture is intended to present an overview of the
various techniques available to the practicing engineer when under
taking hydrologic and hydraulic analyses of fluvial systems. Emphasis
is placed on aspects of such analyses which are especially relevant
within the desert southwest.

•
12

LECTURE 2: Hydrologic and Hydraulic Analyses

SLA, INC.

I. GENERAL INTRODUCTION

The semi-ari d cl imate of the southwestern United States presents a
challenge to any surface-water hydrologist and/or drainage design
engineer attempting to analyze and correctly predict the behavior of
an alluvial channel system. A large percentage of the difficulties
encountered with such analyses are related to sediment-transport phe
nomena, and it is therefore essential that the interaction between
water and sediment be considered when conducting hydrologic and
hydraulic analyses in the desert southwest. One example is the
variation of resistance to flow in alluvial channels which can occur
as a result of the development of bed-forms. However, it is also
essential that the sound application of fundamental hydrologic and
hydraulic concepts serve as a prerequisite to the more-detailed exami
nation of erosion and sedimentation processes likely to occur within
alluvial channel systems •

II. HYDROLOGIC ANALYSES

- Spati al

- Temporal

- Peak
- Volume

- National Headquarters (Reston, Virginia)

- District Office of Water Resource Division

o "Rai nfall

o "First Step"

o Runoff

o United States Geological Survey

1 1)
y )(••

Relation to Other Analyses ~.

fI)~~r
;J

))1
Sources of Data

A.

B.

•

•
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o United States Department of Agriculture

- Soil Conservation Service

~A, I~.

•

•

c.

- Agricultural Research Service (Southwest Watershed
Rangeland Research Center)

o National Weather Service

o Corps of Engineers (L.A. District)

o Bureau of Reclamation (Denver, Colorado)

o United States Forest Service

o United States Bureau of Land Management

o Federal Emergency Management Agency

o State Department of Water Resources

o State Department of Transportation

o County Flood Control Districts

o County Highway Departments

o City Engineering Departments

o Irrigation Districts

o Special District (e.g., Salt River Project and (CAWCD)

o Public and Private Universities

o State Climatologist

o Private Individuals
~~f~
Peak-Disc arge Determination

o At-Gage Statistical Analyses (See Figures)

- Extreme Value, Log Normal, Log Extreme Value, Gumb1e

- Log-Pearson Type III

o Regional Methods (See Figures)

- United States Geological Survey Flood-Frequency Analysis
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United States
Geological
Survey
Water-Supply
Paper 2207

Prepared in
Cooperation with
U.S. Department Of

Transportation
federal Hi~hway
Administration

u.s. GEOLOGICAL SURVEY

OPEN-FILE REPORT 82-365

P
/

TECHNIQUES FOR ESTIMATING

FLOOD HYDROGRAPHS

FOR UNGAGED URBAN WATERSHEDS

Flood Characteristics
of Urban Watersheds
in the United States

.•',.

•

II , .. ,erati... il~ I
u.itt~ Slalts Dt,a,1
Ft~eral Kic~nJ A~.i

•

•

••
PREPARED IN COOPERA nON WITH

C).S. DEPARTMENT OF TRANSPORT A TION
FEDERAL HIGHWAY ADMINISTRATION

•"...•- "',
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Table 1.--Regression equations for flood magnitudes at
selected recurrence intervals and corresponding
standard error of estimate--Continued

REGION 3--CENTRAL MOUNTAIN AREA (87 STATIONS)

•

Equation

Q2 = 5.66AO.673E-O.605e~~03

Qs = 31.6AO.650E-O.868pO.987

QI0 = 74.7AO.638E-1.00pO.971

Q25 = 186AO.626E-1.14pO.944

QSO = 329AO.617E-1.22pO.933

Q100 = 553AO.610E-l.30pO.915

Q500 = 1,530AO.595E-l.45pO.886

Standard error of estimate,
in percent

81

64

58

58

61

66

78

REGION HE--HIGH-ELEVATION REGION (16 STATIONS)

43

33

33

38

42

45

55

•

Q2 = 8.78AO. 853

Q5 = 19.9AO. 826

Q10 = 29.6AO. 816

Q2S = 44.9AO. 805

QSO = S8.2A°.799 , y./
Ql00 = 72.9AO. 795 ~- ~
Q500 = 113AO. 787
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- Other Regional Methods

o SCS TR-55 Method

D. Flood-Hydrograph Determination

o Rainfall/Runoff Models

- HEC-l (USACE)

- TR-20 (SCS)

- Penn State Urban Runoff

- Others

SLA, INC.

•
o Rainfall/Runoff Processes

Storm Characteristics (Depth, Spatial and Temporal
Characteristics)

- Runoff Volume (Interception/Infiltration)

( 'rJrr< f/tJ."j)
- Overland Flow tffM'

- Collector Flow

- Channel Flow

E. Selection of Design Event

o Size of Watershed

o Seasonal Impacts

o Risk

A. Resistance to Flow

o Darch-Weisbach Friction Factor "f"•

o Long- term vs.

III. HYDRAULIC ANALYSES

Short-term Impacts (Dominant Discharge) ~

/ '1/N /"o/- z:-1U 'JI ./~,)
-;1:. ;/

~
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•
, .
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•
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........ "",
. ,

"'C"Value
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....
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•
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~ ..
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. f'i'.::.-·:
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Undeve,,'op.ed Desert
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'-J ~J-. ',' w"·.. ,..:.: -

Industrial Areas
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0.45

0.55 "} V,ll~il
1.-"

0.65 I
0.20 ( :)

0'.25 (r»'" I00r"

0.35 ( )

0.70

0.90

0.20( )

•



•
22

o Chezy Resistance Factor "C"

o Manning Roughness Coefficient "n"

o Inter-relationships

C = (8g/f)l12

n = O.0926Rl/6fl/2

SLA, INC •

•

•

on-values for Rigid-Boundary Conditions (See Figures)

on-values for Mobile-Boundary Conditions (See Figures)

- Fine-grained Channels (Bed Forms)

- Bed Forms as a Function of Stream Power

- Considerations for Lined Channels Carrying Sediment-Laden
Flows

- Cobble-bed and Boulder-bed Channels (Bed Forms?)

on-values for Cobble-bed and Boulder-bed Channels

- Drag Forces

- Porous-Media Flow

- Complex Resistance Equation (Bathurst)

B. Boundary Shear Stress

o Basic Relationship, L = YRS (Alternate, L = 1/8pfV2)

o Distribution Along the Boundary

- Variation in a Trapezoidal Cross Section (See Figures)

- Maximum Unit Tractive Force Versus Aspect Ratio (See
Figures)

o Shear Stress in a Bend

- Distribution (See Figures)

- Variation (See Figures)

- Downstream Impacts

o Permissible Shear Stress



TABLE 5-6. VALUE8 OF THE ROUGHNESS COEFFICIENT n (continued)
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Type of channel and description

SLA, INC.

Minimum Normal Maximum

•

•

C. EXCAVATED OR DREDGED

a. Earth, straight and uniform
1. Clean, recently completed
2. Clean, after weathering
3. Gravel, uniform section, clean
4. With short grass, few weeds

b. Earth, winding and sluggish
1. No vegetation
2. Grass, some weeds
3. Dense weeds or aquatic plants In

deep channels
4. Earth bottom and rubble sides
5. Stony bottom and weedy banks
6. Cobble bottom and clean sides

c. Dragline-excavated or dredged
1. No vegetation
2. Light brush on banks

d. Rock cuts
1. Smooth and uniform
2. Jagged and irregular

e. Channels not maintained, weeds and
brush uncut
1. Dense weeds, high as flow depth
2. Clean bottom, brush on sides
3. Same, highest stage of flow
4. Dense brush, high stage

D. NATURAL STREAMS

D-1. Minor streams (top width at flood stage
< 100 ft)
a. Streams on plain

1. Clean, straight, full stage, no rifts or
deep pools

2. Same as above, but more stones and
weeds

3. Clean, winding, some pools and
shoals

4. Same as above, but some weeds and
stones

5. Same as above, lower stages, more
ineffective slopes and sections

6. Same as 4, but more stones
7. Sluggish reaches, weedy, deep pools
8. Very weedy reaches, deep pools, or

floodways with heavy stand of tim
ber and underbrush

0.016
0.018
0.022
0.022

0.023
0.025
0.030

0.028
0.025
0.030

0.025
0.035

0.025
0.035

0.050
0.040
0.045
0.080

0.025

0.030

0.033

0.035

0.040

0.045
0.050
0.075

0.018
0.022
0.025
0.027

0.025
0.030
0.035

0.030
0.035
0.040

0.028
0.050

0.035
0.040

0.080
0.050
0.070
0.100

0.030

0.035

0.040

0.045

0.048

0.050
0.070
0.100

0.020
0.025
0.030
0.033

0.030
0.033
0.040

0.035
0.040
0.050

0.033
0.060

0.040
0.050

0.120
0.080
0.110
0.140

0.033

0.040

0.045

0.050

0.055

0.060
r. 080
0.150
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•

LOWER REGIME

.•• t.)·.

PLAIN BED STANDING WAVES a ANTIOUNES

TRANSITION UPPER REGIME

TRANSITION

STREAM POWER. (1. V)
FROUDE NUM8ER.(V /..!'9'd)
VELOCITY,lv}

DUNES't < t c RIPPLES

•
Bed

Roughness
Typi cal

Range

Recommended
Value for

Flood Studies

Recommended
Value for

Sediment Transport
Studies

Ripples

Dunes

Transition

Plane Bed

Standing
Waves

0.018-0.030

0.020-0.035

0.014-0.025

0.012-0.022

0.014-0.025

0.030

0.035

0.030

0.030

0.030

0.022

0.030

0.025

0.020

0.020

Antidunes 0.015-0.031 0.030 0.025

•
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Lp

• HIGH SHEAR STRESS ZONE

•

Shear Stress Oistribution in a Channel Bend
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- Cohesive Materials

- Non-cohesive Materials

- Impacts of Vegetation

- Impacts of Cementation

- Typical Values (See Figures)

o Shear Stress as Related to Flow Velocity

- Maximum Versus Mean Shear Stress/Velocity

SLA, INC •

•

•

- Permissible Velocity as a Function of Permissible Shear
Stress

C. The Concept of Flow Control

o Uniform Flow (Normal Depth)

- Resistance to Flow Balanced by Gravational Force

- Slope of Energy Grade Line Equals Bed Slope

o Crictical Flow (Critical Depth)

- Minimum Engergy

- Point of Control

- Froude Number, F, = 1.0 (F = V/(gYh)1/2)

o Subcritical Flow (Greater than Critical Depth)

- Control is Downstream

o Supercritical Flow (Less than Critical Depth)

- Control is Upstream

o Water-Surface Profiles

- Gradually-varied Flow

- HEC-2 (USACE)

- HY-7 (USGS)

Do Additional Influences Upon Flow Depth
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o Bed Forms

- Dunes (1/2 Y, bed)

SLA, INC •

•

•

_ Antidunes (0.02lV2, bed or surface, but no greater than
1/2 Y

o Superelevation in Bends

- Rectangular Channels

- Trapezoidal Channels

- Formula (See Figures)

o High-Velocity Flow Separation in

- ~ Y = 0.25V2/2g

- Applies When W/rc>O.33

o Debris Accumulation

- At Bridge Crossings

- At Culvert Crossings

At Fences and/or Other Barriers

o Long-term Aggradation

- Filling of Channel by Sediments Due to Sediment-Transport
Discontinuity

E. Total Freeboard Requirement

o Bank Lining Alone, Use First Three Components Described
Under III. D.

o Channel Wall Height, Use All Five Components Described
Under III. D.

o Formulas

- F.BBL = 1/2ha + ~Yse + ~Ys

w~J
ha Antidune Height V C""';f'/-'?-=

~Yse = Superelevation

~Y s = Flow Separation (Bank Lining Only)
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• Io+-----------w---------~

•
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Figure 4.8a Definition sketch of
in a channel bend .
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- F.BTOT = F.BSL = ~Yd + ~Yagg

~Yd = Debris Accumulation

~Yagg = Long-term Aggradation

~A, I~.
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QUALITATIVE GEOMORPHIC ANALYSES
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ROBERT C. MACARTHUR~ Ph.D.,·P.E.
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3555 Stanford Road

P.0. Box 1816
Fort Collins, Colorado 80522

July 1986



LECTURE 3: Level I - Qualitative Geomorphic Analysis

OBJECTIVE: This lecture presents the practical use of geomorphic
principles for the analysis of fluvial systems. The geomorphic
discipline provides a number of concepts and tools that greatly assist
the engineer in the planning and design tasks associated with rivers.
These tools are able to address both long- and short- term changes in
the river environment. The critical problem of man's influence on the
river environment can be addressed by considering the external
stresses that man's activities cause. The gradual increase in exter
nal stress may eventually produce a dramatic response in the system.

•
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I. GENERAL .INTRODUCTION

Geomorphology is a field in the discipline of geology that is con
cerned with the physical and chemical processes that shape the earth's
land forms. Fluvial geomorphology concentrates on the morphology
(shape) of rivers and river systems. This broad overview of the river
system is important from an engineering standpoint, since it is rarely
possibl e to understand even a short reach of an all uvi al channel in
isolation from its upstream and downstream controls. The engineering
analyses of a river reach requires integration of upstream geology,
morphology, and hydrology. The geomorphic level of analysis can be
divided into two parts:

1. Pl an form analysi s.

2. Longitudinal profile analysis.

The key objective of the geomorphic analysis is the classification of
the river with the goal of identifying areas that are unstable or that
constitute a hazard to human activity. Geomorphic techni ques are
available that can identify trends in river processes and unstable
conditions. These techniques rely on a substantial data base that
includes aerial photography, maps, and field measurements.

1I. DATA REQUI.REMENTS

Data requirements include information on river geometry; geologic con
ditions; historic data on flood events, river development and changes
in land use; hydrologic conditions; and sediment characteristics.

A. Geologic Data

1. Structure
2. Major formations
3. Tectonic activity
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B. River Geometry

1. Channel cross-sectional characteristics
2. Channel gradient
3. Valley gradient and channel sinuosity
4. Radius of channel bends

Co Historic Data

1. Flood history
2. Gage record (changes in datum)
3. Channel alignment history ( from aerial photos)
4. Land-use changes
5. Records of cross-sectional changes

D. Hydrologic Data

1. Frequency and duration of floods
2. Estimation of bankfull discharge
3. Dominant discharge
4. Watershed area
5. Response time for rainfall/runoff
6. Soil type
7. Vegetative cover
8. Infiltration characteristics

E. Sediment Characteristics

1. Channel bed and bank material characteristics
2. Sediment sources in the watershed
3. Measurements of sediment yield
4. Deposition in reservoirs or detention ponds
5. Measured sediment concentration in the river

F. Data Sources

SLA, INC.
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1. Topographic maps
2. Planimetric maps
3. Aerial photographs (See Table 1 for agencies who provide

information on aerial photos)
4. Transportation maps
5. Triangulation and benchmarks
6. Geologic maps
7. Soil data
8. Climatological data
9. Streamflow data
10. Sedimentation data
11. Water-quality data
12. Irrigation and drainage data
13. Flood-control data
14. Hydro-power data
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Table 1. Agencies with Information on Aerial Photographs.

~A, I~ •

•

•

EROS Data Center
U.s. Geological Survey
EROS Data Center
User Services Section
Sioux Falls, South Dakota 57198
Telephone: (605)594-6151

NCIC Headquarters
National Cartographic Information

Center
U.S. Geological Survey
507 National Center
Reston, Virginia 22092
Telephone: (703)860-6045

NCIC Offices
Eastern Mapping--NCIC
U.S. Geological Survey
536 National Center
Reston, Virginia 22092
Telephone: (703)860-6336

Mid-Continent Mapping Center--NCIC
U.S. Geological Survey
1400 Independence Road
Rolla, Missouri 65401
Telephone: (314)341-0851

National Cartographic Information
Center

U.S. Geological Survey
National Space Technology Laboratories
NSTL Station, Mississippi 39529
Telephone: (601)688-3544

Rocky Mountain Mapping Center--NCIC
u.s. Geological Survey
Box 25046, Stop 504 Federal Center
Denver, Colorado 80225
Telephone: (303)234-2326

Western Mapping Center--NCIC
U.S. Geological Survey
345 Middlefield Road
Menlo Park, California 94025
Telephone: (415)323-8111, ext. 2427

National Archives Cartographic
Division

Attention: Richard Spurr
841 South Pickett Street
Alexandria, Virginia 22304
Telephone: (703)756-6704
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15. Basin and project reports
16. Environmental reports
17. Personal interviews
18. Paleohydrologic evidence
19. Dairies and inspection records
20. Field investigation

G. Other Important Factors to Consider

~A, I~.
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•

1. Movable versus fixed boundaries; concept and approach
2. Alluvial channels
3. Why worry about sediment problems?

- Can decrease degree of flood protection
- Removes valuable storage
- Interferes with navigation
- Can cause unstable banks and undermine channel

crossings
- Can adversely impact the environment

4. Important sedimentation process

- Erosion, land surface, stream channel and banks
- Entrainment
- Transportation
- Deposition
- Compaction

H. All of these Processes are Equilibrium Seeking and are Time
Dependent

1. Different scales of time are important.
- Geologic time (104 to 107 years)

o Basins filling, mountains and plains degrading,
swamps forming, changing river location and plan

- Project time (100 years or less)

o River meandering, channel degradation or aggradation,
channel widening, etc.

- Major flood (hours to several days)

o Changes in plan form and channel geometry, meander,
bar movement

- Instantaneous (hours)

o Changes in river discharge and sediment loads
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Natural channel plan form of rivers cover a continum of patterns,
ranging from straight, to meandering, to braided characteristics.
Plan form of a channel is determined by the interaction of numerous
variables whose range in nature is continuous, one should not be
surprised at the existence of a complete range of channel patterns. A
ri ver reach, then, may exhi bi t both bra i di ng and meanderi ng, as the
alteration of controlling parameters changes the character of a given
river plan form.

• III. PLAN FORM ANALYSIS
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Rivers can be classified broadly in terms of channel pattern, that is,
the confi gurati on of the ri ver as vi ewed on a map or from the ai r.
The patterns are straight, meandering, braided, or some combination of
these (Figure 1).

A straight channel can be defined as one that does not follow a
sinuous course. Leopold and Wolman (1957) have pointed out that truly
straight channels are rare in nature. Although a stream may have
rel ati vely strai ght banks, the thal we , or path of greatest depth
along the channel, is usually sinuous (Figure l.b). As a result,
there is no simple distinction between straight and meandering chan-
nels. "

The sinuousity of a channel, defined as the ratio between the thalweg
length and the down-valley di"stance, is most often used to distinguish
between straight and meandering channel s. Sinuosity varies from a
value of unity to a value of three or more. Leopold, Wolman and
Miller (1964) took a sinuosity of l.DS'as the division between mean
dering and straight channels. It should be noted that in a straight
reach with a sinuous thalweg developed between alternate bars (Figure
l.b), a sequence of shallow crossings and deep pools is established
along the channel.

A braided stream or river is generally wide with poorly defined and
unstable banks, and is characterized by a steep, shallow course with
multiple channel divisions around alluvial islands (Figure l.a).
Braiding was studied by Leopold and Wolman (1957) in a laboratory
flume. They concluded that braiding is one of many patterns which can
maintain quasi-equilibrium among the variables of discharge, sediment
load, and transporting abil ity. Lane (1957) concl uded that,
generally, the two primary causes that may be responsible for the
braided condition are (1) overloading, that is, the stream may be
supplied with more sediment than it can carry, resulting in deposition
of part of the load; and (2) steep slopes, wh i ch produce a wi de,
shallow channel where bars and islands form readily.

A meandering channel is one that consists of alternating bends, giving
an S-shape appearance to the plan view of the river (Figure 1.c).
More precisely, Lane (1957) concluded that a meandering stream is one
whose channel alignment consists principally of pronounced bends, the





•

•

90nl\
l.ine

a) Braided

39

b) Straight c) Meandering

SLA, INC.

o 0'

g
·b

"'V-V...., V

• Figure 1. River channel patterns.



shapes of which have not been determined predominantly by the varying
nature of the terrain through which the channel passes. The mean
dering river consists of a series of deep pools in the bends and
shall ow crossi ngs in the short strai ght reach connecti ng the bends.
The thalweg flows from a pool through a crossing to the next pool
forming the typical S curve of a single meander loop.

A number of classification schemes have been developed to assist in
recognizing various river patterns. There are also quantitative rela
tionships that can be used to categorize river form. Figure 2
illustrates the geomorphic information that is readily obtained from a
sequence of aerial photographs. Use of aerial photographs is par
ticularly valuable in identification of river plan form. When aerial
photographs are available over a period of years they can provide a
valuable record with which to identify channel form and assess channel
stability. Plotting overlays of channel pattern and movement as a
function of time often reveals alarming instabilities.

The objective of plan form analysis is to identify conditions of chan
nel instability. Changes in channel classification signal lateral
instability of the channel, which can cause significant problems at
river structures. Plan form analysis seeks to identify these
problems.

A. Classification of River Channels (Figure 3)

1. Channel width
2. Hydrologic regime
3. Bed materi al
4. Valley setting
5. Flood plain
6. Degree of sinuosity
7. Degree of braiding
8. Degree of anabranching
9. Variability of width and development of bars
10. Apparent incision
11. Cut banks
12. Bank material
13. Vegetative and tree cover on banks

•

•

•
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B. I nvesti gati ons have al so focused on the rel ati onshi p between
channel characteristics, such as slope and sinuosity, and
channel patterns (straight, meandering, braided). Results of
Friedkin (1945), Leopold and Wolman (1957), and Lane (1957)
suggest that for a given discharge there is a threshold slope
separati ng brai ded and meanderi ng channel s. Fi gure 4 sum
mari zes the vari ous resul ts, whi ch in general can be fi tted
by equations of the form

•
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where S is the channel slope, Q is the discharge, ex is
a coefficient and K is a constant. The data used to deve
lop these relationships included both laboratory. results and
field measurements for predominantly sand-bed channels.

1. SQ1/4 = K for sand-bed channels
2. K < 0.0017 meandering pattern
3. K > 0.01 braided pattern
4. 0.0017 < K < 0.01 intermediate pattern

Concept of Kahn's .Relationship (Figure 5)

1. Shift from intermediate pattern to braided
2. Qualitative, based on laboratory tests

•

IV. LONGITUDINAL PROFILE ANALYSIS

The longitudinal profile of a stream shows its slope, or gradient, and
provides 4 visual representation of the ratio of the fall of a stream
to its length of a given reach. Rivers are generally steepest in the
upper reaches, with milder profile gradients in the downstream direc
tion. Figure 6 illustrates this. The shape of the profile is the
resul t of a number of interdependent factors. On the average, it
represents a bal ance between the sediment-transport capacity of the
river and the size and quantity of the sediment load supplied.

The longitudinal profile is dynamic and adjusts continually to changes
in water discharge and sediment load. If a river is unable to
transport the incoming sediment load, a deposition of the sediment
load will take place that will build up the channel bed (Figure 7).
This deposition process will cause an increased channel gradient that
in turn will increase the sediment-transport capacity of the river.
If a river develops an excess ability to transport sediment, a
scouring of sediment from the channel bed will take place (Figure 7).
This scour process will cause a decrease in channel gradient that in
turn will decrease the sediment-transport capacity of the river •
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Figure 4. Slope-discharge relations.

Vl
r
):>..
......
:z
n



•

•

r
>
I-
en
o
::l
z
en

45

• Thalweg Sinuosity
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Figure 5. Channel pattern versus slope
and simu()sity (Kahn, 1971) .
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A. Time-Sequenced Thalweg Profiles

1. Developed from available mapping

SLA, INC •
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2. Or, from historic profile or cross-sectional measurements

B. Lane's Relationship

1. Investigations of channel response have found the
following relationships:

a. Depth of flow is proportional to water discharge and
inversely proportional to sediment discharge

b. Channel width is directly proportional to both water
and sediment discharge

c. Channel shape (expressed as width to depth ratio) is
directly proportional to sediment discharge

d. Channel slope is inversely proportional to water
discharge and directly proportional to sediment
discharge and mean sediment grain size

e. Sinuosity ,is directly proportional to valley slope
and inversely proportional to sediment discharge

f. Transport of bed material is proportional
power and concentration of wash load, and
proporti onal to the fall vel oci ty of
materi al

to stream
inversely
the bed

•

2. The resulting qualitative relationship is very useful for
predicting river response.

where L = shear stress on the channel bed
V = average channel velocity
Cf = wash load concentration
W = channel top width
050 = mean sediment grain size
Qs = sediment discharge

3. Lane simplified this relation to obtain:
QS ex QsD50



C. Application of Lane's Relation (summarized in Figure 8)•
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1. Degradation below a reservoir
2. Lowering of base level for a tributary
3. Straightening of a channel

D. Examples of Lane's Relation can be used as a good qualitative
assessment tool are provided in Figures 9 through 14.

V. GENERAL OPEN-CHANNEL DESIGN CONCEPTS TO KEEP IN MIND DURING YOUR
LEVELS I AND II STUDIES

The ideal channel is a natural one carved by nature over a long period
of time. The benefits of such a channel are that;

Velocities are usually low, resulting in longer concentration
times and lower downstream peak flows.

Channel storage tends to decrease peak flows.

Maintenance needs are usually low because the channel is somewhat
stabil i zed.

The closer an artificial channel character can be made to that of a
natural channel, generally the better the artificial channel.

Channel stability is a well recognized problem in urban hydrology
because of the significant increase in low flows and peak storm runoff
flows. A natural channel must be studied to determine what measures
are needed so as to avoid future bottom scour and bank cutting.
Erosion-control measures can be taken which will preserve the natural
appearance, not be costly, and function properly.

Ac Choice of Channel

The choices of channels available to the designer are almost
infinite, depending only upon good hydraulic practice,
environmental design, sociological impact, and basic project
requirements. However, from a practical standpoint, the
basic choice to be made initially is whether or not the chan
nel is to be a lined channel for higher velocities, a grassed
channel, or a natural channel already existing.

The actual choi ce must be made upon a vari ety of mu1 ti
disciplinary factors and complex consideration which include,
among others:
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(Os D50l IS PROPORTIONAL TO (0 S)

WHERE Os = SEDIMENT DISCHARGE
050 = MEDIAN SEDIMENT SIZE° WATER DISCHARGE
S • SLOPE

Figure 8. Schematic of the Lane relationship
for qualitative analysis .
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EXAMPLES:
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EXAMPLES (continued)

~,
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Figure 12a. Channel response above and below a dam.
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Figure 12b. Clear water release below a dam.
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Hydraulic

Slope of thalweg
Right of way
Capaci ty needed
Basin sediment yield
Topography
Ability to drain adjacent lands

Structural

Costs
Availability of material
Areas for wasting fill

Environmental

Neighborhood character
Neighborhood asthetic requirements
Need for new green areas
Street and traffic pattern
Municipal and county policies

Sociological

Neighborhood social patterns
Neighborhood children population
Pedestrian traffic
Recreational needs

SLA, INC.

Prior to choosing the channel type, the planner should be
sure to consult with experts in related fields in order that
the channel chose will create the greatest overall benefits.
Whenever practical, the channel should have slow-flow charac
teristics, be wide and shallow, and be natural in its
appearance and functioning.

B. Summary of Design Procedure

1. Estimate the
computations.

design flow based on hydrologic

•

2. Determine the channel design slopes based on topographic
considerations. The channel design slope should be the
uniform slope required to allow the channel to be
constructed through slight changes in existing grade.

3. Determine a channel bottom width (approximate prismatic
channel shape) based on field observation of the existing
channel, flow capacity requirements, engineering
judgment, and consideration of sediment-transport-related
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4. Estimate or look up in published tables, an appropriate
Manning's n value.

5.

6.

7.

Determine the hydraul ic regime for the design flow by
computing Yc and Yn.

Determine channel stabil i ty based on an estimate of the
bed material size and material type using a critical
shear or critical velocity approach.

Determine the type of channel bank or toe protection
necessary to maintain channel stability (e.g., grass
lined, riprap, gaDions, soil cement, drop structures,
etc. ).

10. Make sure your design will function equally well for low
flows and high flows •

crossings, local scour,
and freeboard problems

channel
action,

8. Assess river bends,
superelevations, wave
separately.

9. Recompute the channel hydraulics based on final align
ment, bank protection methods, and other design con
siderations to check the final channel capacity,
velocity, and freeboard ••

•
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WORKSHOP 1

QUALITATIVE ANALYSIS

LECTURE 4

GEORGE K. COTTON, P.E.

Simons, Li &Associates, Inc.
1225 East Broadway Road, Suite 200

Tempe, Arizona 85282

July 1986



OBJECTIVE: To demonstrate the practical use of basic qualitative ana
lysis tools for plan form and longitudinal profile analysis.

•
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LECTURE 4: Workshop 1, Qualitative Analysis
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I. GENERAL INTRODUCTION

This workshop consists of a series of exercises that will acquaint
the user with vari ous data used in f1 uvi a1 ana1ysi s and methods of
qualitative analysis. Reduction of plan form data to determine eroded
areas and channel classification variables is demonstrated. Interpre
tation of bed and bank material samples is presented. Sample calcula
tions using channel classification schemes, basic fluvial geomorphic
relationships, and the Lane relationship are conducted.

II. USE OF AERIAL PHOTOGRAPHY

A. Identification of changes in river alignment

o Describe major channel features of the Santa Cruz river in
1941.

o Describe major channel features of the Santa Cruz river in
1985 •

o What changed?

o What stayed the same?

o There are a number of instances of property damage and
structural failures in the 1985 photo, locate as many as
you can find. Can you guess what river processes may have
caused the failures?

B. Overlay of historic river alignments

o Delineate the right and left bank for the 1941 and 1985
Santa Cruz aerial photos.

o What are some of the changes that can be found usi ng the
photo overlay that are less obvious without the overlay?

o How much judgment did you have to use when developing your
overlay?

- What areas were you uncertain about including?

- Do you think photo quality or scale is a problem?
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o Could you quantify the change in alignment?

III. PLAN FORM VARIABLES

A. Sinuosity

o Ratio of river length to valley length

o Measurement of sinuosity

B. Channel width and depth

o Measurement of channel shape

o Width to depth ratio

IV. BED AND BANK MATERIAL INFORMATION

A. Size

o What are the median particle sizes?

o What are the largest sizes?

- Are there gravel and cobbles

o What is the smallest size?

- Are there silt and clay?

SLA, INC •

•

o What sizes are present in the banks that are not found in
the bed and visa versa?

B. Gradati on

o How are the sediment sizes distributed?

o Is the distribution symetric?

o Calculate the gradation coefficient.

C. Classify the bed and bank material

V. CHANNEL CLASSIFICATION

A. Apply Culbertson's and Brice's classification scheme to the
Santa Cruz river for the 1941 and 1985 conditions •



c. Use slope-discharge relationships to classify the channel.
Has channel form changed over time?•

62

B. Note the changes and discuss channel stability.

SLA, INC •
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VI. LONGITUDINAL PROFILE RESPONSE

A. Measure channel gradient for years of available record.

B. Based on plan form analysis designate a stable upstream
reach.

C. Tabulate data on channel width, slope, and mean sediment
size.

D. Use the Lane relationship to qualitatively predict relative
changes in channel profile stability •
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QUANTITATIVE SEDIMENT ANALYSES

(Taken from Chapter VII, ·Sediment Transport- in
Engineer;ng Analisis of Fluvial Systems,
by Simons, Li & ssociates, Inc., 1982)

•

•

LECTURE 5

ROBERT C. MACARTHUR, Ph.D., P.E.

Simons, Li &Associates, Inc.
3555 Stanford Road

P.O. Box 1816
Fort Collins, Colorado 80522

July 1986
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QUANTITATIVE SEDIMENT ANALYSES

Lecture 5

Robert C. MacArthur, Ph.D., P.E.

Lecture Outline

Introduction ~
Terminology
Sediment-Transport Mechanisms
Factors Affecting Sediment Transport and Deposition
Incipient Motion and the Shield's Relation
Sediment-Transport Equations

Bed Load

Meyer-Peter, Muller Equation
Einstein's Bed-Load Equation
Comparison of Various Bed-Load Equations

SLA, INC.
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Suspended Load
Total Load
Power Relationships
Comparison of Bed-Material Load Equations and Field Applications

Example Bed-Material Discharge Calculation Using Meyer-Peter, Muller
Methods

How Sediment-Transport Equations are Used in Numerical Models

Data Requirements
Theoretical Basis
Solution Techniques
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HOW SEDIMENT-TRANSPORT EQUATIONS
ARE USED IN NUMERICAL MODELS

ROBERT C. MACARTHUR, Ph.D., P.E.

July 1986
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How Sediment-Transport Equations are Used In Numerical Models

~ 1. Fixed bed versus movable bed models

2. Sediment sources in a river reach

Input Data Requirements for Typical Sediment-Transport Model

1. Geometric data

A. Cross sections
B. Distance between cross sections
C. N-val ues
D. Limits of movable bed
E. Special features

2. Sediment data

A. Range of particle sizes
B. Inflowing sediment load
C. Size of sediment material in stream bed
D. Tributaries or diversions

3.

Q = VA

~

Hydrol ogi c data

A. The water discharge hydrograph
B. The downstream boundary condition
C. Water temperature

.Theoretical Basis

~ 2
S - S y $(V /2g)r 0 -}~ - /Mx

?
Conservation of Energy

Continuity of Water Volume

J-MG + B Ys = 0
o

G = f ~~t.r' grain

Continuity of Sediment Volume

size distribution, Transport Function

(3 )

(4 )

~

where the transport function may be

A. Toffaleti
B. Madden modification of Laursen
C. Yang - stream power
D. Einstein bed-load function
E. User supp1.ie.d_
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Solution Technique

For a given "event" in the histogram of flows (i .e., a water discharge, Q,
associated with a duration, WT)

1. Calculate the water-surface profile by solving equations (I) and (2)
using step backwater procedure.

2. Calculate sediment-transport capacity at each section using equation
(4) •

3. Calculate volume of material scoured and deposited between cross sec
tions from Equation (3).

4. Calculate associated change in bed-surface elevation (Wy) and modify
cross-sectional geometry appropriately.

5. Read data for next event.

6. Go to 1.

Model Limitations

1. One-dimensional approximation

2. Quasi-steady

3. Sensitivity to inflowing load data

4. Lack of objective measures of model performance (calibration data)
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Topography
of River

Valley

I Y-So,..t·lo""~. , '" ..... """ ,~~

2. Reach Lengths

Roughness
(n -Values)
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Hydraulics
of Flow·

I. depth
2. width

3. velocity

4 slope

(e
Fi g. 6.02. FIXED BED MODEL
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Topography
of River

Valley

I. X-Section;;

2.Reach Lengths
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Sediment Load

1. Suspended load

2. Bed load

Hydraulics

of Flow
I. depth
2. width
3. velocity
4. slope

Hydraulic
Roughness
(n-Yalues)

I. Bed forms:
a. ripples
b. dunes
c. flat beds
d. ant i-dunes

2. Size of Grains

C.e
Fig. 6.03. M0 VABLE 8 E0 MOD EL
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Clossifica tion System

Based on Base'ci on
mechen ism of transport particle size

Wash load Wash lood

-0

8- "- Suspendedc::
11)

loadE Suspended ..
. -0 ... _.. . _..

11)
bed-material....

Bed -ma teria I-
£ load0 IcedI-

-
Bed Icod Bed load

Figure 8. Com~arison of location of suspend~d load. ~ash load.

and bed load carried in channel flow from USDA-SCS, ~EH. S~ccion

3 (1971).
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AN OVERVIEW OF SEDIMENT-TRANSPORT PHENOMENA

BASED UPON CASE HISTORIES

(Slide Presentation)

LECTURE 6

MICHAEL E. ZELLER, P.E.

Simons, Li &Associates, Inc.
120 West Broadway, Suite 120

P.O. Box 2712
Tucson, Arizona 85702

July 1986



LECTURE 6: An Overview of Sediment-Transport Phenomena Based Upon
Arizona Case Histories (Slide Presentation)•
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OBJECTIVE: This lecture, through the use of 35 mm slides, is intended
to provide visual documentation of the manner in which sediment
transport phenomena has, over the past fi ve to ten years, impacted
fluvial systems located within the State of Arizona.

I. GENERAL INTRODUCTION

Beginning with the October, 1977 flood in Southeastern Arizona, which
primarily affected the Santa Cruz River, and ending with the
devastating flood of October, 1983, which impacted all of Southeastern
Arizona, no less than five major flood events (e.g., 1977, 1978, 1979,
1980, and 1983) have wrecked havoc upon some of the major watershed
and river systems in Arizona. The 35 mm slides selected for showing
during this lecture were chosen so as to offer a visual overview of
the major classes of sediment-transport phenomena which were observed
to have occurred during the recent floods noted herein. These major
cl asses are:

•
A.

B.

Lateral Migration (Bank Erosion)

o Meandering

o Widening

Scour (Bed Erosion)

o Local

o General

•

C. Fill (Sedimentation)

o Braiding

o Avulsion
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QUANTITATIVE ENGINEERING ANALYSIS

BED ADJUSTMENT MECHANISMS

LECTURE 7

ROBERT L. WARD, P.E.
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LECTURE 7: Quantitative Engineering Analysis, Bed Adjustment
Mechanisms•
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•

OBJECTIVE: The purpose of this lecture will be to identify and exa
mine the various physical processes that are capable of causing ver
tical movement in the profile of a river-bed.

I. GENERAL INTRODUCTION

The vertical movement that occurs in a river or channel bed during
passage of a flood can often create more severe or destructive impacts
than just the inundation caused by the floodwaters. Failure to
acknowledge and plan for such bed adjustments can lead to catastrophic
failures of bridges, highways, or other man-made structures that might
be located within the floodplain environment.

There is a continual, dynamic interaction between sediment particles
and the transporting medium, water. As water moves sediment through a
drainage system, there is a constant struggle to achieve a state of
equilibrium or balance between sediment supply and sediment transport
capacity. In seeking this balance, the drainage system is in a con
tinual mode of change as both vertical and horizontal adjustments are
made to the channel boundaries of the system1s watercourses. In
natural, undisturbed watersheds, these changes may take place very
slowly (hundreds or thousands of years), but when man-made urbani za
tion disrupts such watersheds, l~rge magnitude changes can occur very
rapidly.

The vertical changes that occur to the cross-sectional geometry of a
ri ver- bed are a complex i nteracti on of several di fferent phenomena.
As suggested previ ously, some of these phenomena occur over long
periods of time, while others must be dealt with during every flood.
There are at least six known mechanisms that are responsible for
causing vertical movement in a river-bed:

1.
2.
3.
4.
5.
6.

long-term degradation/aggradation L v~
general scour r.~~~local scour
bend scour
low-flow incisement
influence of bedforms

•

Depending on site specific parameters such as bed-material gradation,
channel shape, hydraul i c control s (dams, grade control s, etc.), and
degree of urbanization or floodplain encroachment, some of these phe
nomena may be more prominent at one site versus another.

By isolating these phenomena and examining the physical processes
responsible for their behavior, it is possible to predict their
occurrence and estimate the magnitude of their response within a given





• ri ver system.
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The remainder of this lecture will focus on an examination of these
phenomena and present analytical methods that can be used to quantify
their influence on a specific project.

II. LONG-TERM AGGRADATION/DEGRADATION

Long-term aggradation/degradation is normally a response to a disrup
tion within a watershed that either changes the sediment transport
capacity of the river system (through alteration of the channel
geometry or slope) or changes the sediment supply to the river (such
as that occurring downstream of a dam). As the name implies, changes
resulting from such watershed disruptions generally occur over a long
period of time and are not the result of a single flood. The time
period is strongly influenced by the watershed's climatology and
hydrology, si nce runoff must occur in the drai nage system for the
equilibrium slope changes to take place.

In order to understand and be able to apply the equilibrium slope con
cept to practical problems, certain principles and constraints must be
examined.

A. Sediment Continuity

The concept of equilibrium slope is based on the principle of
sediment continuity. Under equilibrim conditions, the sediment
continuity equation can be expressed as follows:

QSin = QSout

where QS in = rate at which sediment is being delivered to a spe
cific reach of river

QSout = sediment transport capacity of a specific river
reach under investigation

For equilibrium to prevail, both terms in this equation must be
equal. If they are not, natural adjustments will begin to occur
in the bed slope so as to either increase or decrease QSout to
make it equal to QSin.

If the incoming sediment supply exceeds the river's sediment
transport capacity, the bed-slope will increase or steepen, which
in turn increases the velocity of flow, thus causing an increase
in sediment transport capacity, since transport capacity is
roughly proportional to the fourth power of the velocity of
flow.

Alternately, if the incoming sediment supply is decreased to less



than that capable of bei ng transported by the ri ver, the bed
slope will begin to decrease or flatten in order to reduce the
velocity of flow and, thus, the sediment transport capacity.
Figure 1 presents a graphical ill ustration of these two cases.

B. Factors to be Evaluated in Determining Equilibrium Slope

•
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An equilibrium slope analysis requires an investigation of many
watershed characteristics. The analysis should include an
i nvesti gati on of the watershed hi story, channel hydraul i c and
sediment transport charcteristics, and the identification of any
natural or man-made control s in the river system. The following
1i st presents an orderly sequence of issues that shoul d be con
sidered during an equilibrium slope analysis.

1. Examine historic bed profiles

- Determine reasons for observed historic changes

*' j;rrvA tJS# dtwr
f tIr-r1Vurl v-I rrt-'7 $LJ tJrfl1>{,1~

II- DIfHJ
2. Examine historic flood records

• - Correlate with changes in historic bed-profiles

3. Determine dominant channel discharge

- perennial channels, 2- to 5-year event

.- ephemeral channels, 5- to lO-year event

- bankfull discharge may be good indicator of dominant
flow

•
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In this case, the sediment supply exceeds the sediment transport
capacity of the reach. Under this condition, the bed slope must
increase in order to increase the transport rate to match the
supply rate. The initial excess of sediment s~pply wi-ll cau.se
aggradation at the upstream end of the reach until the down
stream portion of the bed slope is steep enou9h to transport all
the incoming sediment.
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•
In this case, the incoming sediment sunply is less than the
sediment transport capacity of the reach. This sediment deficit
will be satisfied by a removal of bed material through the reach
until the bed slope is flattened enough tc reduce the transport
capacity to the point that it matches the incoming sediment supply.

Figure 1 - Schematic of long-term degradation/aggradation



4. Sediment supply

f Locate undisturbed upstream supply reach that exhibits
stability, i.e., no recent evidence of large scal i. ..t..

erosion. Or M -("'yv'f'",. J!'5[.,r·" pJ.-AD <f- pr' ' J-JJr « b'f f
+ Check for no recent changes in upstream watershed con

ditions and no major tributary inflows downstream of
supp ly reach.

t Supply will be equal to transport capacity of supply
section.

•
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•

5. Sediment transport capacity

- Can be computed using applicable sediment transport
equations for all downstream reaches

6. Calculation procedure is usually iterative.

- Slopes
supply

•

~ 7. Locate control points for slope pivot.

- rock outcroppings

- man-made controls



8. Engineering judgement must be used to interpret results.••
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- Some sites may only be eval uated from a qual itative
standpoint rather than quantitative.

- Projection of equilibrium slope (from a pivot point)
for long distances upstream will yield unrealistic bed
elevations.

III. GENERAL SCOUR/DEPOSITION

General scour occurs in response to a contraction in channel geometry,
while general deposition is induced by an expansion of channel
geometry. Channel contracti ons and expansi ons cause an increase or
decrease, respectively, in channel vel oci ty, whi ch creates a simil ar
change in sediment transport capacity.

Such changes in channel geometry create a localized imbalance between
sediment supply and sediment transport capacity. When upstream supply
exceeds downstream transport capacity, deposition results; the reverse
(scour) occurs when downstream transport capacity exceeds upstream
supply. The mechanics of this phenomenon are discussed in the
following paragraphs.

A. Sediment continuity

General scour/deposition is similar to long-term aggradation/
degradation in that it can be analyzed through application of the
sediment continuity principle. However, unlike its long-term
counterpart, general scour/deposition examines bed-profile
changes during short time intervals of a specific flood

. hydrograph. A1though such interval s are too short for equi 1i b
dum to be established, they are used to analyze the transitory
bed changes that may be encountered simul taneously with, and
beyo~d the point of, achieving long-term equilibrium. By
applying this concept to a specific river reach, the bed profile
changes can be rel ated to di fferent segments of the hydrograph.
Such an anal ys ismay show a gi ven reach of the ri ver to be depo
sitional during one time interval of the hydrograph and scouring
during a later interval.

Since equilibrium is generally not established during the short
time intervals used in the general scour/deposition analysis, the
sediment continuity equation must include a term for the sediment
volume changes that occur during each time interval •
Mathematically, this is expressed as:



• OS· - Os = t:.Volln out t:.Tlme
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OSi n =

OSout =

incoming sediment supply rate

sediment transport capacity through a specific
channel reach

•

•

bVol = change in sediment volume that occurs during a
bTime given time interval

This is the same equation previously used to define the
equilibrium slope concept, with the stipulation that the t:.Vol

t:. Time
term be zero for equilibrium slope conditions.

Figure 2 graphically illustrates the basic difference between an
equilibrium slope calculation and a general scour/deposition
calculation. This figure shows that bed elevation changes due to
general scour/deposition occur simultaneously with equilibrium
slope adjustments and continue, indefinately, beyond the point at
which an equilibrium slope is achieved.

B. Procedures for Evaluating General Scour/Deposition

An analysis of general scour/deposition for a project site is
normally pursued by a sediment routing procedure which appl ies
the sediment continuity principle to adjacent segments of the
river reach under investigation. Basic assumptions of the proce
dure are outlined as follows:

1. Discretization of flood hydrograph
The hydrograph for which the analysis will be performed
must be subdivided into discrete time interval s. The
average discharge for each time interval is used to com
pute hydraulic and sediment transport properties for
each ri ver segment. Fi gure 3 illustrates a di screti zed
hydrograph.

2. Subdivision of river reach
The river reach under investigation should be divided
into segments of equal length with relatively uniform
hydraulic and cross-sectional characteristics. The
selection of subdivided reach limits can often be made
from a review of a HEC-2 analysis for the site.

3. Sediment supply
Since the sediment routing procedure proceeds in a
downstream direction, the sediment supply to any given
subreach is equal to the sediment transport capacity of
the adjacent upstream reach. These supply rates will
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vary with each discretized time interval of the
hydrograph. It shoul d be emphasized that thi sis a
major departure from the sediment supply assumption for
equilibrium slope. For equilibrium slope, a constant
sediment supply rate is used throughout the calculation,
since all downstream subdivisions of a given reach are
assumed to have achieved a state of equilibrium with
each other.

•
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4.

•

Sediment transport capacity
Transport capaci ty can be computed by any app1i cab1e
methods that have been di scussed in previ ous 1ectures.
As with the sediment supply, the transport capacity must
be recomputed for each time interval of the hydrograph.

5. Comparison of sediment supply with transport capacity
A reach by reach comparison of sediment supply to

.r, transport capacity will yield a value of flVol in the
..~~ ~T;me

.Af~ sediment continuity equation. Knowing the time interval
~/,~{j ( ~Time) and the length and width of a given subreach,

' ~Q~. ~~ the ~Vol term can be converted to a vertical dimension
~~ ~T;me

whi ch represents the verti ca1 adj ustment to the ri ver
bed for a specific time interval of the hydrograph.
This comparison is made for all adjacent subdivisions of
the river reach ,under investigation and for all time
intervals of the hydrograph. The results of this com
parison provide a mathematical description of the
general scour/deposition patterns that will occur during
a specific flood event.

6. Correction of sediment volumes for porosity
Most sediment transport equations yield sediment
transport rates in terms of unbul ked vol ume per unit
time. However, in its natural state, sediment has a
certain degree of porosity. Accordingly, the sediment
vol urnes deri ved from the transport equati ons must be
corrected for porosity prior to using these volumes to
determine changes to bed elevations. This correction
can be made with the following equation:

Vs
Vt = --r:n

where Vt = bulked sediment volume

Vs = sediment volume computed by transport
equations

• n = porosity of sediment

I/o/lilt )
~ /11

-----



7. Interpretation of results
The analysis of general scour/deposition can be con
ducted at different levels of accuracy. A qualitative
assessment of this phenomenon can be made by simply com
paring the sediment transport rates of adjacent river
sections. Using the principle of sediment continuity,
this comparison will indicate which sections would be
expected to scour versus those expected to aggrade.

•
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•
IV.

The analysis can be carried a step further by computing
the ~Vol term in the continuity equation and applying

LiTime
this term to subdivided river reaches to estimate the
magnitude of the vertical bed movement that might be
expected in each reach. Using rigid-bed assumptions to
compute the hydraulic parameters for use in the sediment
transport equations, this procedure can easily be per
formed using a hand-held calculator.

With present state-of-the art technology, the analysis
can be carried to a third level using a computer to per
form quasi-dynamic sediment routing. Unlike the rigid
boundary method- discussed above, quasi-dynamic sediment
routing updates the cross-sectional geometry at the end
of each time interval and computes a new backwater pro
file, and associated hydraulic parameters, for use in
the sediment transport calculations for the next time
step.

LOCAL SCOUR

•

Local scour is a common phenomenon that most engineers are aware of,
especially those involved in bridge design. Local scour is observed
whenever an abrupt change in the direction of flow occurs, such as at
bridge piers or embankments. Local scour at bridge piers is a result
of high velocity vortex systems developed at the pier. Figure 4
illustrates this vortex action at both a bridge pier and an embank
ment. Local scour resul ts from these vortex currents when they
increase the capacity of the flow to remove or transport the bed
material in greater quantities than which replacement bed-material is
being supplied. In essence, this is another application of the sedi
ment continuity principle.

Local scour is difficult to model because of the complex three
dimensional flow patterns that are set into motion. For the same
reason, accurate field measurements have also been difficult to
obtain. Nevertheless, numerous formulas have been developed for pre
dicting local scour. Most of these formulas have been based on flume
experiments with little or no field verification •
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Schematic representation of scour at a cylindrical pier.

Schematic representation of scour at an embankment.

Figure 4 - Illustration of local scour
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• A. Pier Scour
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The following factors should be considered in the analysis of
pier scour.

1. Change in scour depth with time
Figure 5 presents a typical relationship between local
scour depth and passage of a flood hydrograph. As would
be expected, the maximum scour depth usually occurs
during the peak discharge of the flood, which is nor
mally when the highest velocities exist. As the
scouri ng action decreases on the fall i ng 1i mb of the
hydrograph, the scour holes are usually filled, thus
leaving little to no evidence of the maximum scour that
may have occurred during the peak of the flood.

2. Factors affecting pier scour
Local scour at piers is strongly influenced by the pier
shape (blunt nose, circular, etc.) and width, the velo
city of flow, depth of flow, and sediment size. The
verti ca1 angl e of the pi er, with respect to the
approaching flow, will -also influence the scour depth.
An illustration of the vertical angle of attack is
illustrated in Figure 6 •

3. Pier scour equations
There are at least 10 prediction equations for bridge
pier scour. An excellent summary of these equations is
presented in a paper entitled Comparison of Prediction
Equations for Bridge Pier and Abutment Scour authored by
J. Sterling Jones. A copy of this paper is included in
the Appendix to these lecture notes.

Engineers are continually faced with a decision as to
which equation would be most appropriate for a specific
project application. Jones recommends that the
following two approaches be pursued in selecting the
appropriate equation for a bridge design:

(1) The available equations should be compared with
site specific field data to determine which ones best
duplicate actual field measurements of scour.

Use of this method can introduce errors in measurements
because of the influence of other bed adjustment mecha
nisms that may be occurring simultaneously with pier
scour. If the pier scour component cannot be isolated,
errors will result in attempts to match an equation to
the field measurements •

(2) If sufficient data is not available under Approach
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Figure 5 - Temporal change of scour hole
depth during a storm {typical) .
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No.1, the condi ti ons under whi ch the equati ons were
derived should be evaluated and the one that best
matches the design conditions should be used. Figure 4
of Jones' paper provides a concise surrnnary of the data
envelope used to develop pier scour equations.

•
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B. Abutment scour

•

Figure 7 presents an illustration of scour pockets that can form
near the nose of abutments that extend into a floodplain or main
channel. Such abutments essentially act as constrictions to flow
and create a localized increase in velocity as the water abruptly
transitions from a wide cross-section to a narrow cross-section.
This abrupt transition of flow also creates vortices which, when
combined with the velocity increase, cause scour at the nose of
the abutment.

Very little research has been done on abutment scour. Laursen
employed the sediment continuity equation, along with an assump
tion of clear water in the overbank area, to develop an equation
rel ati ng scour depth to the hori zontal di stri buti on and depth of
flow, as well as to a velocity parameter.

Scale model flume experiments conducted by Liuresulted in an
abutment scour equation relating scour depth to depth of flow,
Froude Number, and embankment length.

These model studi es employed simpl e, rectangul ar channel con
figurations, the results of which may not totally be trans
ferrable to the more irregular channel geometry encountered under
actual field conditions. Data from Liu·s experiments, along with
field data collected along the Mississippi River, suggests the
following equations for computing abutment scour with subcritical
flow:

Application of these equations to field situations can be
compl i cated when tryi ng to defi ne the 1ocati on at whi ch the
variables should be measured. Suggested guidelines for•

and

where

tills = 1.1 rtf·4 FrO .33
~ < 25)Y

tills = 4 F 0.33
~?- 25)Y r

tills = scour depth measured from the mean bed level to
the bottom of the scour hole

y = upstream depth of flow
a = embankment length

Fr = upstream Froude Number
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Figure 7 - Definition sketch of embankment length "a".
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• measuri ng these parameters are presented on Fi gure 7. These
are only suggesti ons and shoul d be tempered wi th engi neeri ng
judgement, based on specific site conditions.

v. BEND SCOUR

Bend scour, as the name implies, occurs in channel bends which induce
transverse or "secondary" currents which, in turn, scour sediment from
the outside of a bend and cause it to be deposited along the inside of
the bend. It is important to note that thi s scouri ng mechani sm is
caused by the spiral pattern of secondary flow, and is not due to a
shift of the maximum longitudinal velocity filament against the outer
bank. Channel bends will cause a shift in this velocity filament, but
through the bend the maximum longitudinal velocity is normally moved
nearer to the inside bank, whereas the shift to the outer bank occurs
downstream of the bend. I t is at these downstream 1ocati ons that the
shift in longitudinal velocity patterns will most likely cause lateral
erosion of a channel bank. The mechanics of this phenomenon are
illustrated in Figure 8.

•
Figure 9 presents topography and cross-sections of measured scour in
a channel bend that was i nvesti gated through 1aboratory experiments
conducted by I. L. Rozovskii (Flow Of Water In Bends Of Open Channels,
1957 ).

The purpose of this lecture will be to present a method for estimating
the vertical magnitude of bend scour as well as the distance
downstream of the bend that bend scour might be propagated.

A. Depth of bend scour

The following expression was developed by Zeller to estimate
the maximum depth of bend scour:

t:,Z = 0.0685 YVO.
8

[2 01 (Sin
2

7)002_ 1]
bs y~.4 S~.3 cos a

a =

Zbs =
V =
Y =

Yh =
Se =

where bend scour component of total scour depth (feet)
mean velocity of upstream flow (fps)
maximum depth of upstream flow (feet)
hydraulic depth of upstream flow (feet)
upstream energy slope (bed slope for uniform
flow conditions, feet/feet)
angle formed by the projection of the channel
centerline from the point which meets a line
tangent to the outer bank of the channel
(degrees, see Figure 10).

Mathematically, it can be shown that, for a simple circular curve, the•
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a
b

•

a- topography of bottom in a model of channel bend; 1-contour
lines; 2-boundary between erosion and deposits; b-consecutive
bottom deformation stages in channel bend

Figure 9 - Laboratory Measurements of Bend Scour

Reference: Flow Of Water In Bends Of Open Channels,
by I. L. Rozokskii
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• Figure 10 - Illustration of terminology for bend scour calculations,





following relationship exists between a and the ratio of radius of
curvature to channel topwidth.•
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~

where rc =
W=

•

rc _ cos a
W - -~'-::2::-"'--

4 sin (~)

radius of curvature to centerline of channel (feet)
channel topwidth (feet)

If the bend under evaluation deviates significantly from a simple
circular curve, the engineer should consider dividing the bend
into a series of circular curves and analyzing the bend as a com
pound curve. This concept is illustrated in Figure 11. Under
thi s procedure, there woul d be a different val ue of a deter
mi ned for each segment of the compound curve. A scour depth
would then be computed for each segment of the curve using the
a determined for that segment.

B. Downstream extent of bend scour

An approximation of the longitudinal extent of bend scour can
be based on the downstream distance required for the dissipa
tion of the secondary currents that are responsible for bend
scour. Rozovskii developed an expression for predicting the
distance from the end of a bend at which the secondary currents
will have decayed to a negligible magnitude. This relationship
is:

x = 2.3 (_c_) y-yg.

•

where X = distance from the end of channel curvature (point of
P.T.) to the downstream point at which secondary currents have
dissipated (feet)

C = chezy coefficient
g = gravitational acceleration (32.2 feet/second2)
Y = depth of flow (to be conservative, use maximum depth of

flow, exclusive of scour, within the bend) (feet)

This expression should only be used as a guide in determining the
distance downstream of a curve that secondary currents will con
tinue to be effective in producing bend scour. As a conservative
estimate of the longitudinal extent of bend scour, both through
and downstream of the curve, the engineer would be advised to

~consider bend scour commencing at the upstream point of curvature
~ (P.C.) and extending a distance X downstream of the point of

tangency (P.T.). Engineering judgement should be used in
electing to deviate from this generalized recommendation.
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• VI. LOW-FLOW INCISEMENT
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Low-flow incisement is an attempt by nature to transport water in the
most efficient manner possible, i.e., with a minimum expenditure of
energy. Low-flow incisement is normally in response to small, fre
quent flows in a channel. Rather than carrying this water in a uni
form, shallow depth, occupying the entire channel bottom and creating
a substantial amount of frictional resistance due to the large wetted
channel perimeter, the stream will incise a more efficient, compact
channel cross-section which is capable of carrying the amount of water
with much less frictional resistance (due to the smaller wetted
channel perimeter). Figure 12 ill ustrates thi s concept with some
calculated channel parameters showing the differences in cross-section
characteristics. Notice the large decrease in wetted perimeter that
accompanys the incised channel.

There are no rigorous methodologies for the prediction of low-flow
channel incisement. A field inspection of the study area is probably
the best method to determine the potential for this phenomenon. If
the existing channel does not have low-flow incisement, but proposed
channel i zati on or other changes resul t in conditi ons favorabl e for
low-flow channel development (Le., a wide, flat bed with no
downstream grade control), then as a rule of thumb, a reasonable inci
sement depth is one to two feet •

Since low-flow channels are capable of meandering throughout the main
channel, the low-flow incisement depth should be added to all other
vertical channel adjustments that may be used to determine the total
scour depth for bridge piers, pipelines, bank stabilization, etc. If
no channel improvements (grading or shaping) are proposed, and a low
flow channel already forms the invert of the channel cross-section, it
is appropriate to reference all other' scour calculations to this
existing low-flow 'invert. Obviously, under this condition an addi
tional allowance for low-flow incisement need not be added to the
existing invert elevation.

VII. INFLUENCE OF BED FORMS

The movement of flowing water over the natural earth bed of a river or
channel can· cause irregul arities in the bed profile. These irregu
larities are often referred to as bed forms or sand waves. Sand waves
may be somewhat of a mi snomer si nce the bed forms can occur in chan
nels not having sand beds.

The actual formation and behavior of bed forms have been observed and
studied in laboratory fl urnes. This research has shown that there is
an orderly progressi on of changes to bed forms as vel oci ty of flow
increases. Research performed by Simons and Richardson resulted in
the following classification of bed forms according to flow regime:
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• Lower flow regime

1. Rippl es

2. Dunes
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Transition zone: bed configurations range from dunes to plane
bed or to antidunes.

Upper flow regime:

1. Plane bed with sediment movement

2. Antidunes

3. Chutes and pools

For practical purposes, the lower flow regime can be considered sub
critical flow; the upper flow regime is supercritical; and the tran
sition zone encompasses the flow characteristics that occur during
passage from the lower regime to the upper regime.

The bed forms that are of primary interest in designing structures for
bed elevation changes are dunes and antidunes •

A. Antidunes

Antidunes can form in either the transition zone (between lower
and upper regime) or upper flow regime (Simons and Senturk,
1977). Kennedy (1963) made a detailed study of antidune flow.
He suggested that the wave length is generally given by
2 V2/g (g is the gravitational acceleration) and two-dimensional
waves break when the ratio of wave height to wave length reaches
a value of approximately 0.14. This theory assumes that the
depth of flow is roughly equal to the maximum height of the anti
dune. Thus, the anti dune hei ght ha from crest to trough (see
Figure 13) can be estimated utillzlng the relation

2
ha = 0.14 2~V = 0.027 v2

for ha < y; assume ha = Yo when the calculated value of ha >
Yo, since ha can never be greater than Yo.

B0 Dunes

Lower regime flow al so produces bed forms whi ch shaul d be con
sidered in designing levee, channel, or bridge projects. Based
on data collected from flume experiments (Simons and Richardson,
1960), dune formations have been observed at Froude numbers
ranging from 0.38 to 0.60. The ratio of depth of flow to dune
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height (d/h) ranged from 1 to 5. When this ratio is 1.0, the
dune troughs cou1 d be depressed below the natural channel bed a
distance equal to one-half the depth of flow. As a conservative
guideline, this value (one-half the depth of flow) may be used to
account for dune troughs forming adjacent to a structure.

C. Limitations

•
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•

The experimental data used to describe the behavior of bed forms
is based on sand-bed laboratory flumes. The potential for bed
forms to develop will depend upon both velocity and bed-material
size. As long as sand-bed channels are being analyzed, the quan
titative guidelines presented above should provide reasonable
estimates of bed form depths. However, applying these guidelines
to cobble bed streams may resul t in overly conservative estima
tes. Engi neeri ng judgement must be used in such cases. Fi gure
14 presents experimental data, developed by Simons and
Ri chardson, showi ng the re1 ati onship among stream power, medi an
fall diameter, and bed form. For practical purposes, the median
fall diameter can be approximated as the 050 size of the bed
material.

VIII. ARMORING POTENTIAL

As the name suggests, channel armoring occurs when a layer of non
moving particles form on the bed of a channel and prevent further
downward deformation of the channel bed. Armoring is a function of
velocity (shear stress) and particle size. As flowing water initiates
bed-material movement, the small, fine~grain particles, that are
unable to withstand the force of the flowing water, are swept away,
leaving the larger, non-moving particles on the channel bed. This
process continues until only those particles large enough to resist
movement (due to the f1 owi ng water) are 1eft on the surface of the
channel bed. Unless the velocity is increased beyond that required to
initiate motion of these larger particles, further lowering of the bed
will not occur. At this point, lIarmoringll is said to have occurred.

The formati on of an armor 1ayer does not mean that all parti c1 es
beneath the armor 1ayer are 1arge enough to res i st movement at the
velocity for which the channel is armored. The accumulation of large
non-moving particles in the armor layer serves as a shield to prevent
leaching of the finer (smaller) particles that may still exist below
the armor layer. If the velocity of flow were increased beyond that
for whi ch the channel is annored, the armor 1ayer wou1 d be di srupted
(broken) as some of the surface particles would now be swept away.
This would expose the fine-grain materials below the old armor layer
to the fl owi ng water and more materi a1 wou1 d be swept until a new,
larger-particle, annor layer is formed •

As the smaller particles are swept away during the armoring process, a
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volume of material is obviously being removed from the channel bed.
The removal of this material causes degradation of the bed. When
designing structural improvements in a river environment, it is impor
tant to how much degradation may occur during the armoring process, or
perhaps even more importantly, whether there are even particle sizes
exi sti ng at a proj ect site capable of produci ng an armor 1ayer under
the anticipated design conditions.

•
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A procedure has been developed by the United States Bureau of
Reclamation (Design of Small Dams) which predicts the depth of degr
dation required to establish an armor layer. This relationship is:

!::J. Za = Va (_1_ - 1)
Pc

where !::J. Z = degradation depth requi red to establish an armor layer

Va = thickness of the armor 1ayer

Pc = decimal fraction of materi al courser than the armoring
size (D a)

Figure 15 illustrates the relationship between the degradation process
and the physical parameters used in this procedure. .

Values for Va will range from one to three times the armor particle
size (D a). Field observations suggest that a relatively stable armor
layer requires a minimum thickness of two layers of armoring size
particles (2 Da). Da can be computed from incipient motion criter~

using t:: :elation,ShiP: ,_.Y j)",~~

0.047 (Ys-y) ifLr;/l/o 0
where Da = diameter of particle size for the condition of incipient

motion (on the verge of movement)

f = boundary shear stress

Ys = specific weight of sediment

y = specific weight of water

IX. SUMMARY OF BED ADJUSTMENT MECHANISMS

From the preceding lectures, it has been shown that there are at least
six phenomena capable of producing vertical movement in a river or
channel bed. These phenomena must be considered in the design of any
man-made improvements to be located in a floodplain environment.
Failure to do so may lead to the pre-nature destruction of such impro-
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The interaction of these six bed adjustment mechanisms is not comple
tely known. Until additional research provides a more detailed
description of the interaction between these mechanisms, it is recom
mended that a conservative approach be pursued in analyzing the total
vertical bed movement attributed to such phenomena. Such an approach
would be to assume that each of the six mechanisms acts independently
of the other fi vee Under thi s concept, the total verti cal bed move
ment would be equal to the sum of the six bed-adjustment components.

Mathematically, this is expressed as follows:

t.Ztot = t.Zagg/deg + t.Zgs/d + t.Zl s + t.Zbs + t.Zi + lkh a

where t.Ztot = total vertical adjustment in bed elevation

t.Zagg/deg = adjustment due to long-term aggradation/degradation

t.Zgs/d = adjustment due to general scour/deposition

t.Zls = adjustment due to local scour

t.Zbs = adjustment due to bend scour

t.Zi = adjustment due to low-flow incisement

lkha = adjustment due to bed-form troughs (dunes, antidunes)

If site specific calculations indicate aggradation or deposition will
accompany the t.Zagg/ deg or t.Z gs / d terms, it is recommended, as a
conservative practlce, that these terms be ignored in computing the
total downward bed movement.

Due to the complex interaction that will occur among these six pheno
mena, it is perhaps impossible to accurately predict the total cumula
tive bed adjustment that might occur at a given location. The
hydraulic parameters (velocity, depth, top width, etc.) that are used
to compute the dimension of each phenomenon will constantly change as
this interaction proceeds; however, the parameters that are used in
the calculations are normally based on rigid-bed conditions which give
no consideration to channel geometry changes that may be initiated as
a result of the simultaneous occurrence of all or part of the six phe
nomena. Accordingly, the application of a factor of safety to the
total computed vertical adjustment ( t.Ztot) is very judgmental,
i.e., no firm value can be recommended. In deciding to apply a factor
of safety to the computed result, the engineer should consider the
magnitude of damage that might accompany a design failure, the proba
bil i ty or ri sk that such an event mi ght occur, the constructi on cost
associated with applying a safety factor, and the reliability of the
data that were used in the channel adjustment calculations. Depending



upon the answer to such questions, typical safety factors will prob
ably range from 1.0 to 1.5.•

•

•
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LECTURE 8: Quantitative Analysis

OBJECTIVE: To demonstrate the practical use of several quantitative
tools for analysis of short and long-term river response.•

114 SLA, INC.

I. GENERAL INTRODUCTION

This workshop consists of exercises that will acquaint the user with
design procedures for the quantitative analysis of aggradation and
degradation. Computation of short-term aggradation and degradation is
conducted using simplified sediment transport equations and the sedi
ment continuity equation. Computation of long-term channel profile
response is conducted next using the equilibrium slope method. The
workshop is based on data coll ected on the Santa Cruz River near
Tucson, Arizona. This is the same area that was covered in the pre
vious workshop on qualitative response.

II. SHORT-TERM AGGRADATION/DEGRADATION ANALYSIS

A. Sediment Continuity Principle

QSin - QSout = dVoljdt

• where Qs = a yb VC

B. Review of Study Area

o Upstream sediment supply reach

C. Hydraulic Conditions

D. Computation of Aggradation and Degradation

E. Comparison to Level I Analysis

III. EQUILIBRIUM SLOPE ANALYSIS

A. The Equilibrium Concept

QSin = QSout

B. Computation of Equilibrium Slope

C. Sensitivity Analysis

D. Comparison to Level I Analysis

•
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LECTURE 9: Design Criteria

OBJECTIVE: This lecture demonstrates the combined application of
quantitative analysis techniques for the design of various hydraulic
structures. A detail ed case study is presented for the Agua Fri a
River that covers the design of three major types of hydraulic struc
tures: bri dge crossi ng, channel i zati on, and grade control. Back
ground on the initial qualitative analysis phase of the project is
a1 so given.

•
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I. GENERAL INTRODUCTION

Project objectives and scope determine the type of analysis and level
of effort necessary. Through proper selection and application of th~

methodologies presented, the engineer or designer can complete a logi
cal sequence of ana1ysi s that provi des a comprehens i ve understandi ng
of the fluvial system and its response mechanisms. In the design
phase of the project, such knowledge establishes the design criteria
for hydraulic structures in the fluvial environment.

Design criteria for fluvial structures are based on the potential for
either loss of life or significant property damage. A major structure
is one where if failure happens, loss of life is likely and/or pro
perty damage is significant. For a minor structure, loss of life is
un1 ike1y and property damage is small if the structure fail s. Major
structures require a rigorous analysis in order to reduce the uncer
tai nty about the performance characteri sti cs of the structure under
severe conditions. It may be preferable with major structures to
estab1 ish risk based criteria where the objective is to minimize the
combi ned cost associ ated with constructi on of the proj ect and the
associ ated ri sk cost. The uncertai nty associ ated with minor struc
tures, can often be addressed using standard criteria and simplified
design methods.

II. BRIDGE DESIGN

A. Hazards at Bridge Waterways

o Lateral migration

- Long-term migration process

- Abrupt changes during high flow



•
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o Bed Elevation Changes at Abutments and Piers

- Cumulative long-term changes

- Changes due to severe events

- Local scour

B. Protection Criteria

o Depth criteria for abutments

- Toe down to total scour

o Depth criteria for bridge piers

- Placed to depth of total scour

- Limited research on preventative measures

o Control of lateral migration

- Guide banks, spur dikes, jette fields, etc.

o Low chord criteria

- Freeboard sufficient to pass debris

- Allowance for potential aggradation

- Allowance for waves due to antidunes

III. CHANNELIZATION

A. Hazards for Channelization

o Bank protection failure

o Excessive sco~r

o Inadequate freeboard

o Lateral migration

B. Protection Criteria

o Toe down to scour depth

o Bank/levee height

SLA, INC.
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o Lateral migration

- Bank protection methods

- Buffer Zone

IV. GRADE CONTROL STRUCTURES

A. Use of Grade Control Structures

SLA, INC.

•

•

o Stabilization of river profile

o Reduce the need for other types of bank stabilization

o Assist in the development of armoring

B. Types of Grade Control Structures

o Small riprap drops

o Sheet piling

o Soil-cement

o Concrete with baffled apron and stilling basin

C. Spacing of Grade Controls

o Function of drop height and existing and final design chan
nel gradients

o Number of structures to control a total reach

D. Hazards at Grade Controls

o Lateral migration

o Geotechnical failure (soil piping, uplift)

o Scour

V. MAJOR STRUCTURE DESIGN ON THE AGUA FRIA RIVER

A. General Introduction

SLA has conducted a number of des i gn proj ects on the Agua Fri a
River that have invol ved most types of major structures. This
case study is a good example of the application of multi-level
analysis and formulation of design criteria. This case study
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also is a good example of the effect of man's activities on a
fluvial system. It is interesting to note that SLA's initial
involvement with the Agua Fria came about because of litigation
over the loss of the Indian School Road Bridge during the floods
in 1980. After this disagreement was settled, we were contracted
by Mari copa County to help solve a number of the ri ver stab i 1i ty
problems in this area of the Agua Fria. We have also had the
opportunity to do a system analysis for the Los Angeles District
of the Corps of Engi neers on the Agua Fri a that extended from
Waddell Dam to the confluence with the Gila River.

•
124 SLAt INC.

B. Background Information

o Agua Fria watershed

o Hydrology

- Flood history

- Des i gn floods

o Hydraulic characteristics

•
C.

o Geomorphic characteristics

o Manis influence on the Agua Fria River

o River stability problems near Indian School Road

Analysis of Bridge Crossings

o Factors considered in low chord evaluation

- Aggradation, wave height, superelevation, debris blockage

o Factors considered in pier and abutment evaluation

- Degradation, local scour, sand wave depth, bend scour,
contraction scour

D. Design of Bridge Protection Measures

o Guide bank and spur dike system

o Riprap protection of bridge piers

•
E.

o Burial depths of piers

Design of Agua Fria Channelization

o Equilibrium slope analysis for long-term channel response
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o Short-term channel response

o Toe-down requirements for protection

o Selection of bank protection method

F. Design of Agua Fria grade control

o Selection of grade control type

o Spacing of grade control

o Scour protection requirements

SLA, INC.
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Pertinent Data of Existing Bridges.

SLA, INC.

Camelback RID 1-10 SPRR Buckeye Road
Road ISRB Flume Bridge Bridge Bridge

Pier width or 4' l' 8" 4' 3'4" 6'8" 3'
diameter

Pier length * 6O' 15' * 27' 70'

Bottom of pier 941.4' 983' 990.5' 945.0' 914.3 ' 947.2'
footing to

922.2'

• Thalweg elevation 1,017.4' 1,000' 993.6' 966.0' 952.0 ' 952.0 '

Skew of bridge 50 300 00 50 100 100
piers to flow
direction

Low chord 1,031. 7' 1,014.4' 1,008.7' 991. 0' 965.7' 968.1 '

*Circular piers.

•
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Average flow Velocity, Hydraulic Depth, Effective Width, and Discharge for the 10-Year flood Event.

•
Left flood Plain Hain Channel Right flood Plain

Hydraulic Effective Water Hydraulic Effective Water HYdraulic Effective Water
Velocity Depth Width Dischsrge Velocity Depth Width Discharge Velocity Depth Width Discharge

Reach (fps) (ft) (ft) (cfs) (fps) ( ft) (ft) (cfs) (fpa) (ft) (ft ) (cfa)

1 1.09 0.65 554 396 4.63 3.29 1,905 28,981 1.03 0.75 534 410

2 0.68 0.37 367 91 4.66 3.45 1,913 30,804 0.72 0.32 224 51

3 0.33 0.16 494 27 7.06 6.28 670 29,669 0.76 0.41 1,240 390

4 1.89 1.55 455 1,327 5.75 5.99 833 28,668 0.14 0.03 930 4

5 0.53 0.40 265 56 6.35 5.34 840 28,463 1.24 0.51 1,428 907

6 0.26 0.20 123 7 5.56 4.54 1,125 28,377 0 0 0 0
I-'
W

7 0 0 0 0 5.63 4.78 1,041 28,000 0 0 0 0 ,. U1

8 0.92 0.64 527 311 5.05 4.06 1,239 25,390 2.18 1.26 759 2,085

9 1.64 1.11 1,246 2,267 5.04 3.86 1,271 24,731 0.36 0.31 15 2

10 1.16 0.17 847 756 5.26 4.07 1,225 26,244 0 0 0 0

Reach 1 Glendale Avenue to Confluence with New River.
Reach 2 Confluence with New River to Indian School Road Bridge.
Reach 3 Indian School Road Bridge to the Roosevelt Irrigation District flume.
Reach 4 Roosevelt Irrigation District flume to Thomas Road.
Reach 5 Thomas Road to 1,500 feet upatream of 1-10.
Reach 6 1,500 feet upstream of 1-10 to Van Buren.
Reach 7 Van Buren to Buckeye Road.
Reach 8 Buckeye Road to Lower Buckeye Road.
Reach 9 Lower Buckeye Road to Broadway Road.
Reach 10 Broadway Road to the Confluence with the Gila River. (/)

r
):::-

I-i

Z
n
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Average flow Velocity, Hydraulic Depth, Effective Width, and Discharge for the IOO-Year flood Event.
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Gravel layer below the river bed of Agua
Fria River approximately 800 feet down
stream of Indian School Road Bridge .

SLA, INC.
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* The square is two inches on each side.

Bed material of the Agua Fria River
near Waddell Dam .
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Bed material of the Agua Fria River
near Grand Avenue .
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River bed materials of the Agua Fria River upstream
of the confluence with New River .
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• 1964 aerial photo of the Aqua Fria River near Indian School Road.
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•
1980 aerial photo of the Agua Fria River near
Indian School Road.
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LECTURE 10: Application of the Multi-Level Analysis Approach (Case
History)•
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OBJECTIVE: This'lecture is intended to provide an example application
of the multi-level analysis approach. The Canada del Oro Flood
Control Project, an actual case history has been selected for presen
tation purposes.

I. GENERAL INFORMATION

The Canada del Oro Flood-Control Project is situated along a reach of
the Canada del Oro Wash that lies both within and adjacent to the Town
of Oro Valley, which is located within Pima County, Arizona, approxi
mately 10 miles north of the City of Tucson (see Figure). The feasi
bility studies for the project began in late 1980, and construction of
the project was completed around the middle of 1984. The necessity
for such a project was the direct result of man1s encroachment into a
fluvial environment that conveys large quantities of sediment and that
is highly susceptible to rapid changes in cross-sectional geometry.
If nothing were done to mitigate potential flood and erosion hazards,
highly unstable and hazardous conditions would remain a constant
threat to many of the -residents of the Town of Oro Valley. The flood
control project included mitigating the impacts of tributary flows, as
well as the impacts from floods along the Canada del Oro Wash itself.

II. PRINCIPLE GOALS OF STUDY

A. Prepare Report Addressing Flood and Erosion Problems

. B. Provide Concept Plans Which Offer Solutions to Existing Flood
\ .

and Eroslon Problems

III. PRIMARY SCOPE OF STUDY

A. Review Flood History, Hydrology, Hydraulics,
Erosion/Sedimentation and Flood-Damage Information

B. Determine Existing and Potential Flooding Problems for 25-,
50-, 100-, and 500-Year Floods

C. Assess Long-Term Erosion/Sedimentation Problems in the Study
Area

D. Evaluate Potential Erosion/Sedimentation Problems for "As-Is"
Condi ti ons Duri ng the Passage of a Si ngl e-Event, 100-Year
Flood Through the Study Area

E. Formulate and Recommend Alternative Flood-Control Plans
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F. Through Hydraul i c Ana lyses, Compare Improved Condi ti ons to
"As-Is" Conditions for the Various Alternatives•
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G. Provide Preliminary Analysis of Erosion/Sedimentation Aspects
of the Various Alternatives

H. Evaluate the Alternative Plans

I. Recommend a Specific Flood-Control Plan

J. Perform Detailed Hydraulic and Erosion/Sedimentation Analysis
of the Recommended Flood-Control Plan

K. Prepare a Final Report Documenting the Study Results

IV. LEVEL I - QUALITATIVE ANALYSIS

A. Flood History (Since 1950)

o Limited Flood Information

Earliest Recorded Flood in 1950

- Largest Recorded Flood Also in 1950

o Data on Flood History Available From USGS (see Figure)

- "Statistical Summaries of Arizona Streamflow"

o Sources of Flooding

- Canada del Oro Wash (Includes Big Wash)

- Combined Flows From Stream Pump, Rooney, and North Pusch
Washes

o Observations of Flooding

- Significant Sediment Transport

- High Degree of Erosion and Sedimentation

- Attenuation of Flood Peaks Due to Overbank Storage of
Floodwaters

o Location of Tributary System (see Figure)
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Significant Peak Flows on the
Canada del Oro Wash.

Peak
Discharge

(cfs) Date

17,000* 21 July 1~50

12,000* Sept 1961

8,000* 10 Sept 1964

2,290 22 Dec 1965

13,900 20 Dec 1967

4,200 17 Aug 1971

3,75p 19 OCt 1972

- 7,700 20 July 1974

2,220 5 Sept 1976

4,500 9 Aug 1977

11,000** 19 July 1980

* Estimated by USGS on basis of data
collected at North First Avenue.

** Measured on Big Wash tributary upstream of
Oro Valley •

SLA, INC.
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B. Channel History (Since 1941)

- Natural State Exhibited Wide, Braided Character
(2,500 Feet in Width) Prior to 1960

- Confinement of Wash (400 Feet in Width) Near Oro Valley
Since 1960 Has Led to Channel Instability Via Lateral
Migration of the Banks

- Two Distinct Channel Morphologies Exist in the Study
Reach (Braided and Confined)

IV. LEVEL II - QUANTITATIVE ANALYSIS

A. Hydrology

o Flood-Peak Estimates (see Figure)

- Canada del Oro, Modified USGS/FEMA

- Tributaries, Pima County Hydrology Method

o Hydrographs (see Figure)

- Pima County Synthetic Hydrograph Procedure Modified by
SLA

•

B. Hydraulics (Existing Conditions)

o Channel Characteristics

- Geometric Relationships From Power Equations (see Figure)

- Channel Slope (0.0093)

- Bed and Bank Sediment Composition (see Figures)

- Manning's Roughness Coefficient (0.036 for Natural
Conditions and 0.025 for Confined/Channelized Conditions)

o Hydraulic Parameters (see Figure)

- Normal Depth of Flow

- Critical Depth of Flow

- Velocity of Flow at Normal Depth

- Froude Number at Normal Depth
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FLOOD-PEAK ESTIMATES (cfs.)
CANADA DEL ORO WASH AND TRIBUTARIES,

VICINITY OF TOWN OF ORO VALLEY, ARIZONA
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I

Drainage Area Recurrence Interval (Years)
Name of Wash (Square Miles) 2 10 25 100 500

Canada Del Oro 250 3,300 10,500 16,500 33,000 55,400

Steam Pump 2.35 680 1,800 2,700 4,500 8,700

Rooney 1.93 590 1,560 2,340 3,900 7,500

North Pusch 1.22 420 1,120 1,680 2,800 5,400
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Geometric Relationships.

•...-'

Upstream of Oro Valley Through Oro Valley Natural Conditions
Relationship Coefficient Exponent Coefficient Exponent Coefficient Exponent

b
1

103 2.19 50.3 2.44 18.29 2.992Aa a
1

d
-.

b
2

399 0.833 90.7 1. 52 1468 0.2496P ;; a
2

d

-U1

b
3

U1

T = a
3

d 399 0.833 90.6 1.52 1467 0.2496

.......
:z
n

..

-- -- ---------------
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Hydraulic Parameters
(Q = 33,000 cfs)

SLA, INC.

Parameter

d (ft)
n

d (ft)
c

V
n

(fps)

F
n

TV (lb/ft.sec)

Upstream of
Oro Valley

5.5

5.2

7.6

0.82

11.60

Oro Valley Channel

6 6.5

5.7 6.2

13 6.6

0.94 0.80

16.5 8.17

where

•
<\ = ~/Th

..



- Stream Power at Normal Depth (as a Check on Manning1s n),
Upper Regime Flow

o HEC-2 Analyses for Existing Conditions (see Figure)
•
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•

•

- Supercritical Flow Predominates

- Constriction of Flow Can Lead to "Chokes"

C. Erosion/Sedimentation (Existing Conditions)

o Development of Sediment-Transport Equation From Hydraulic
Parameters and Sediment Data

(Os = 1.21 x 10-5 YhO•376 V3.70 W)

o Estimation of Upstream Sediment Supply for Various
Discharges, and Computation of Existing Os and Equilibrium
Os Within the Study Reach to Determine Equilibrium Slope
(see Figure)

o Application of Equilibrium Slope Concept

- Smaller Seq. than Sex. (Implies Erosion/Degradation
Potential)

Fairly Stable Bed Slope Since 1960 (Implies Erosion in
Form of Bank Erosion)

- Lateral Migration Will Continue if Banks Remain
Unstabilized

- If Banks are Stabilized, Degradation of the Bed Will
Occur

- Seq. for Stable Banks is 0.0064, Based Upon 02 as
Dominant Discharge (No Armoring)

- Seq. Would Develop by the Process of Headcutting in an
Upstream Direction

V. LEVEL III - MATHEMATICAL MODELING

A. Development of Model

o Sediment-Routing Model (HEC2-SR) Developed by SLA Used for
Analysis
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Overbank Flow Immediately Upstream
of Oro Valley Development

SLA, INC.

•

•

Water Discharge Sediment Discharge
( cfs) ( cfs)

2S-year 7,200 2.0

50-year 11,000 3.7

100-year 17,000 8.2

SOO-year 31,000 20.7
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Equilibrium Slopes, Oro Valley Reach

SLA, INC.

•

Discharge
( cfs)

3,300

10,000

20,000

33,000

upstream Sediment
Supply (cfs)

3.5

18.8

54.0

120.0

Existing Sediment
Discharge (cfs)

5.1

24.3

64.3

134.0

Equilibrium
Slope

0.0064

0.0072

0.0078

0.0083



o Model Was Especially Calibrated to Deal With a Mix of
Subcritical and Supercritical Flow Conditions Along the
Study Reach

B. Model Application (Existing Conditions)

•
163 SLA, INC.

•

•

o Both Subcritical and Supercritical HEC-2 Runs Were Made,
and the Most Appropriate Water-Surface Profile Selected for
Use in the Model

o Used to Simulate Bed-Profile Response to a 100-Year Flood
(see Figure)

C. Model Results (Existing Conditions)

o Aggradation/Degradation for the Study Reach Relatively
Minor During a 100-Year Flood

o Aggradation at Downstream End of Oro Valley Town Limits Due
to Flow Spread onto North Overbank of Flood Plain (Reduced
Velocity = Reduced Sediment Transport)

VI. DEVELOPMENT OF AlTERNATIVE PLANS

A. Problem Statement (Canada del Oro Wash)

o Main Channel Narrowed From 2,500 Feet in Width to 400 Feet
in Width Adjacent to the Town of Oro Valley

o Upstream Channelization (Circa 1960) Had Returned to
Natural, Braided Pattern by 1971

o Being Developed Within the Original Braids of the Wash
Portions of Oro Valley are Actually Below Present Thalweg
Elevations in the Streambed (see Figure)

o Areas Adjacent to Wash Only Two to Four Feet Above Thalweg
in Many Locations (A Levee is Therefore Required to Prevent
Overbank Flooding)

o Due to Highly Unstable Conditions, Some Form of Permanent
Stabilization Measures are Required

o Main Channel of Wash Conveys Approximately a 10-Year Flood,
Well Below QlOO



''-e •
2530

"""",-- ORO VALLEY ..

.......
:z
n

41.600

BeQlnnlnQ

---- End

33,600

River Distance (ft)

29,600

2405'

2430

2380
25.600

2505

- 2480-...-c
0-0
>
CI)

W I-'
0'\

2455 8RIDGE -+::>

ed elevation change 10 -ye~T flood) existing conditions.



•

First Avenue

Main Channel
Banks -_......:....--

Existing Levee
System --=:-----~

Dominant--------___
Braids

Braided Area
Boundary

SLA, INC.

U. S. Highway 89

ORO VALLEY
COUNTRY CLUB

La Canada Drive

Overton Road

Channel Pattern
in the Vicinity
of Oro Valley.



( • • •
,~~_~m~fl-~31m33~ 1 -l

- -

~ WATER SURFACE ELEV., 100 YEAR -~ ..
I,'

2520 - SOUTH OVERBANK i - , ,
-- NORTH OVERBANK jl

'+
I :

THALWEG + ' ,
- - I',

2510 I H -l - I ,
I I

I

I I
I

I.
2500 I

I I

I I
E levalion , I I ,

I I II

(feet)
, , - I - ,
I I

II

2490 I
I ~

- -
I

I I ,
I

I I
2480 I I I

I
t-->I I I
(J)
(J)

I-
2470

- -

,
2460 ..

I
I I

CANADA DEL ORO WASH
I FLOOD CONTROL PROJECT

I II
I ORO VALLEY

2450 , ,

0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 OVERBANK ELEVATIONS
fOR

Distance fram Station 01-00 (feet) (Ste Pia Ie 2) CANADA DEL ORO
IN VICINITY OF ORO VALLEY

V>

........
:z
n



o Drainage System Required to Capture Upsteam Flows That
Combine With Main Channel Breakout Flows in order to
Transport Same Back Into Main Channel of the Canada del Oro
Wash

•
167

B. Problem Statement (Tributaries)

SLA, INC.

•

•

o Side Drainage System Required to Transport Flows Through
Oro Valley (SE to NW) and Into the Canada del Oro Wash

C. Alternatives Considered (see Figure)

o #1 - Bank Protection, With a Levee Along Only the South
Bank of Canada del Oro Wash, Plus Construction of a Side
Drainage System to Accommodate Tributary Flows

o #2 - Bank Protection, With a Levee, Along Both the North
and South Banks of the Canada del Oro Wash, Plus
Construction of a Side-Drainage System to Accommodate
Tri butary Flows

o #3 - 400-Foot Wide Channel ization of the Canada del Oro
Wash Along Oro Valley; Plus Bank Protection, With a Levee
Along Only the South Bank; Pl us Constructi on of a
Side-Drainage System to Accommodate Tributary Flows

o #4 - 400-Foot Wi de Channel i zati on of the Canada del Oro
Wash Along Oro Valley; Plus Bank Protection, With a Levee,
Along Both the North and South Banks; Plus Construction of
a Side-Drainage System to Accommodate Tributary Flows

o #5 - aOO-Foot Wide Total Channelization of the Canada del
Oro Wash Along Oro; Plus Bank Protection Along Both the
North and South Banks; Pl us the Constructi on of a Si de
Drainage System to Accommodate Tributary Flows

D. Comparison of Hydraulic Parameters at Peak of 100-Year Flood
for "As-Is" Versus Design Alternatives (see Figures) .

E. Comparison of Hydraulic Parameters at Peak of 2-Year Flood
for "As-Is" Versus Design Alternatives (see Figure)

Fo Sediment-Transport Analyses for Alternatives Considered Along
the Canada del Oro Wash

o Equilibrium-Slope Analysis, Based Upon Previously 
Developed Sediment - Transport Equation (see Figure)

o Assumption is That Banks are Rigid When Computing
Equilibrium Slopes



'. •
Elements of Improvement for Each Alternative Considered

.-F

Element '*i~ 1:\:2- #3 #"4- #5

1 • Repair of Existing South
Bank Levee 5200 ft. 5200 ft. 5200 ft. 5200 ft.

2. New Levee on South Bank 1000 ft. 1000 ft. 1000 ft. 1000 ft.

3. Repair of Existing North
Bank Levee 2760 ft. 2760 ft.

4. New Levee on North Bank 1700 ft. 1700 ft. .....
(j\

co

50 Bank Protection on South Bank 6200 ft. 6200 ft. 6200 ft. 6200 ft. 6200 ft.

6. Bank Protection on North Bank 4460 ft. 4460 ft. 4460 ft.

7. Channelization width 400 ft. 400 ft. 400 ft. 800 ft.

8. Grade Control Structures 5 ea 5 ea.

, I
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NOTE: This allernative ·requires grade control structures

to be placed In channel bed 01 an Interval
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Hydraulic Parameters Low-flow (3,300 cfs~

2-,/~«.r Ru.~ D\~c.~ax~e

SLA, INC.

•)

•)

Effective
Velocity Depth Width

(ft. ) (ft. ) (ft. )

As-is 6.8 1.7 285

Alternative 1 6.8 1.7 285

Al ternative 2- 6.8 1.7 285

Alternative 3 6.6 1.24 401

Alternative 4- 6.6 1024 401

Alternative 5 5.1 0.84 773

Hydraulic parameters/laO-Year Peak Discharge (33,000 cfs)

Effective Increase Depth
Velocity Depth Width Velocity Increase

( fps) (ft. ) (ft. ) ( fps) (ft.)

As-is 13.0 6.0 423

Alternative 1 14.1 7.3 321 1. 1 1.30

Alternative 2 16.0 8.0 258 3.0 2.00

alternative 3 13.2 5.5 455 0.2 -0.50

Alternative l\- 14.0 5.9 400 1.0 -0.10

Al ternative 5 12.7 3.3 785 -0.3 -0.70
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Equilibrium Slopes: Dominant Flow (3,300 cfs)

Upstream
Supply
( cfs)

Sediment
Transport
capacity

(cfs)

Existing
Slope

Equilibrium
Slope

•

As-is Condition 3.5 5.1 0.0093 0.0064

Alternative 1 5.1 0.0064

Alternative ~ 5.1 0.0057

Alternative 3 5.7 0.0064

Alternative If 5.,7 0.0057

Alternative 5 3.6 0.0090

Equilibrium Slopes: 100-Year Flood (33,000 cfs)

Upstream
Supply
(cfs)

Sediment
Transport
capacity

(cfs)

Existing
Slope

Equilibrium
Slope .

As-is COndition 120 234 '0.0093 0.0083

Alternative 147 0.0076

Alternative 2- 195 0.0057

Alternative 3 145 0.0077

• Al ternative 4- 164 0.0068

Alternative 5 181 0.0062

)
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•

•

•

o Maintenance of Bed Profile Due to Bank Erosion, and
Subsequent Sediment Supply, Must Also be Considered

o Alternatives Which Include Bank Protection on Both Banks
Must Incorporate Grade-Control Structures (see Figure)

o Potential Lateral-Migration is Estimated by Assuming all
Sediments Come From North Bank, for Alternatives That
Include Protection of Only the South Bank (Equation is Vol.
= Qs(out) - Qs(in) Times AT)

G. Selection of Recommended Plan (Plan #3)

o 400-Foot Wide Channelization of the Canada del Oro Wash
Along Oro Valley; Plus Bank Protection, With a Levee, Along
Only the South Bank; Plus Construction of a Side-Drainage
System to Accommodate Tributary Flows

o Best Benefit/Cost Ratio (1.02)

o Erosion Buffer Required Along North Bank for Maintenance of
Streambed Profile

H. HEC-2 Analysis of laO-Year Flood for Recommended Plan (see
Figure)

I. Sediment-Routing Analysis (Bed-Profile Change) of laO-Year
Flood for Recommended Plan (see Figure)

o Bank Erosion Not Considered

o Slight Degradation in Upstream Reach

o Slight Aggradation in Downstream Reach

VII. CONCLUSIONS AND RESULTS

A. The Canada del Oro Wash is a Highly Dynamic, Braided River
System Which Conveys Large Quantities of Sediment and is
Highly Susceptible to Rapid Change in Cross-Sections Geometry

B. Flood Damages to Oro Valley Result From Flood Waters From the
Canada del Oro Wash and its Tri butary Channel s (Stream Pump
Rooney, and North Pusch Washes)

C. Channelization of the Canada del Oro Wash, Circa 1960,
Narrowed its Width From 2,500 Feet to 400 Feet
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D. Levees Were Constructed of Native Materials Insufficient to
Resist Erosive Forces of Flood Waters•

183 SLA, INC.

•

•

E. Sediment-Transport Capacity was Enhanced, Exacerbating
Channel Instability

F. Flows Greater Than a la-Year Flood Would Enter into the Town
of Oro Valley

G. The Canada del Oro Wash Along Oro Valley Would be a Degrading
Channel, Save for Added Sediment due to Bank Erosion/Lateral
Migration

H. Five Alternatives Were Developed and Evaluated for Providing
Flood and Erosion Control Along the Study Reach of the Canada
del Oro Wash

I. The Recommended Plan (Plan #3) was a 400-Foot Wide
Channelization Scheme Along the Canada del Oro Wash That
Incorporated a Levee, With Bank Protection, Along only the
South Bank; P1 us the Constructi on of a Si de-Ora i nage System
to Accommodate Tributary Flows

J. The Engineer's Estimate for Cost to Construct the Recommended
Plan was Approximately $4.3 Million

K. The Benefit/Cost Ratio for the Recommended Plan was 1.02

L. The Channel Depths and Velocities of Flow for the Canada del
Oro Wash Under the Recommended Plan are Similar to Those for
the "As-Is" Condition

M. The Construction of the Recommended Plan Will Have Negligible
Impact Upon the F1 uvi a1 Envi ronment Upstream of, an
Downstream From, the Study Reach of the Canada del Oro Wash

N. The Constructi on of any Bank-Protecti on Measures Along the
North Bank of the Canada del Oro Wash at Some Future Date
Would Necessitate the Installation of Grade-Control Structure
in Order to Maintain the Integrity of the Streambed Profile as
it Presently Exists and Would Continue to Exist Under the
Recommended Plan (Plan #3)
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Comparison of Prediction Equations for

Bridge Pier and Abutment Scour
J. STEHLING JOi\ES

•

•

ABSTRACT

There are at least 10 prediction equations
for bridge pier scour, and designers are
often at a loss over which one to use. There
are only three or four prediction equations
for abutment scour, but these have not been
highly publicized. The pier scour equations
fall into three basic categories: those of
the University of Iowa, those of the
Colorado State University, and those based
on foreign literature. The similarities
among the pier scour equations and the range
of data. on which they are based are shown.
FRWA sponsored several studies during the
1970s aimed primarily at comparing field
data with the various equations to show
which ones best predicted local scour for
U.S. streams. These studies were somewhat
inconclusive because of the many inter
related variables in the scour process, but
they do show which equations are conserva
tive and which are not.

Scour is the term used to describe erosion phenomena
that involve unified flow patterns such as those at
bridge piers, abutments, and outlet structures.
Scour damage to highway structures has been esti
mated to be as high as $20 million per year (11.
Years of research have been devoted to resolving the
problem of scour at bridges: yet in spite of the
magni tude of the damages attr ibuted to scour, FRWA
has never published an engineering circular bringing
together the literature and giving guidance on how
to account for scour at bridges. Lacking an en
gineering circular on the subject of bridge scour,
there appears to be no better forum than a national
conference among leading bridge engineers to reflect
the knowledge that has been gained on this pertinent
topic.

In a general sense, scour as defined by ASCE in
Manuals 43 (~) and 54 (1) is the erosive action of
running water in streams that excavates and carries
away material from stream beds and banks. Many
highway engineers relate to this definition and
identify all stream erosion as scour. A preferred
definition restricts the term to vertical stream
erosion (4,5), thus distinguishing stream-bed ero
sion from :i;teral stream migration.

For the purposes of this paper it is useful to
look at the components of scour and to focus on
those components that are primarily related to
bridges. The components are as follows:

1. Local pier scour,
2. Contraction scour,
3. Local abutment scour, and
4. General aggradation and degradation.

Although all these components may occur simultane
ously and are probably interrelated in a field sit-

uation, they have been studied separately and need
to be predicted independently in a design situation.

The two components of pr imary interest are pier
and abutment scour because they are direct conse
quences of bridge obstructions to water flow and are
therefore the primary responsibility of highway
agencies. Aggradation ~nd degradation are often the
predominant components of scour but usually are
site-specific phenomena associated with a stream's
reaction to meander cutoffs, effective slope
changes, downstream mining, reservoirs, and so on.
Aggradation and degradation are probably best pre
dicted by a sediment transport model such as ·the
Corps of Engineers HEC-6 (!,21, the Chang model (21,
or the Simons-Li model (21. Contraction scour may
occur naturally because of narrowing of the flood
plain or may be bridge related because of the en
croachment on the floodplain by embankments. Abut
ment scour is a concentrated part of contraction
scour that can be accounted for by empirically dis
tributing the scour in a waterway opening.

NCHRP SYNTHESIS ON SCOUR AT BRIDGE WATERWAYS

In 1969 a synthesis of available literature and
practices for dealing with scour at bridge waterways
was made by the Highway Research Board. More than
100 organizations, inclUding highway agencies, toll
road agencies, consultants, railroad companies, and
government agencies, were surveyed.

The synthesis report (5) cited 12 bridge pier
scour prediction equations,-but in the discussion of
the prediction equations it was concluded that it
was (5, p. 14) -quite impossible to build a feeling
of confidence in any prediction method- because of a
lack of field measurements with which to compare the
predictions. The only guidance given for selecting
the right prediction equation was to check the back
ground of each equation and examine the variables
included in each equation·.

The synthesis report cited only one abutment
scour equation. That was Laursen's equation in an
appendix written by Laursen himself.

FHWA FOLLOW-UP STUDIES

FHWA sponsored several studies in the 1970s after
the NCHRP synthesis aimed at improving confidebce in
some of the prediction methods. The West Virginia
University study (8) had the objective of developing
instrumentation and collecting field data for scour
around bridge piers. The researchers found that it
was less of a problem to develop instrumentation
than to deploy it in a flooding environment so that
it would be operational when needed.

Anderson (91 rearranged the equations to make
them as similar in format as possible so as to fa
cilltate an analytical comparison. He recommended
that some large-scale laboratory studies be con
ducted to complement the field data, especi~lly for
extrapolating equations beyond the range of the
original tests. He was able to rearrange the pier
scour equations in terms of one or more of three
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Pier Scour Formulas Patterned After CSU Research

where Fc is the critical Froude number when sedi
ment transport is pending. [For 0 < (F - Fc )
< 0.20 use larger value from both equatiOns. J The
procedure for computing Pc is as follows:

(8)

(7b)for F < Fe

U"c • TC/P'
6 • 11.6v/U.. c (assume v • 1.08 x 10-'

Compute V a [2.5 In(ll.02yx/d50)) U"c ' and
Compute Fc • vc/(gyc)1/2.

d/b= 1.84 (Yo/b)O.3 FO.2s

1. Estimate the median diameter (d50 ) for the
bed material,

2. Determine T
C

from Figure 2.44 of ASCE Manual
54 (3),

3: Compute
4. Compute

ft'/sec),
5. Compute d 50/6,
6. Select x from Figure 2.97 of ASCE Manual 54

(1),
7.
8.

Shen I [1969 (11»

d, = 0.00073 ReO. 619

The pier scour equations can be grouped into three
basic categories for comparison. One category is
the group based on foreign reseat""Ch, pr imar ily in
Pakistan and India, where fine bed materials are
prevalent. A second category is patterned after the
University of Iowa hypothesis that depth of flow is
m<>re important than velocity in sediment-transport
ing pier scour. The third category is patterned
after the work at Colorado State University (CSU)
and includes velocity (expressed in a Reynolds num
ber or Froude number) as a predominant term.

The equations, identified by pr imary developer,
are shown in the following paragraphs.

dimensionless variables--flow depth and effective
pier width, Froude number, and shear stress and
critical shear stress. In other words, these three
variables are the key factors that govern the pier
scour process. Following Anderson's recommendation,
FHWA sponsored a study at the University of Iowa
(!.Q.) that had the objective of extending the range
of the key factors, especially the Froude number,
which includes flow velocity and depth.

PIER SCOUR EQUATIONS

•

Pier Scour Pormulas Based on Poreign Research

•
Ahmad [Pakistan 1962 (11)}

d,/b = Yo/b (4.77F2f3 - I)

Bruesers [Netherlands 1964 (11)}

d,/b = 1.4

Chitale [India 1962 (1]j)

d,/b = Yo/b (-S.49F2 + 6.6SF - 0.51)

Inglis [India 1949 (li})

d,/b = 4.0S (Yo/b)3/4 [FY. - (yo/b»)

where

(I)

(2)

(3)

(4)

where Re is the pier Reynolds number, Vb/v, and v is
the kinematic viscosity.

The Reynolds number is a viscosity parameter de
pendent on the water temperature, but few designers
would be able to predict scour closely enough to ac
count for water temperature, so Anderson reasoned
that he could use v. 1.2 x 10-' and approximate
the exponent 0.619 by 0.66 to get

(9).

Depending on when the exponent is rounded, the
coefficient A become.s 3.06 or 4.43. Anderson got
4.43 because he rounded the exponents before he
multiplied through by the constants. It is reason
able to use an intermediate value of A a 3.4 and
make the Shen I equation identical to the Shen II
equation that follows, because both equations are
based on the same data. Shen himself considered the
equations to be equivalent.

d s • depth of scour measured from the mean
bed elevation,

Yo' y • approach flow depth,
b • projected pier width,
F • V/gy • Froude number, and
V • velocity of approach flow.

Shen II [1969 (17»

ds/b = 3.4 [V/~b)Y,12/3

which becomes directly

(10)

(II)

Laursen [clear-water equation, not .used in compar i
sons that follow (l§1 unpublished data, 1977»

d/b =1/{S.S[(I/II.S)(ds/Yo)+ 1)1.70 -I}

Neil [from Laursen's 1956 design curve (2)}

(12)

eso [1975 (~»

d,/b = 2.2 (YO/b)O·3SFo.43

This will hereafter be referred to as the Shen equa
tion.

Even without considering the complexities of de
bris and cohesive materials, a designer is faced
with nine equations to make a single computation.
One might question why there are so many different
equations for the same predictions if each re
searcher was accurate in his work. Furthermore, one
might question whether the differences in the equa
tions are as significant as other environmental fac
tors that could not be included in the model studies
used to develop the equations.

The equations are compared graphically in Figures
1 and 2. Because most of the equations are in terms
of y/b as well as the Proude number, both figures

(6)

(Sb)

(Sa)

(7a)for (F - Fe);> 0.20

Laursen sediment continuity equation [1958 (15»

Jain (1979 (10»

d/b =2.0 (F ~ Fe)O.2S (y/b)o.s

d/b =I.S (y/b)O.3

Pier Scour Pormulas Patterned After
University of Iowa Research

•
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•

are needed to get a graphical compar ison of the
equations. Figure 1 is for an average depth ratio
(y!b) of 2.0; Figure 2 is for an average Froude num
ber of 0.3. The main difference in the equations is
not so much in the data as in the way that the
curves were fit to the data. All the equations are
at least partly empirical and most are reasonably
accurate if applied within the range of the em
pirical data.

SELECTING THE EQUATION FOR DESIGN

According to the NCHRP synthesis report (1), there
are two approaches to selecting the most appropriate
equation or equations for design. First, the
equations should be compared with field data to
deter- mine which ones best duplicate field
measurements. Second, lacking these data, the
conditions under which the equations were derived
should be evaluated and the one that best matches

the design conditions should be used. Most
designers do not have time to review the literature
to determine the derivation conditions for all of
these equations, so a summary of data is shown in
Figure 3 for equations from for- eign literature and
in Figure 4 for equations from U.S. literature.

Looking back at Figure 2 where the equations are
compared for variable values of y/b,· the Ahmad and
Chitale equations would not look so extreme if they
were not extended beyond the range of exper imental
data (y/b approximately 3.5).

All of the pier scour equations derived in the
literature have been for noncohesive materials with
d 50 ranging from 0.17 to 1.5 mm. The Bruesers
equation is based on limited data, but because of
its simplicity it serves as a good rule of thumb,
which is to anticipate pier scour around 1.5 times
the projected pier width. The Neil equation, which
is based on the full range of Laursen' s data, re
duces to scour of 1.5 times the pier width when the
flow depth is equal to the pi~r width. Neil's equa-
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tion is just a regression fit to the design curve
presented by Laursen in Iowa Bulletin 4 (19). Laur
sen later pUblished his semi theoretical equations
based on continuity of sediment transport, although
they also have an empirical factor (Laursen's r-val
ue) to make them fit experimental data. Neverthe
less, Laursen's equation probably has the best basis
for extrapolation beyond its experimental base. The
main criticism of Laursen's equation is that it does
not include a Froude number (or velocity term). Al
though continuity may be satisfied without a veloc
ity term, it seems intuitively that velocity would
affect the strength of secondary currents around a
pier and therefore would be part of a prediction
equation.

Shen's equation is an envelope curve that fits
the uppermost scour points for all the available
data (Figure 5 (17) I . This equation is appealing
from a design standpoint because it is intentionally
on the conservative side. The CS.U equation is a
best fit to much of the same data (Figure 6 (~)).

Jain's equation is somewhat of a compromise be
tween those of Laursen and Shen. It has a Froude
number, but the term has a relatively low exponent.
Jain introduced the threshold Froude number (Fc )
as a way of accounting for relative sediment size.
One criticism of Jain's equation is that it is dif
ficult to compute Fc •

FIELD DATA

The most convincing argument for selecting one scour
equation rather than another is comparison of pre
dictions with field measurements (8,20,21). Unfor
tunately, field measurements are s7;a-;;;e-;- especially
under flood conditions, and those measurements that
are available must be carefully scrutinized to iso
late one component of scour from another.

Figure 7 (~) is a good example of some of the
precautions that need to be observed with field mea
surements. Two floods at toe same site are super-
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scour formulas. Second. the entire cross section
should be measured. not just one point, to even
speculate how much local scour occurred. Third, the
pier footing, which was approximately 20 ft square,
probably served as a scour arrester for the diving
currents that were generated by the actual pier at
the higher stage, whereas the footing was just below
the water surface at the lower stage .and tended to
generate rather than break up the diving currents at
that stage. Data from a site like this give an in
tuitive feel for the magnitude of scour but they
would be a weak argument for validating the scour
prediction equations.

The field data gathered from Louisiana files by
Chang (20) are summarized in Pigure 8. Those sites
had good pier configuration and well-defined scour
holes, but for two reasons all the data were taken
at low Proude numbers. Pirst, the Louisiana streams
are low-qradient streams and, second, the data were
collected as part of a routine survey of approxi
mately 90 sites by a hydrologic survey team. The
surveys were made on a schedule and seldom coincided
with floods, which may have generated some higher
local velocities.
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imposed. The discharge of one was approximately
three times the discharge of the other. The stage
increased by 8 ft: the average velocity and Proude
number at least doubled but th_ere was apparently a
reduction in local scour. How does one explain this
discrepancy with the scour formulas?

Pirst, this was not a good site to choose for
such a compar ison because the bed was already well
below the footing (or pile cap): thus, the effective
pier was the battered pile group. These conditions
are not like any test conditions used to derive the

1.0 .-----A~ ........._4I~--+-__t=:....-+_---~

206

•

•
Scale; V: 1'" = 20' H: 1'" = 40'

V.vg = 3.62 v...., = 1.65 ftlsec

Wwa = 356 ft avg N. = 0.13 Wws :: 312 h avg N. = 0.065

A = 8813 ft2 A =6322 ft' 80

8 ='4' = 11-

20

CD
>o

.lJ
<l:
c:
.g
'">
CD

ii:i

o

60

20.-._._ .1?'

• '0 = 31.800 cfs

Stage Elev. = SO.O ft. m.s.l.""
Ifo, 0 = 10.400 cfs) ,

Depth of Local Scour :: 7.05 ft

Stage Elev. = 58.0 ft. m_s.l.,
(fo, 0 = 31.880 cfsl ~

Depth of local Scou, = 3.9 It

o
•

FIGURE 7 Cross section of IJrazOll River in Texas at bridge crossing @.



Jones 207

•
2.5

Aaaurn.cf Fe •.05 (Avg. Value tOf dso :: 0.15 mm. Yo ::I 15 hi for Jain', eq.

2.0
Noil

3.53.0

Numerals Beside
OaUi Points
Are Froude
Number'S

• Chang

La. Oa,. 119791
dsoRanged From
.008 to .06 mm

Notes:
.a. WVU Data 119801

dso = 0.1 to
0.16 mm

2.5

Chi tale

2.0

'---
1.51.00.5

---~~____ J ....

l

l~ _CSU
,r /"'" __ - -;:.011
~ -::07 _- Shen

~?~"""v~~/O~.08~@~, ~06./
~•• ~h•.Poona

'1" ..-------- -
~. Ahmad

o
o

1.5

1.0

0.5

FIGURE 8 Louiaiana field measurement! compared with prediction equations ~.

EFFECTS OF PIER SHAPE 2.75ds

•
The pier scour equations presented in the preceding
~iscussion are for rectangular piers. Although
there hilve been investigations !.!3) of the effects
of pier shape, a designer is not likely to be able
to take advantage of most of the streamlined shapes
because flow directions change as flood levels
change. The conservative approach for a designer is
to use the projected width of the pier in the
direction of flow and to use the rectangular pier
equations except for round piers, which scour about
90 percent as much as rectangular piers.

APPLICATION OF PREDICTION EQUATIONS

Imaginary
Influence
Zone __

Wall ----

Abutment I'

Abutment
Scour Hole

•

A consideration that is more important than factors
like pier shape and even which equation to use is
the manner in which a designer selects design param
eters. None of the scour equations is based strictly
on field measurements in which the cross section is
irregular and flow conditions are nonuniform. Most
scour equations are based on uniform, one-dimen
sional flow conditions. To use an equation effec
tively, a designer must somehow visualize the field
conditions in a manner that resembles the test con
ditions. The tendency is to use average depths and
velocities for an irregular cross section. A more
reasonable approach may be to use the depth and ve
locity·in a band of flow just upstream of the pier.
Velocity is harder to predict this way, but it can
be assumed to follow a logarithmic distribution.

The greatest discrepancy between laboratory con
ditions and field conditions is in the bed material.
Most of the laboratory tests were run with uniform
cohesionless soils. General practice in design is
to use these equations as a conservative estimate if
a soil is considered erodible. If a soil is con
sidered nonerodible, scour is assumed to be zero.
The problem is the lack of something In between, but
that is a problem that must remain unsolved until
someone devises a plan to deal with the effects of
different soil properties.

FIGURE 9 Typical scour at an abutment (lID.

ABUTMENT SCOUR

Abutment scour occurs when overbank flow reenters
the main channel and sets up large vortices in the
bridge opening.. Laursen reasoned that the continu
ity equation for sediment flow needed to be satis
fied and conceptualized an appro~ch abutment at the
symmetrical half of a wide pier. Typically water in
the main channel is transporting sediment at capac
ity, and water in the overbank area is relatively
free of sediment (so-called clear water). When these
flows mix at the abutment, there is a deficiency of
sediment and this deficiency is satisfied with
material from the abutment scour hole. Laursen
realized that the mixing occurred pr imarily in the
zone of flow near the bank and that it was not rea
sonable to dilute the overbank flow with the entire
channel flow because the computed scour would oe
crease directly with the width of the hridge open
ing. He defined an influence zone as shown in Fig
ure 9 and derived 'the abutment scour equations based
on no mixing outside the influence zone. The width
of toe influence zone is 2.75 times the depth of the
abutment scou, hole, which ,means that Laursen's
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where

RECOMMENDATIONS

t • length of the approach embankment,
TOITe • V'/120d563y l / 3, .

r • 4.1 for low velocities, and
r • 11.5 for high velocities.

Bridge Piers and
High....ay Research

E.M. Laursen. Scour Around
Abutments. Bull. 4. Iowa
Board, Io....a City, May 1956.
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(14 )

( 13)

(l5a)

(15b)

if~/y < 25

if ~/y > 25

(Oo/O,)2.75(d./y)= 2.75(d./Y}{[(I/r)(d./y)+ 1)7/6 _I}

d./y =4Fo.33

d./y = 1.1 (~/y)O.40 Fo.33

There are no field data to compare .... ith the abut
ment scour equations, but because there are only two
equations to consider, it is reasonable to compute
.... ith both of them. A designer ....ould have to use the
equation that suited his tendency to be more or less
conservative.

abutment scour equations must be implicit equations.
For the typical case ....here the flo.... in the in

fluence zone (Or) transports sediment and flo....
f rom the overbank area (QO) is clear ....ater, Laur
sen's sediment continuity equation yields the fol
lowing:

The recommended value for r in this case is 4.1.
For the special situation in which both the flow

in the influence zone and the overbank flow are
clear water, ....hich could occur at relief bridges or
....here the abutments are set back far enough on the
floodplain, Laursen's equation yields the following:

d s is the deepest part of the scour hole, ....hieh is
assumed at the edge of the abutment.

Laursen's r-value essentially distributes the
scour in a triangular hole. The larger the r-value,
the larger the ratio of the deepest scour depth
(ds > to the average scour depth in the influence
zone.

CSU relationships for abutment scour are as fol
lows:

There is still a need to document field data for
both pier scour and abutment scour. Field data
should be collected during floods and should as a
minimum include a full cross section at several
flood stages. Data should be collected by individ
uals ....ho are knowledgeable about how laboratory
tests are conducted and ....ho can document .sufficient
information to make valid comparisons with predic
tions.

Although there are a large number of pier scour
equations, they can be narrowed down to three or
four .... ithout much loss in data used in derivations.
The recommended equations are those by Laursen,
Jain, Shen, and CSU, Equations 5, 7, 11, and 12,
respectively.

There are only two equations (13 and 15) to con
sider for abutment scour if the main channel flow in
the zone next to the abutment (the influence zone)
is transporting sediment. There is only one equa
tion (14) for abutment scour for relief bridges and
large abutment setback ....here flow in that influence
zone is not transporting sediment.

•

•

•
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Homework Assignment
Sediment Transport

Problem #1

Calculate the smallest non-moving sediment size over the
range of the flood event given. Assume that the water
surface gradient and the channel gradient remain
approximately equal throughout the flood at 0.005 ft/ft.

Given:

1) Flood hydrograph, figure 1

2) Stage - discharge, figure 2

ProbleJl #2

Calculate the bed-load transport for a cobble bed channel
using the Meyer-Peter Muller bed-load equation. Compare the
difference in the estimated sediment transport as determined
using multiple size fractions versus using a single
characteristic size. If the difference is significant,
explain the difference •

Given:

1) The gradation curve for a cobble bed channel was
divided into five size fractions. The geometric mean
and percentage of the distribution of the particle
sizes in each fraction are listed in the table below.

Fraction

1
2
3
4
5

Percent of
Sample Weight

10
25
30
25
10

Mean Particle
Size, mm

80
30
16

8
3

2) The following hydraulic conditions exist in the
channel.

•
Q = 2500 cfs
S = 0.0065 ft/ft
n = 0.035

d = 4.7 ft
T = SS ft
A = 260 sq ft
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• Problem #3

Compare the sediment transport rate for a sand bed channel
using both the Colby procedure and the empirical power
relationships given in the Design Manual. For this problem,
execute the Colby method by size fractions, then execute
equations 5.8a and 5.8b from the Design Manual, and as a
final check execute equation 5.8a by size fractions assuming
G = 1 for each size fraction.

Given:

1) The following bed material gradation.

Fraction

1
2
3
4
5

Percent of
Sample weight

10
15
50
10
15

!'lean particle
Size, mm

0.77
0.46
0.25
0.15
0.10

• 2) The following hydraulic conditions.

Q = 30,500 cfs d = 10.0 ft
S = 0.0012 ft/ft T = 320 ft
n = 0.025 A = 3190 sq ft
T = 500 F
Cf= 10,000 ppm

••
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Specific weight of sediment

Density
Critical tractive force
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Boundary shear stress (tractive force)

Standard deviation

u Kinematic viscosity

" Pi (3.14)
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I. INTRODUCTION

The rigid boundary conditions upon \vhich most flood control studies are

currently based do not acknowledge trle potential for river systems to move

both laterally and vertically. Failure to address this problem in the design

and construction of flood control projects, bridges or other structures

located within a flood plain can lead to their premature destruction or obso

lescence. Recognizing this deficiency in typical design procedures, the

Ari zona Department of Water Resources i niti ated development of thi s desi gn

manual.

The purpose of this design manual is to present techniques and procedures

that may be used to make a thorough engineering analysis of major fluvial

systems in order that the natural processes associ ated wi th such systems can

be accounted for in the design of flood control projects. The importance of

this is vividly illustrated by the photographs in ~i.g~res 1.1 to 1.4.

Figures 1.1 (Pantano Wash - Tucson, Arizona) and 1.2 (Rillito River

Tucson, Arizona) illustrate the lateral migration that can occur during a
flood. In particular, the power line poles of Figure 1.1 illustrate the

extent of lateral migration possible during a single flood. Figures 1.3

(Santa Cruz River - Tucson, Arizona) and 1.4 (Rillito River - Tucson, Arizona)

illustrate the potential for both loss of life and property during a single

event. In Figure 1.3, the Cortaro Farms Road bridge was completely destroyed,

and in Figure 1.4 a townhome is on the verge of falling into the river. The

situations illustrated all developed during the October 1983 flooding in

southeastern Arizona. The need for an engineering analysis in order to pre

dict fluvial system response, and to design adequate mitigating measures that

will prevent or limit the dangers illustrated in Figures 1.1 to 1.4, is self

evident.

Information in this manual addresses the dynamics of watershed and chan

nel systems considering hydrologic, hydraulic, geomorphic, erosion and sedi

mentation aspects. The emphasis is placed upon practical implementation of

state-of-the-art technology in i dentifyi ng, eval uati ng and des i gni ng for the

natural processes associated with major fluvial systems. Depending upon engi

neeri ng judgment and project economi cs, the pri nci pl es di scussed herei n can

also be applied to the design of small conveyance drainage systems. Only that

information considered absolutely essential to understanding the basic theory

of the application procedures has been presented, while other relevant, but

1.1



Figure 1.1. View from the Speedway Blvd. bridqe
looking upstream along the east bank
of the Pantano Wash, Tucson, Arizona
(Photo date: October,19B3).
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Figure 1.2. View from south bank looking
northwest toward the First
Avenue bridge over the Rillito
River, Tucson, Arizona
(Photo date: October, 1983).
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Figure 1.3. View from east bank looking west
across the Cortaro Road bridge
at the Santa Cruz River, Tucson,
Ari zona
(Photo date: October, 1983).
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Figure 1.4. View from the west bank looking
northeast across the Rillito River,
Tucson, Arizona
(Photo date: October, 1983).
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non-essenti al, i nformati on has beer. ci ted by reference only. Tni 5 approach

allows the user who might be interes~ed in details to iocate the desired

information, 'Hhil2 allowing those 'Nho are not so interested in details to

efficiently proceed through the design process.

Design manual organization provides a logical sequence of steps to guide

the user from start to fi ni sh, both through i nd i vi dua1 ei ements of a si ngl e

design and the Gverall integration of many elements of a comprehensive fluvial

system analysis and design effort. Hydrologic Analysis (Chapter III) is the

first major analysis after General Design Considerations (Chapter II). After

completing the hydrologic analysis, information required as input for

Hydraulic Analysis of Fluvial Channels (Chapter IV) is available. Similarly,

results of this analysis are required prior to Sediment Transport Analysis

(Chapter V). Chapter V completes the analysis component, providing the base

line data and knowl edge necessary for appl i cati on of vari GUS channel desi gn

techniques discussed in Chapter VI. To illustrate the integration of infor

mation resulting from each chapter, a comprehensive design example is given in

Chapter VII.

ihe desi gn manual is targeted for use by practi ci ng engi neers in the

water reSOUices field, or other individuals with equivalent knowledge or

trai ni ng. Conse~uently, an understandi ng of the basi c concepts of hydro109Y

and hydraulics has been assumed. Only that information necessary or 2ssential

to analysis of sediment transport is reviewed and/or provided in Chapters III

and IV, resulting in a brief, highly-specialized treatment of the subject.

Shaul d additi ona1 i nforma ti on be reqlJ i red on general concepts,- the user is

referred to any hydrology and/or hydraulics tex:book.

In contrast, subject material in Chapter V on ~ediment Transport Analysis

is presented in more detail. Beginning ~... ith Subsection 5.2, each subsection

consi sts of three el ements: DISCUSSION, APPLICATION, and EXA.~IPLE. The di s-

cussion material briefly describes the useful ness of the methodology and pre

sents relevant theory and equations. The applications material presents

information necessary to apply the methodology including rules of thumb and

reasonable parameter values. Finally, an example is presented. Typically, it

represents a simplistic case only intended to illustrate key points; however,

when practical, t~ese examples are based on case histories.

1 r
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II. GENERAL DESIGN CONSIDERATIONS

2.1 Cha~~~n_d~4a~~shedResponse

A generalized definition of the idealized,') ~¥.'.S:i_ is the .'*;.. p.,~

'.'f# description provided by In this description, Zone 1 is

the drainage basin, watershed, or sediment source area; Zone 2 is the transfer

zone; and Zone 3 is the sediment sink, or region of deposition. The three

subdivisions are based on the predominant processes occurring in each, since

sediments are stored, eroded, and transported in all zones. Zone 1 involves

primarily the upper watershed and various tributary watersheds that contribute

to the channel network of Zone 2. Zone 3 concerns primarily the coastal

region, since this is considered the ultimate deposition zone. Consequently,

in the analysis of inland watersheds, such as those of Arizona, Zone 3 is not

of immediate importance and the fluvial system is often redefined as the

i nteracti on of the watershed and the all uvi a1 channel network. Fi gure 2.1

provides a conceptual drawing of the fluvial system as defined.

Limiting our scope to this definition of the fluvial system still defines

a highly complex system involving the interaction of many natural processes.

These natural processes, often referred to as physical processes, govern the

response of the fluvial system to various inputs and/or disturbances. The two

primary inputs are climatic factors and man's activities. The most important

climatic factor for erosion/sedimentation analyses is precipitation, in the

form of either rain or snow. Man's activities include water resources devel

opment, watershed conversion, resource acquisition (energy, sand/gravel,

etc.), development and operation of transportation systems, etc.

The response of the fluvial system to these inputs and/or disturbances is

governed by the rel evant physi cal processes. For examRl e, the physi cal pro

cess describing soil detachment from raindrop impact is important in evaluat

ing system response to precipitation. The physical process of overland flow,

described by the interaction of such factors as slope, roughness, and precipi

tati on excess, defi nes watershed response by establ i shi ng sediment transport

supply avai 1abl e duri ng a gi ven preci pi tati on event. Simi 1arly, wi thi n the

channels of the fluvial system, the physical processes describing sediment

transport capacity establish whether or not the channel will aggrade or

degrade in response to the precipitation-generated water and sediment runoff .
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• Throughout all these events man's activities \Vill modify fluvial system

response by influencing the governing physical processes. Perhaps the most

important concept to realize about fluvial systems is that they are dynamic

systems attempting to achieve a state of balance or equil ibrium. Conse

quently, the fluvial system is either adjusting to altered conditions or is in

a state of dynamic equilibrium with present conditions. In either case,

natural and man-induced changes can initiate responses that may be propagated

through long peri ods of time or 1arge areas. Thi s dynami c nature requi res

that the analysis of problems (even on a small, localized scale) and develop

ment of solutions be considered in terms of the entire system. A classic

example illustrating the dynamic nature of the fluvial system is the implemen

tati on of flood control reservoi rs or debri s basi ns. These structures can

induce downstream degradatiorl by limiting the delivery of upstream sediments.

The dynamic action-respor.se mechanisms of fluvial systems must be acknowledged

and incorporated into any analysis or design effort, small or large.

2.2 Sand-Bed Chann~ls

The analysis and design of fluvial systems in sandy-soil regions presents

uni que problems not encountered with more well-developed soil s. In thi s

context, " is used in the engi neeri ng sense toa~~§

Sandy soils are most predominant in the semi-arid and arid

regi ons of the country. In compari son, the hi gher preci pi tati on of a more

humid environment produces vegetation and soils that are well developed and

stabilized. Under these natural conditions, streams carry low suspended sedi

ment loads refl ecti ng the stabi 1i ty in upl and watersheds. Addi ti onally, hi gh

precipitation produces a dilution effect on the sediments that are eroded.

Vegetation and land forms in arid and semi-arid regions reflect the lack

of water. Compared with more humid regions, topography is more abrupt, hill

slopes are usually steeper and shorter, and soi 1s are thi nner wi th 1i ttl e

organi c content. Dry1 and conveyances are usually i nci sed, i ntermi ttent or

ephermera1 channels. Hhen the channels do flow, it is usually in response to

small storm cells of limited areal extent producing rligh-intensity, short

duration storms. This type of storm creates "flashy" runoff, producing both

excessive erosion in upland watersheds and a pronounced capacity for sediment

transport in the channel system. Due to high drainage density (number of

channels per unit area), water and sediment runoff occurs very efficiently.

Peak discharge is high, and time to peak and flow duration are short.•

•
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The combination of large sediment y~eld, large transport capacity and

"flashy" runoff can cause rapid changes in the cor.figuratio:1 of sandy-soil

channel s. 7hese changes i :1cl ude lateral mi grati on, sc~ur, degradati on and

aggradation, and can cause changes in stream form, bedform, flow resistance

and other geometric and hydraulic characteristics. Designing either a stable

alluvial channel (one without a channel lining) or a stable, lined channel

under such dynami c condi ti ons requires a detail ed understandi ng of sediment

transport and stream channel response. For exampl e, unl i ned channel s must be

designed to minimize excessi~e scour, while lined channels must be designed to

prevent deposi ti on of sediments. Channel 1i ni ngs in dryl and areas are typi

cally composed of some type of artificial stabilization due to the difficul

ti es in growi ng the requi red type of vegetati on. Unl i ned channel s are most

successful when designed under the concept of dynamic equilibrium, which

simply allows for sediment transport conditions \vithout scour. These topics

and others are presented in detail in the following chapters.

2.3 Cobble-Bed Channels

The erodi bi 1i ty or stab; 1i ty of any channel 1argely depends on the si ze

and gradation of particles in the bed. As water flows through a channel

located in a well-graded alluvium (i .e. consisting of clay, silt, sand, gravel

or boulders) smaller particles that are more easily transported are carried

away while the larger particles remain. This process, referred to as

armoring, results in what will be defined as a cobble-bed channel, although

the particles remaining on the bed can be as small as grav~l s. Compared to

the more uniformly graded sand-bed channel, cobble-bed channels are relatively

stable; however, they are still moveable boundary cRannels that can experience

significant change during floods. Therefore, one of the important factors in

cobble-bed analysis or design is eva.uation of the stability of the armor

layer and the maximum discharge it can sustain without being disrupted.

Another category of cobbl e-bed channel s, in addi ti on to those developed.

through the armori ng process, are the boul der-l i ned channel s of steep moun

tainous regions. Except in very large floods, these channels are very stable,

with water cascading through sections of rapids connected by pools. This

characteristic of flow and the large size of the roughness elements inhibits

ana ysis by the more common and familiar techniques applicable to relatively
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flat channels. When appropriate, brief discussions of analysis and design

techniques for these very specialized conditions are presented.

2.4 General Solution Approach

2.4.1 Three-Level Analysis

The recommended solution procedure for sediment transport analysis gener

ally involves three levels of analysis. The levels are defined as (1) quali

tative, involving geomorphic concepts; (II) quantitative, involving geomorphic

concepts and basic engineering relationships; and (III) quantitative, involv

ing sophisticated mathematical modeling concepts. A qualitative Level I anal

ysis provides insight into complicated fluvial system response mechanisms.

The general knowledge obtained at this level provides understanding and direc

tion to the Level II or III quantitative analysis. Additionally, the govern

ing physical processes are usually identified in the general solutions of

Levels I and II, allowing proper selection (or development) of a model for

Level III that is efficient to use and applicable to the problems being ana

lyzed. For long-term analysis where data are continually collected and/or

updated, an iterative procedure of refinement becomes an important aspect of

Level s II and II 1. As the data base becomes more compl ete and accurate, the

type and level of analysis can become more sophisticated.

The three-l evel approach has been used extensi vely in the Southwest, and

has been found to provide the most efficient analysis approach with the great

est accuracy for a given problem. The risk is minimized, since all results

and conclusions are cross-checked to the other levels of analysis. The

following paragraphs discuss some of the important concepts in each level of

analysis.

2.4.2 Level I - Qualitative Geomorphic Analysis

The qualitative geomorphic analysis employed in Level I relies strongly

on expertise and practical experience. Geomorphology is the study of

surfi ci al features of the earth and the physi cal and chemi cal processes of

changing land forms, while fluvial geomorphology is the geomorphology (and

mechanics) of watershed and river systems. Qualitative geomorphic techniques

are primarily based on a well-founded understanding of the physical processes

governing watershed and river response. Therefore, an important first step is

to assemble and review previous work and data applicable to the study area,
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and for key project participants to beco:ne fam~liar >'lith the study area. ;.

visit by key person~el ensures "dentification of important characteris-

tics of the study area. Additionally, being in the study area and contacting

the local interest groups concerned provides excellent insight and perspective

for the study. Site visits are an essential element of a successful study.

After completing the necessary site visits there are a number of

simplified concepts and procedures that contribute to a qualitative analysis.

These include aerial ohotograph analysis, historical land-use patterns, and

relatively simple relationships describing basic geomorphic concepts. The

Level I analysis is discussed in detail in Section 5.2.

2.4.3 Level II - Quantitative Geomorphic and Basic Engineering Analysi~

In Level I, geomorphic principles are applied to predict watershed and

stream res~onse and do not require detailed data, only a general understanding

of the direction of cllange of the stream conditions. Geomorphic principles

can also be applied to available data to more accurately evaluate watershed or

channel responses. This analysis, when coupled with traditional analyses

involving basic engineering relationships, allows an initial quantitative eva

luatiun of response. Analysis techniques used in Level II involve evaluation

of trends in the historical thalweg elevation, quantitative evaluation of bed

and bank sediments, application of the Shields relation and other geomorphic/

engi neeri ng rel ati ons, appl i cab on of sediment transport equati ons and tne

sediment continuity principle, frequency analysis of water and sediment

transport data, etc. Level II analyses can be completed by hand calculator;

howeve!"', use of a computer can expedite some ~alculations. For example, the

analysis of sediment continuity using appropriate sediment transport relations

is also often comp1eted wi th the aid of compu ter prog rams. A det3. il ed

discussion of the Level II analysis is presented in Section 5.3.

2.4.4 Level III - Quantitative Analysis Using Mathematical Model_~

The Level III analysis is the most accurate method of analysis and

involves computer application of various physical-process mathematical models.

A mathematical model is simply a quantitative expression of the relevant phys

ical processes. Various types of mathematical l;'lodels for sediment routing are

available, depending on the application ("o{atershed or channel analysis) and

the level of analysis necessary. For example, channel models range from
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application of quasi-dynamic models (such as HEC-6 or HEC-2SR) to complicated

dynamic sediment routing methods. In general, available models can be

directly applied, or applied with minor modifications, to meet any project

requirements. Criteria for electing to proceed with a Level III analysis are

presented in Section 5.4.

2.5 Data Requirement~

2.5.1 General

The qual i ty and accuracy of any analysi s are dependent on the data base

avail abl e to the study. The type and number of data necessary depend greatly

upon the sophistication of the analysis techniques (i .e., whether Level I, II,

or III); however, for any analysis the level of effort required to establish

the data base can represent a si gni fi cant porti on of the enti re level of

effort. The data base is developed from available data and any data collected

during the project. Below is a brief discussion of the data requirements for

each of the three levels of analysis.

2.5.2 Level I Data Requirements

The data required for a Level I geomorphic type analysis involves infor

mation on general trends and conditions describing the fiuvial system charac

teristics, rather than specific, quantitative values. Some of the geomorphic

rel ati ons used to qual i tati vely descri be system acti on-response (the Lane

rel ati on or the s.l ope-di scharge rel ati on) rely on' estimates of dami nant slope

and/or discharge; ~owever, due to the nature of the formulas and their

intended app 1i cati ons, these numbers do not need to be accurate, refi ned

values.

Other data required in a geomorphic analysis involve information

describing historical trends or patterns. This information is generally

interpreted on a qualitative basis, relying largely on personal experience and

expertise. A typical example is the analysis of aerial photographs covering

a span of several years. The amount of information extracted depends in part

on the,years covered. Similarly, insight derived from analysis of the flood

history of a given drainage depends on the length of record available.
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Table 2.~ summarizes some of the major :jato r'=Ciuire:nents of a level---=---
analysis.

2.5.3 Level II Data Requirements

Level II data requirements involve specific es:imates of various parame

ters necessary to apply a range of quantitative geomorphic and basic engi

neering formulas. The data required might include specific, detailed numeri

cal information on the watershed geometry (area, slope, length, drainage den

sity, channel characteristics), sediment produced and delivered by the

watershed (water discharge, sediment discharge, soil types, geology, repre

sentative particle sizes transported, gradation), man's influence (dams, sand

and gravel extraction), and so forth. For many larger "/atersheds, data on

these processes have been collected by various governmental agencies. The

quai i ty of the data and the 1ength of lecord often vary so that careful eva

1uati on is requi red to i nSi.Jre the data are useful for the purposes of the

study. For exampl e, most sediment di scharge data have been call ected only

during low-flow periods; however, it is commonly accepted that the majority of

sediment transport occurs during relatively short periods of high flow.

Plotting low-flow sediment discharge data against water discharge for a given

watershed generally produces poor resuits with no apparent trend.

Consequently, data extrapolation or establishment of a descriptive equation

for the watershed would appear impossible. However, if several additional

high-flow data points were available, a distinguishable trend might be

established (see Figure 2.2).

This situation can develop even when data have been collected over ~any

years if no major storms occurred during the period of record. Therefore, the

avai 1abl e data must be carefully interpreted and· used to avoi d erroneous

conclusions. Additionally, the available data base is typically much smaller

that that requi red to conduct the study. Consequently, the necessary addi

ti anal data must be establ i shed by fi e1 d measurellJent or by data generati on

techniques. A brief overview of several basic concepts in data generation is

given in Section 2.5.5.

Some of the speci fi c data requirements necessary to conduct a level rr
analysis are presented in Ta~~~~?
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Table 2.1. Partial Listing of Data Requirements
f or a Level I An a1ys is.

General Channel Slope &Cross Section Characteristics

Representative (Dominant) Discharge

Bed and Bank Material Characteristics

Land-Use Changes

Major Structures and History

Aerial Photographs

Flood History

Fire History

Tectonic Activity
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Figure 2.2. Definition sketch illustrating typical measured
sediment discharges vs. water discharge relation.
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Table 2.2. Partial Listing of Data Requirements
for a Level II Analysis.

Watershed Geometry (Area, Slope, Length, Drainage Density)

Channel Geometry (Profile, Cross Sections, Sinuosity)

Hydraulic Data (Flow Depth, Velocity)

Water Discharge Records

Sediment Discharge Data

Oischarge-Frequency Relations

Flood Hydrographs

Particle Size Gradations

Sand and Gravel Extraction Data

Reservoir Operating Procedure

HEC-2 Data/Runs

Reservoir Deposition Data
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2.5.4 level III Data Requirements

For any study involving physical-process mathematical modeling (le'Jel

III), it is necessary to define a spatial and temporal description that provi

des a realistic representation of the system for simulation purposes. This is

particularly true for large-scale modeling where it is not practical to

account for every possible inflow and outflow. Consequently, knowledge of the

critical areas or areas of importance is i1ecessary to de'/elop the spatial

representation. The actual data required to do this are not significantly

different from those necessary for a level II analysi s, although more detail

is often required fer the mathematical modeling of level III.

2.5.5 Data Generation Concepts

Data generation techniques can involve direct extrapolation and trans

position of the available information, or indirect extrapolation through

application of engineering relations based on the governing physical pro

cesses. The method of establishing the necessary additional information is

determi ned by the pri or; ty or importance of the given area and the potenti a1

accuracy of the data generation methods available.

Data generation by direct extrapolation within a given watershed, or the

transposi ti on of data bet'Neen watersheds, must be done properly to achi eve

accurate results. For example, transposition of sediment discharge data be

tween watersheds cannot be accomplished accurately by assuming that a simp19

relation exists between water and sedimer.t dis~harge rates (i .e., 0 c:: Ob),
s

although this is generally an adequate relation for describing sediment

transport rates within a give~ watershed without anticipated land-use changes.

By considering the governing physical processes, one realizes that sediment

transport ; s more directly related to ; ndi I/i dua lhydraul i c parameters, for

exampl e vel oci ty and depth, whi ch for a gi ven di scharge can vary si gnifi cantly

between various channels. Therefore, a better relation for describing sedi

ment discharge for purposes of transposition of data is Q
s

a: Vbdc . Conse

quently, watersheds that are similar in various erosion-related charac

teristics may allow adequate transposition of data by this type of relation.

Indirect extrapolation of data involves the application of a physically

based engineering equation or relation. For example, one metllOd to generate

addi ti enal sediment transport data for a gi ven watershed woul d be to use the

available data to calibrate an applicable sediment transport equation or

model, and then use the calibrated equation or model to generate new data.
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The importance of understanding the governing physical processes in data

generation is necessary for any variable, not just sediment dischdrge.

Properly conducted data generation can provide accurate results that maximize

the utility of available information.
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III. HYDROLOGIC ANALYSIS---------
3.1 . Rel aJ:_~~ Hydrology to O_"t:..h_e~ A~a_1ys~~

Hydrologic analysis is a necessary first step to most \"ater resource

related design projects. For example, the design of a spillway or flood

control channel is based on a design flood, where the characteristics of the

flood depend on watershed and climatic variables. Similarly, hydrologic anal

ysis is an important first step in fluvial systems analysis, since water is

the dri vi ng mechani sm for eros i on and sediment transport. Knowl edge of the

runoff hydrograph provi des the necessary i nformati on for determi ni ng runoff

hydraulics at points of interest in the watershed or channel network.

Determination of runoff hydrology relies on evaluation of measured

streamflow data or, in the absence of measured data, estimation of the runoff

hydrograph through evaluation of the important physical processes. The latter

is quite often the situation that the \;/ater resource engineer must deal with

and the procedure i nvol ves a 1ogi cal sequence of steps, begi nni ng with the

estima ti on of ra in fa 11 magnitudes correspondi ng to a specifi ed return peri od

and durati on. After determi ni ng the rel evant ra i nfa 11 magnitudes, runoff

volume is calculated by estimating losses, largely those due to infiltration.

The volume of runoff is then used in conjunction with watershed charac

teri stics to estimate a runoff hydrograph. The runoff hydrograph provi des

information on important variables such as peak discharge, flow duration, and

time to peak. Methodologies also exist for direct estimation of these para

meters, particularly peak discharge, without requiring the development of the

runoff hydrograph.

It is not the objective of this chapter to provide a detailed discussion

of the various methodologies or procedures available for a hydrologic analy

sis. Numerous textbooks and government publications are available with this

information and it is not necessary to dupl icate it here. Therefore, only a

brief review of available and/or applicable techniques is provided. Adequate

references are cited to allow the user to locate detailed discussions, as

needed, of the various techniques.

The primary objective of this chapter is to illustrate some of the

specialized applications of this hydrologic information Hhen conducting

fluvial systems analysis or design. These appl ications center on temporal

considerations, both during a single flood (short term) and over many floods

and/or years (long term). The more familiar application of hydrologic infor-
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mation in hydraulic structures design re ies primar"ly on a si~gle large flco~

event, the logic being that if the structure will 'iiithstand this flood, it

will certainly withstand the smaller flows occurring between large events.

However, I,o,Iith fluvial systems analysis and design, the cumulative effect of

erosion/sedimentation occurring throughout all flo'l'is is important. While this

cumulative effect is seldom a::. significant as a single laqe flood (it is

often said that 90 percent of all river channel changes occur during ten per

cent of the flows), it can be an important component in some applications.

3.2 Establishing Return Period Discharges and Durations

3.2.1 Genera-I

The peak rate of runoff or peak discharge is a natural by-prOduct of the

determi nati on of the rur.off hydrograph. However, many hydraul i c desi gns are

based on direct estimates of peak discharge without requiring other hydrograph

information. In general, computation of the hydrograph is the more satisfac

tory procedure; however, since many analyses use a peak-discharge approach, a

few of the common approaches are i ncl uded here and caul d be uti 1i zed when

budget or other constraints necessitate a low level of effort.

Estimation of peak discharge is simpler t~an the procedures for

development of the enti re hydrograph. Determi ni ng the method tJ use depends

on the available data and the applicability of a given relationship to the

design conditions. For a gaged watershed the estimate is made by a hydrologic

analysis of the drainage and stream, characteristics of the climate and the

accumul ated streamfl mol data. An effi ci ent method to access data and conduct

analysis on gaged 'f'iatersheds is the U.S. Geological Survey (USGS) WA;STORE

system. The WATSTORE system is a computer; zed-aata processing, storage,

retrieval and analysis package for thousands of USGS-maintained s~ream gaging

stations, water quality stations, sediment stations, water level observation

wells and lake and reservoir monitoring stations. Typical analyses availabie

through WATSTORE include frequency analysis and flow duration curves. Infor

mation on the availability of specific types of data, acquisition of data or

products, and user charges can be obtained 1oca lly from USGS \Jater Resource

Division district offices. Table 3.1 lists the district offices in the south

west geographical area, and also provides an address for general inquiries

about \~ATSTORE.

To obtain informaticn on gaged watersheds not maintained by the USGS, the

NAWOEX program may be of value. The NAWDEX program, administered by the USGS,
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Table 3.1. USGS Offices with WATSTORE Information.

Water Resource Division District Offices
in Southwest Geographic Area

Tucson, Arizona

Menlo Park, California

Albuquerque, New Mexico

General Inquiries

Chief Hydrologist
U.S. Geological Survey
437 National Center
Reston, Virginia 22092
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is a national confederation of water-oriented organizations working togetr

to improve access to water data. Organizations involved with NAWDEX range

from governmental (Federal, state and local) to academic and private. NAWDEX

does not maintain the available data bases, but rather provides a variety of

services to assist users in identifying, locating and obtaining the required

data. The locations of local assistance centers in the Southwest for NA\~DEX

and for general inquiries about the system are provided in ~~r

Development of hydrologic information from gaged watersheds is relatively

straightforward; however, most smaller drainages are ungaged and an estimate

of the design flow must be made on limited topographic and climatic data.

Bibliographies by Chow (1962) and Reich (1960) identify and review many of the

possible methods of estimating peak flows from ungaged watersheds. Some of

the more common methods applicable to the Southwest are reviewed in the

following paragraphs.

3.2.2 Rational Method

The Rational Method is a common method for peak flow estimation; however,

it has many limitations that must be considered. These limitations arp

discussed by r'1cPherson (1969) and others. Basically the equation Q = C...

tends to oversimplify a complicated runoff process. However, because of the

simplicity of the Rational Method, it remains widely used.

The assumptions used in developing the Rational Method are:

1. The rainfall occurs at a uniform intensity over the entire watershed.

2. The rainfall occurs at a uniform intensity for a duration equal to or
greater than the time of concentration.

3. The frequency of the runoff equals that of the rainfall used in the
equation.

The time of concentrati on t c is defi ned as the time requi red for water to

flow from the most remote (in time of flow) point of the watershed to the

outl et, once the soi 1 has become saturated and mi nor depressi ons are fi 11 ed

(Schwab, et al., 1966). Accurately evaluating the time of concentration is

one of the major problems in using the Rational formula.

Reich (1971) cites references ttlat indicate the potential of the Rational

formula and that its prediction on the average was close to observed peaks,
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Table 3.2. USGS Offices with NAWDEX Information.

Local Assistance Centers in the
Southwest Geographical Area

Tucson, Arizona

Menlo Park, California

Albuquerque, New Mexico

General Inquiries

National Water Data Exchange (NAWDEX)
U.S. Geological Survey
421 National Center
Reston, Virginia 22092
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although there is usually considerable scatter. The formula has generall

been limited to watersheds of less than three square miles (2,000 acres).

3.2.3 SCS TR-55 Methods

The SCS has developed several methods that are commonly used for predict

i ng runoff, rangi ng from peak flow estimati on to compl ete hydrograph develop

ment. The method presented in SCS TR-55 (1975) is a graphical procedure for

estimating peak discharges using the time of concentration and the travel

time. This method is an approximation of the detailed hydrograph analysis

produced by the computer program presented in SCS TR-20.

The graphical approach is appl icable to a watershed where runoff charac

teristics are uniform and valley routing is not required. The relationship

was developed by computi ng hydrographs for a one- square-mil e drainage area,

along with a range of times of concentration, and routing them through stream

reaches with a range of travel times. A constant runoff curve number of 75

and a Type II (late peaking) rainfall sufficient to yield three inches of

runoff were assumed.

The resul t of these computati ons is a curve rel ati ng the time of coneen-

trati on t c to the peak di scharge in cubi c feet per second per square m

per inch of runoff, qp' The curve is applicable for watersheds \vhere the

runoff can be represented by one curve number, eN, whi ch imp 1i es the 1and

use, soils and cover are similar and uniformly distributed throughout the

watershed. As in the Rational method, accurate eval uation of the time of con

centration is a major problem in application. The method is applicable for

watersheds up to approximately 20 square miles in size. The runoff volume is

obtained from a table and peak discharge is calculated from an equation.

A second graphical approach is presented in the SCS TR-55 publ ication for

agricultural drainage areas up to 2,000 acres (three square miles). The

method is reported to provide a quick and reliable estimate of peak discharge

for most agricultural areas of the United States.

3.2.4 USGS Flood-Frequency Analysis

The U.S. Geological Survey (USGS) has developed graphical methods for

determi ni ng the probabl e magnitude and frequency of floods of varyi ng recur

rence intervals for most of the United States. The graphs were developed (\"

the basis of a comprehensive study of all flood data available in each reg
by flood-frequency analysis. The relations are generally developed for rural

3.6



•

••

•

watersheds and are based on gaging station records having ten or more years of

record not materi ally affected by storage or di versi on. Therefore, resul ts

obtained from this empirical, graphical procedure will represent the magnitude

and frequency of natural floods withi n the range and recurrence interval s

defined by the base data. The publication for the State of Arizona (Roeske,

1978) was developed as a joint effort between the Arizona Department of Trans

portation and the USGS.

3.2.5 Other Regionalized Methods

The literature contains many articles on experimental models for flood

flow frequency estimati on at ungaged 1ocati ons. However, a literature eva1

uation by McCuen, et al. (1977) indicates that th.e literature does not

adequately reflect what is currently being used. Instead, the literature

contains many articles on experimental models that have been designed for a

specific region or a specific problem. Thus, the volume of the literature on

the techni ques that are currently bei ng extensi vely used (e. g., the Rati onal

formula and the SCS technique) is not in proportion to the frequency of use of

these techniques .

The use of a regionalized technique can often produce more reliable

resul ts than t~,e more commonly used general i zed techni ques. However, care

must be exercised in applying a regionalized method to ensure its validity to

the given problem.

3.2.6 Channel Geometry Techniques

Several studies of alluvial stream channels of the western U.S.

have shown~rel ati onshi ps between

. channel si ze and di scharge characteri sti cs. In perenni al streams the acti ve-

channel level is nearly coincident with the stage corresponding to mean annual

di scharge. For ephemeral streams the acti ve-channel capaci ty is usually more

indicative of higher return flows, such as the la-year flood. In general,

fewer channel geometry relationships have been proposed for ephemeral streams,

since there are few streamflow records of adequate length for analysis.

Greater accuracy can be achi eved by consi deri ng sediment properti es.

Osterkamp and Hedman (1981) have presented groups of channel geometry

equati ons accordi n9 to channel type as characteri zed by the channel-sediment

variables. They also demonstrate that consideration of channel gradient and

discharge variability can improve discharge estimates.
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a direct result of the water passing a given

useful tJcl J2CaUSe (1) estimates are easii:This method can ce a nighly

made, and (2 ) the chanl1el size is

site, and thus a reliable index. ~owever, care ~ust be taken in selecting the
site and the datum for the field channel measurements. As in all regression

techni ques, the accuracy of the mathemati cal re1 at; onshi ps is dependent on the

accuracy of the data base.

3.3 Development of Flocd Hydrograohs

3.3.1 General

•

Development of accurate floed hydrographs follows the Iogi ca 1 sequence of

steps reviewed in Section 3.2 (establishment of rainfall volume for design

storm, determi nati on of correspondi ng runoff vol ume and development of hydro

graph cons i deri ng watershed characteri s ti cs) . Thi s procedure accounts for the

governi ng phys i ca1 proc2sses and is generally more accura te for peak di schar:;e

estimation than tne methods reviewed in Section 3.2. Furthermore, any analy

sis involving routing of floods requires that the discharge hydrograph· be

known.

It is possible to approximate a hyd:-ograph using a re-scaled or tran<:

formed record, i.e., re-scal ing the recorded streamflow of an upstream gage by

a ratio of drainage areas or by regression equations. This technique can pro

vide acceptable results, particularly when a 10',0/ level of effort is required,

but when possible, hydrographs should be based on the governing physical pro

cesses. One of the most commonly used methods of hydrograph development is

the Soil Conserva ti on Servi ce (SCS) un; t hydrograph approach. Th i s approach

derives hydrographs from runoff calculations involving evaluation of precipi

tat; on amounts, i ntercepti on, i nfil trati on, surface: detenti on, ti me of travel,

etc. A brief review of the basic analyses for development of hydrographs is

provided in the following sections, along with applicable methodologies.

3.3.2 Characterization of Design Storm

The fi rst step in devel opi ng runoff hydrographs for an ungaged drai nage

is characteri zati on of the des i gn storm. The ex is tence and 1ength of record

of rai n gages and the si ze and 1ccati on of the watershed determi ne the 1i1ethods

and consi derati ons necessary in deter.ni ni ng the character and magni tude of the

storm. Since many designs are formulated in terms of return period, the

volume of rainfall corresponding to a specified return period and duration
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must be determined by frequency analysis. In preparing a design the engineer

is likely to choose one of two courses in calculating the volume of rainfall:

(1) use data from an on-site gage, data suitably transferred from nearby gages

with long records, or a combination of on-site and transferred data used to

perform a frequency analysis, or (2) use one of the National Weather Service

(NWS) publications that present the results of frequency analysis performed on

their rain gage network in the form of isopluvial maps. Most statistical

hydrology textbooks (e.g. Haan, 1977; Kite, 1977, Yevjevich, 1972) discuss

methodologies for frequency analysis. Since most sites will not have on-site

records of sufficient length, and due to the amount of work involved in

synthesi zi ng a record of suffi ci ent 1ength by transferri ng data, the second

course (NWS Publications) is most likely to be used.

Currentl y there are three pub1i cati ons by NWS that are in regul ar use.

In chronological order, they are: (1) Technical Paper No. 40 (TP40) by

Herschfi el d (1961); (2) Preci pitati on-Frequency Atl as of the Hestern Un ited

States (11 vol urnes, 1973); and (3) "Fi ve to 60-t~i nute Preci pi tati on Frequency

for the Eastern and Central United States (1977).. TP40 presents the resul ts

of depth-duration frequency analysis investigations for the contiguous United

States performed by NWS and its precursor agency, the Uni ted States Weather

Bureau. In addition, new studies for the high"plains states appeared in this

paper for the first time. The maps presented in TP-40 are considered most

reliable for relatively flat regions. However, in the western United States,

the mountainous terrain often causes large variations in precipitation. To

correct this problem, the Precipitation-Frequency Atlas of the western United

States was introduced in several volumes. This publication contains much

larger-scale rainfall-duration-frequency maps than TP-4G, and it corrects for

such factors as slope, el evati on, di stance to moi sture, 1ocati on, normal

annual preci pi tati on, barri ers to ai rfl ow and surface roughness, not i ncl uded

in TP-40. For Alaska, the publication used is TP-47, Probable ~1aximum Pre

cipitation and Rainfall-Frequency Data for Alaska. Storms in the eastern

United States are still characterized by TP-40; however, a more recent publi

cation for storms of 5 to 60 minutes duration has recently been published by

rJWS (1977), under the titl e "Fi ve to 60-t~inute Preci pitati on Frequency for the

Eastern and Central Uni ted States (HYDRO-55)." However, for 24-hour durati on

events, the rai nfall atl as for the western United States and TP-40 and 47 are

the most commonly used documents.
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The proced~re for using the N~S ~tlases to cbtair. point rainfall volumes

is quite stY'aightforward. Studies can utilize 24-hour or 6-hour duration

storms for varying retur"n periods (e.g. 2, 10, 25 or 100 years). In western

states, isopluvial maps are printed for each of these storms. Determining the

appropriate storm volume is a Gatter of reading the map at the watershed

1ocati on.

The determination of rainfall volume is only the first step in

characterizing the design storm. Obviously, if there is no water left after

infiltration there will be no runoff and therefore no further need for concern

regarding surface water hydrology. In smali watersheds the character of the

runoff hydrograph is largely determined by the character of the hyetograph and

the infiltration properties of the drainage. Therefore, estimates of the peak

runoff are quite sensitive to the temporal distribution of rainfall. The

methods for distributing intensities over time are in common use and are

standardized to some degree. However, they are somewhat subjee~ive, requiring

judgment on the part of the user.

To further compound matters, there are three distinct types of rainfa11/

runoff events which can occur in Arizona. They are:

1. Convective Thunderstorms. Nonnally occufY'ing in July and August, these
s~orms are created by moisture that moves into the state from t~e Gulf of
~exico and combines wi:h air movement from the heated mountainous terrain
to produce intense, short-1 i ved rai ns tonns. Often these storms are
accompanied by thunder, 1ightning and strong, gusty winds. Generally
their duration~ do not exceed one hour. However, upon occasion they have
been known to continue for as long as six hours. Maximum areal coverage
of i ndi vi dual storm cell sis on the order of 90 to 100 square mil es, but
maximum rainfall amounts and intensities (sometimes exceeding 10 inches
per hour) are usually confined to less than a tt~o mile-square central
core of rainfall. Historically, these types of storms generally have had
their major impacts upon drainage catchments which ar~ less than 25
square miles in areal extent.

2. General Summer Storms. Normally Qccurring in August and Septemner, these
storms originate off the west coast of i~exico as tropical storms or hur
ri canes and bri ng damagi ng wi nds and fl ood-produei ng rai nfa 11 into the
state. Generally thei r durati ons range from one to four days, a1 though
they have been known to 1ast as 1i ttl e as si x hours and as long as ten
days. Maximum areal coverage of general summer storms can easily exceed
many thousands of square miles; however, maximum rainfall amounts and
intensities are often concentrated within multiple isolated cells of less
than 100 square miles in area. Historically, major impacts from these
storms have generally occurred upon drai ('lage catchments whi ch range in
size from 100 to 5,000 square miles.
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3. General \~inter Storms. Normally originating over the Pacific Ocean,
these storms move rapidly eastward through the state. Precipitation from
winter storms is usually of lignt or moderate intensity. At ti1nes,
however, these wi nter storms have been the source of preci pi tati on for
the wettest years of record and have produced some of the most damaging
floods. This has been especially true "hen warm rainfall has occurred
over well-developed snowpacks in the higher elevations of the state, pro
duci ng rapi d runoff over 1arge areas. Ourati ons for wi nter rains range
from a few hours to several days. Maximum areal coverage can exceed tens
of thousands of square miles. The major drainage catchments in the state
usually exhibit the most significant impacts from these winter storms,
primari ly because major catchments are fed iJy numerous tri butari es, whi Cil

cumulatively may constitute many thousands of square Iniles in watershed
a rea.

There are bas i ca lly two kinds of methods for cons tructi n9 hyeto9raphs

from designated storm volumes. The first type is the construction of a

synthetic storm through the use of depth-duration-frequency (DuF) curves or

standard SCS or other regionalized rainfall distributions. When using the OOF

curves, time intervals are selected and the rainfall intensity for each

selected interval is computed by dividing tIle total amount of rainfall for

that interval by the time of the interval. The result is the creation of

several different rainfall intensities representative of finite time intervals

dLiri ng the storm. These i ntens; ti es are then appropri ately arranged by the

user based on knov/ledge of iocal conditions. The ordering is the Inain source

of subjecti vi ty in these methods. Such syntheti c methods have the advantage

of at least providing a consistent set of rainfall intensities.

The second method is to use a storm record of many years frOlil a nearby

recording rain gage as the pattern for distributing rainfall. The difficulty

in tlli s approach is that the resul ti ng i ntensi ti es filay be of di fferi ng return

peri ods. Therefore, despi te the i ntLii ti ve advantage ot havi n9 been recorded

on site, the historical event does not provide a consistent approach to tne

formulation of a design storm.

3.3.3 Determination of Runoff Volume

Once the desi gn storm has been specifi ed, the next step in oiJta i ni ng a

runoff hydrograph is the determination of runoff volume. This calculation

requires estilnation of the effects of interception, infiltration dnd surface

detention. With respect to rainfall on watersheds, especially in the western

U.S., the most important of these processes is usually infiltration. The most

commonly used method for determ; nat; on of runoff vol ul11e ; s the SCS curve
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numbe:-- approach. Thi s method was developed for use ~"i th nonreeordi ng iai n

gages; that is, the method is used to predict total volume of runoff from

total vo ume of rainfall. In its publication, Design.- of Small Dams [U.S.

Bureau of ::<eclamation (USaR), 1977], the USSR summarized and modified the SCS

method for use with temporally arra.nged rainfall. This ii1odification of the

SCS method is suggested for the determination of runoff volume.

''''hile the SCS method has gained wide acceptance ~nd is in ccmmon use,

serious errors ~a~ result in its application. In many cases methods that are

b-ased on fi el d measurements are preferred. One of the most commen of these

methods is the Horton i nfi 1trati on equati on. Both the ;.,orton and the SCS

methods model the soil response i ndependentl y of storm characteri s ti cs. Tn is

attribute, and the fact that the effects of watershed modification are diffi

c~lt to reflect in either method, is leading many hydrologists to utilize more

physi cally sound approaches, i. e., Green and .Ampt (1911). Hany of these

approaches have been ignored in the past due to the nec2ssi ty of laborious

calculations. However, with the advent of extremely powerful small calcu

lating devices, this objection is becoming obsolete (for example, see numeri

cal sol uti ons of Green-Ampt infil trati on equati on di scussed by Li, et al.,

1976). In the future it is likely that more physically based methods will be

adopted.

A1ternati 'Ie i nfi 1trati on approaches i :1cl ude methods based to a greater

degree on infiltration methods at the site and that incorporate a mathematical

description of the infiltration process. At this point it should be remem

bered that the SCS method is not entirely equivalent to calculation of infil

tration. The SCS method strives to determine the retention characteristics of

the drainage. Retention includes interception as well as infiltration. If

one abandons the SCS method, some attempt must be made to determine losses to

interception; however, infiltration is usually the most significant of these

processes. In many western waterslleas vegeta ti on is so sparse that essen

tially all rainfall reaches the ground. Even where vegetative cover is rela

tively dense, infiltration is usually more significant as a hydrologic process

than interception.
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3.3.4 Hydrogr~ph Development

A discussion of design flood analysis for small dams is presented in the

USSR's (1977) "Design of Small Dams." This discussion includes development of

unit hydrographs resulting from the runoff calculations discussed above. The

USSR approach is based on runoff calculated by the SCS method; however, any

method that produces temporally distributed excess rainfall provides the

necessary information for calculation of a hydrograph. The user is referred

to the USSR publication, or almost any hydrology textbook, for detailed proce

dures for unit hydrograph and triangular hydrograph analysis.

3.4 Selection of Design Event for Fluvial Systems Analysis

Selection of an appropriate design event for fluvial systems analysis is

genera lly not as straightforward as it is for other water resource proj ects.

For example, hydraulic structures design is usually based on a single large

flood that the structure must withstand. The selection of the appropriate

design event is generally based on an acceptable level of risk. By com

parison, the selection of the design event for fluvial systems analysis

depends largely on project objectives. For example, information on long-term

cumul ati ve erosi on rates resul ti ng from numerous floods over many years may

be of interest. Conversely, the short-term erosion or scour occurring during

a single event, for example at a bridge crossing, may be required. Therefore,

temporal cons i derati ons estab1i shed by proj ect obj ecti ves wi 11 govern the

selection of the design event.

For short-term analysis the single event is often a frequency-based

flood, for example the 2-, 10- or 100-year event. Another possibility is the

Probable Maximum Flood, defined as the most severe combination of critical

meteorologic and hydrologic conditions that is reasonably possible in the

region, or the Standard Project Flood, which results from the most severe com

bination of meteorologic and hydrologic conditions that is considered rea so

naQly characteri sti c of the regi on, but excl udi ng extrelilely rare combi nati ons.

Generally, the standard project storm rai nfall amounts to approximately 50

percent of the rainfall for the probable maximum flood (Viessmann, et al.,

1972) .
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represents

delivery.

tiot1

For long-term analysis the objective is to evaluate the cumulative

effects of a broaa range of flow condi:icns. One 2uproac~ that can be used is

based on the concept of dominant discharge. The dominant discharge is that

value which is predominantly responsible for the geometric charact2ristics of

the channel. Although it is difficult to precisely establish the dominant

discharge, the value is typically betwe~n the 2- and 5-year events for

perenni al streams and bet'...een the 5- and lO-year events for intermi ttent and

e~hemera 1 channels. The aggradati ani degrada ti on occurri ng for thi s domi na~t

discha~ge is then ass:..!med to represent the aver.age annual value which can be

extrapolated in time to evaluate long-term conditions (i.e., if the mean

annual sediment delivery is 1,000 cubic yards, the total delivery over' 10

years is 10 x 1,000, or 10,000 cubic yards).

A better approach than dominant discharge for long-term analysis of

erosion/sedimentation is one which accounts for the probability of occurrence

of various flood e'/ents during anyone year. For ~xample, if VOL
s

is the

sediment delivery at a specific location for a given flood and P is the pro-

babi 1i ty of occurrence of that flood in cne year, the product VOL x P. s
the contribution of that one flood to the long-term mean annual

To account for the contribution of all possible flows the integra-

1
VOL = f· VOL dOs s .o

is required. This integration is best acc~mplished through use of frequency

curve concepts. The frequency curve for sediment del iver~ can be estimated

graphi cally by computi ng the sediment del i very expected for each of several

floods of known return peri ods. E,i gure 1:.1, i 11 ustrates the esti mati on of a

sediment del i very frequency curve. The area under thi s curve (between the

limits of 0 and 1) then represents the mean annual sediment delivery. This

area can be computed graphi ca lly or numeri cally. The numeri ca 1 procedur-e

involves summing the incremental trapezoidal areas established by calculation

of VOL s for various return periods, with approximations for VOL s at proba

bilities of 0 and 1 in order to satisfy the limits of integration defined by

Equation 3.1. Assuming this calculation is completed for the 2-, 5-, 10-,

25-,50- and lOa-year events, the mean annual sediment delivery would be

approximately
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(3.2 )

('VOL S )25 + (VOL S )10)
2

(VOL s )? + a
+ 0.5 ( 2 )

As a check on this calculation, it is useful to <3.pply the weighting

relat~onship (Equation 3.2) with the corresponding water discharge hydrographs

and compare the calc!.liated value to the mean annual ',o,(ater delivery as deter

mined from st:--eam gaging data. In an arid or semi-arid area, differences in

these two estimates of long-term mean annual water yield may reflect numerical

errors resulting from the trapezoidal rule approximation. Alternatively, it

may reflect an inadequate record length of measured data or inadequate hydro

logical analysis in developing return per-iod hydrographs. In a more humid

envi rcnment, these same factors may be respons i b1e for di fferences between

measured and calculated water yield. Additionally, differences could result

from base flows that are not adequately accounted for ; n the flood-based

incremental probability calculation. For arid and semi-arid application,

assuming adequate record length and hydrology, a correction factor for appli

cation to the probability weighted sediWoent delivery can be defined as

VOL 2
:< = ( meas)

VaLine

where VOL inc is mean annual water' volume calculated from Equation 3.2, and

VOL is the mean annual water volume determined from aaging station data.meas ~

The square of the rati 0 is taken si nee the rel ati cnshi p between '.vater and

sedi ment di scharge is proporti ana1 to '.vater di scharge to the power of 1.5 to

2.0. Under the assumption of adequate record length and hydrology, the

correction for numerical errors in evaluation of water yield should be rela

tively small, say no more than 10 to 20 percent. The maximum value for K

wouid then be about 1.5. As a rule of thumb, this value should be assumed if
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the measured record 1ength is extremely short (i. e., 10 to 20 years) or the

calculated value of K is unusually large or small.

3.5 Oiscretizing Flood Hydrogra~~~

To evaluate the cumulative erosion/sedimentation occurring during a

flood, as will be discussed in Section 5.3.8, it is usually necessary to

discretize the hydrograph. The only alternative to the discretization process

is when the water di scharge hydrograph can be approximated by a tri angul ar

hydrograph. Under these condi ti ons cal cul ati on of the cumul ati ve erosi on/

sedimentati on can be si mp1ifi ed. When a tri angul ar hydrograph approximati on

is not possible, it is necessary to discretize the water discharge hydrograph,

which provides a series of constant discharges acting over short time inter

vals as illustrated in Figure l':.2.. The hydraulic, erosion and sedimentation

analyses are compl eted for each di scharge 1evel and wei ghted accordi ng to the

time interval over which they occur. The cumulative erosion/sedimentation

occurring during the flood is then the sum of the weighted values. For calcu

lation purposes it is often efficient to maintain a uniform time interval.

The discharge levels are then selected so that the total volume of the discre

ti zed hydrograph is not appreci ab ly different from the ori gi na1 hydrograph

(in other words, so that the incremental volume of the discretized hydrograph

above the ori gi nal hydrograph cancel s the vol urnes not represented below the

original hydrograph). This procedure is easily accomplished graphically

(visually), which also allows slight adjustments to provide for convenient

discharge levels.

~.i_~.~~~ ..~: 3. i li ustrates the di screti zati on of a flood hydrograph. The

volume of the original hydrograph, determined by planime~ering, is 4,456 acre

feet (AF), while the volume of the discretized hydrograph, determined by

summing the incremental rectangular areas, is 4,473 AF. Table 3.3 summarizes
_ ... -...............=-":'.....

the cal cui ated sediment transport rates for the gi ven di scharge rates of the

di screti zed hydrograph, as determi ned by techni ques di scussed in Chapter V.

The total sediment delivery during the storm is then computed from the discre

tized hydrograph as:
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Table 3.3. Water and Sediment Disch~rge Data
for Hydrograph Discretization
Example.

Water Di scharge
(CTS)

2,000

4,000

5,800

3.20

Sediment Dischaige
(cis)

1.4

4.1

7.4



•
where

5
VOL s = E Qs Lit

llt=l

[ ) () () ) 3,600= 1.4(1.4 + 4.1 1.6 + 7.4 5.4 + 4.1(2.0 + 1.4(2.8)J 43560,

= 11 AF

••

•

3,600
43,560

represents the conversion factor from cfs-hours to acre-feet.
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IV. HYDRAULIC ANALYSIS OF ALLUVIAL CHANNELS

4.1 General

In open-channel flow the water surface is not confined, therefore surface

confi gurati on, flow pattern and pressure di stri buti on Ivi thi n the flow wi 11

depend on gravity. In rigid-boundary open channels no deformation or movement

of the bed and banks is considered. In alluvial channels, where the channel

is located in a natural alluvium of silt, clay, sand and gravel, the bed and

banks are free to move, and consequently channel characteristics will depend

on flow condi ti ons. Under these ci rcumstances the concepts of moveab1e

boundary hydraulics must be utilized. In using procedures presented in this

manual, it is assumed the reader has a working knowledge of methods to deter

mine the erodibility of the channel bed and banks, and has applied that

knowledge to the project under evaluation. Procedures for analyzing the ero

dibility of earth channels are presented in Technical Release No. 25 (SCS,

1977) as well as the Corps of Engineers, "Hydraulic Design of Flood Control

Channels" (COE, 1970). It is assumed the engineer has applied these or simi

lar procedures to his project and has determined ~he applicability of moveable

boundary hydraul i c/sedi ment transport procedures, such as those presented in

this manual.

Understanding and utilization of the concepts of rigid-boundary

hydraulics are essential for analysis of alluvial channels, and it is assumed

that users of this manual have this knowledge. This chapter presents seme of

the more specialized knowledge surrounding moveable-boundary hydraulics as

required for fluvial systems analysis.

4.2 Resistance to Flow

4.2.1 Common Resistance Parameters and Their Relationships

The three most common parameters for descri bi ng resi stance to steady

uniform flow are:

The Darcy-Weisbach friction factor

2. The Chezy resistance factor C.

J::
I.

•
3. The Manning roughness coefficient n.

The Darcy-Weisbach formula, developed primarily for flows in pipes,

states that

4.1



L v2
h = f --

f 0 29
(4.l}

Equation 4.1 mayand the energy gradi ent

'",here h
f

is the friction loss associated '.... ith the flo .... in pipes, f is the

fii cti on factor, L i 5 the length of the pi pe, 0 is the di ameter of the

pipe, V is the mean velocity of flow therein, and 9 is the acceleration of

gravi ty.

Si nee 0 = 4R

be written in ter~s of the friction factor as

(4.2)

where

yields

R is the hydraulic radius. Noting that V 2 =
*

Equation 4.2

(4.3)

Equation 4.3 can be applied to flow in open channels and sometimes is

presented as

(4.4)

or

(4.5)

where Fr is the Froude number (__V__)
f9Yh

The Chezy coefficient is related to Manning's n by

(4.6)

and by definition (i .e., V = C 7RS) to the Darcy friction factor f, since

! = vRSo 1
(4.7a)
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• y2
= f p 8

giving

C=#
where p is the density of water.

(4.7b)

(4.8)

For the interested reader, it should also be noted that f and n are

related as follows:

Several empirical

material particle size

and Muller recommend

(4.8a)

formulas have been suggested that relate the bed
to Manni ng 's n. For sand-bed channel s, Meyer-Peter

Lane and Carlson (1953), as a result of their San Luis Valley study, suggested

the formula
•

01/ 6

n = ~~ (090 in meters) (4.9)

01/ 6
75n =--39

(4.10)

where the beds of the canals studied were covered with cobbles. In a Highway

Research Board publication, Anderson et al. (1970) recommend

_ 1/6
n - 0.0395 050 (050 in feet) (4.11)

•

Engineers have varying preferences for resistance parameters. The
parameter f is used for both open-channel and pressure flow. Addi ti onally,

f is dimensionally consistent, while the r1lanning nand Chezy Care

empi ri ca11 y based. Consequently, the ASCE Task Force Committee (1963) recom

mended the use of the Darcy f for both open-channel and pressure flow.
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However, the Manning n remains ~he most commonly used open-channel flow

resistance factor. Use of Mc:nning's n gives good r2sul~s for fully rough

and smooth conditions in rigid-boundary channels, but ;s less satisfactory for
alluvial boundary flow, as its value is highly dependent Oil the form of bed

roughness (see Section 4.2.2). Values of n for various kinds of rigid boun

dary surfaces have been tabul ated and methods for determi ni ng t;1e j.1ann; ng 's

coefficient to account for a number of influencing factors such as cress sec

tion shape and channel irregularity are presented in numerous handbooks.

V. T. Chow's Open Channel Hydraulics (1959) gives a detailed list of n

values and methods of determining an n value in a complex channel section.

A short summary of n values commonly used in alluvial conditions is given in

Tab1e Ll 1,.

4.2.2 Resistance to Flow in Fine-Grained Alluvial Channels

The equations developed in Section 4.2.1 assume flat-bed, rigid-boundary

channels with no sediment transport and are strictly valid for these con

di ti ons only. A campl i cati ng factor in eval uati ng channel roughness in an

erosion/sedimentation investigation is that the bed configuration of an ailu

vial channel seldom forms a smooth, regular boundary. Rather, it is charac

teri zed by shi fti ng forms generated by the fl Q',~ that vary in si ze, shape, and

1ocati on as i nfl uenced by changes in flow, temperature, sediment load, and

other variables. These bed forms constitute a major part of the resistance to

flow exhibited by an alluvial channel and ,:xert a significant influence on

flow parameters such as depth, velocity and sediment transport.

Bed configurations that may form in an ailuvial channel are plane bed

without sediment movement, ripples, dunes, plane bec wit~ sediment movement,

antidunes, and chutes and pools. A detailed discussicn of bed forms and their

characteristics is provided by Simons and Senturk (1977) or Simons, Li &

Associates, Inc. (1982).

The different bed forms are associated '~ith t'.-/O flow regilnes, with a

transition zone in between, used to classify flow in alluvial channels. The

two regimes and their associated bed configuraticns are: .

A. Lower flow regime

1. Ripples
2. Dunes

4.4



• Table 4.1. Manning Roughness Coefficients, n.

rljanni ng n Range

LINED OPEN CHANNELS:

Gravel bottom, sides as indicated:

•
•

Formed concrete
Random stone in mortar
Dry rubble (riprap)

UNLINED OPEN CHANNELS:

Earth, uniform section:

Clean, recently completed
Clean, after weathering
With short grass, few weeds
In gravely, soil, uniform section, clean

Earth, fairly uniform section:

No vegetation .
Grass, some weeds
Dense weeds or aquatic plants in deep
channel s . . . . . .
Sides, clean, gravel bottom
Siqes, clean, cobble bottom

Dragline excavated or dredged:

No vegetation
Light brush on banks .....

Rock:

Based on design section
Based on actual mean section:
a. Smooth and uniform .
b. Jagged and irregular ...

0.017-0.020
0.020-0.023
0.023-0.033

0.016-0.018
0.018-0.020
0.022-0.027

. 0.022-0.025

0.022-0.025
0.025-0.030

0.030-0.035
0.025-0.030
0.030-0.040

0.028-0.033
0.0.35-0.050

... 0.033

0.035-0.040
0.040-0.045

Channels not maintained, weeds and brush uncut:

•
Dense weeds, high as flow depth
Clean bottom, brush on sides
Clean bottom brush on sides, highest stage
flow .
Dense brush, high stage

4.5

0.08-0.12
0.05-0.08

of
0.07-0.11
0.10-0.14



Table <!., . ~ . ( r~n";"'u;:>,J\_ v .... I 'I '- \..1. J

~1anni ng n Rcnge

CHANNELS A~1O S;~ALES 'rTr. nA!~JTAnJED VEGC:TAnON
(values shown are for velocities of 2 to 6 fps):

Oepth of f10w up to 0.7 feat:

Bermuda grass, Kentucky bluegrass, buffalo
grass:
a. Mowed to 2 inches 0.045-0.07
b. Length 4 to 6 inches 0.05-0.09
Good stand, any grass:
a. Length about 12 inches. 0.09-0._8
b. Length about 24 inches 0.15-0.30
Fair stand, any grass:
a. Length about 12 inches 0.08-0.14
b. Length about 24 inches. 0.13-0.25

Deeth of now 0.7-1.3 feet:

Bermuda grass, Kentucky bluegrass, buffa10
grass:
a. nowed to 2 inches 0.035-0.05
J. length 4 to 6 inches. 0.04-0.06

Good stand, any grass:
a. Length about 12 inches
b. length about 24 inches
Fair stand, any grass:
a. Length about 12 inches
b. length about 24 i~ches

NATURAL STREAM CHANNELS:

.8.07-0.12

.0.10-0.20

. .0.06-0.10

. --.0 .09-0~17

Minor streams (surface width at flood s~age less
than 100 ftl:

Fairly regular section:
a. Some grass and weeds, little or no

brush 0.030-0.035
b. Dense growth of weeds, depth of flow mat2r-

ia11y greater than '.veed height.. 0.035-0.05
c. Some \veeds, light brush en banks ... 0.04-0.05
d. Some weeds, heavy brush on ban~s .. 0.05-0.07
e. Some weeds, dense willows on banks. .0.06-0.08
f. For trees within channel, with branches

submerged at hijh stage, increase all
above values by 0.Ol-0.~O

1 r
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• Table 4.1. (continued)

Manning n Range

Irregular sections, with pools, slight channel
meander; increase values in 1 a-e about .. 0.01-0.02
Mountain str.eams, no vegetation in channel,
banks usually steep, trees and brush along banks
submerged at high stage:
a. Bottom of gravel, cobbles, and few

boulders. • • • • • • • . • • • • .0.04-0.05
b. Bottom of cobbles, with large boulders .0.05-0.07

Flood plains (adjacent to natural streams):

0.07-0.11
0.10-0.16

0.05-0.06
0.06-0.08

.0.10-0.12

.0.12-0.16

..... 0.030-0.035
. . 0.035-0.05

0.03-0.04
0.035-0.045
0.04-0.05
a.05-0.07

Pasture, no brush:
a. Short grass
b. High grass .
Cultivated areas:
a. No crop .
b. Mature row crops
c. Mature field crops
Heavy weeds, scattered brush
Light brush and trees:
a. Winter .
b. Summer •......
Medium to dense brush:
a. Winter .•....
b. Summer ............•..
Dense willows, summer, not bent over by
current . . . . . . . . 0.15-0.20
Cleared land with tree stumps, 100-150 per acre:
a. No sprouts ...•......•.... 0.~4-0.05

b. With heavy growth of sprouts 0.06-0.08
Heavy stand of timber, a few down trees, little
undergrowth:
a. Flood depth below branches.
b. Flood depth reaches branches

•

•
4.7



3. Transi ti on zone: bed conTi gurati ons nnge from dunes t:J pl ane beds
or to anti dunes.

C. Upper flow regime

1. Plane bed with sediment movement
2. An ti dunes

a. Standing waves
b. Breaking antidunes

3. Chutes and pools

In lower flo ...~ regime, resistance to flew is large and sediment transport is

small. Conversely, in upper flow regime resistance to flow is small and sedi

ment transport is large. Fiaure 4.1 illustrates the variat"ion of resistance

to flow with bed form condition. Table 4.2 provides the range of resistance

coeffi ci ents typi cal for each bed form and the recommended val iJe for sedi ment

transport analysis. The different values utilized for flood control versus

sediment transport studies relate to the objectives of each study. Values in

the upper range are used for flood control since a conservative estimate of

flow depth is desirable. Vaiues in the lmojer iange are used for sediment

transport, bank stabil i ty and riprap/ievetrnent cfldlysi s si nce a conservati ve

estimate of velocity is required.

Therefore, in order to properl~1 select the r'1anning n of an alluvial

channel, the bed form during the flood must be known. Figure 4.2 identifies

bed form as a function of median fall diameter and stream power. Fal i

diameter may be approximated by the median diameter (050)' which is known from

particle size gradation analysis of a bed material sample; however, stream

power, defined as the product of velocity and boundary shear stress (, V) is
-- 0

a function of hydraulic conditions as determined by the water-surface profile

calculations. Therefore, the analysis procedure requires first assuming a bed

form condition in order to define Manning's n and then, after calculation,

verifying that the assumed bed form was correct.

4.2.3 Resistance to Flow in Cobble/Boulder-Bed Alluvial Channels

When the relative roughness is large, such as in steep mountain rivers

with cobble/boulder beds, the resist~nce problem rlas additional compiications.

Large-scale roughness exists when flow depth is the same order of magnit~de as

bed-mater; al hei ght. The 'Iel oci ty profi 1e under these condi ti ons is com-
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Table 4.2. Values of Manning'~ Coefficient n for
Design of Channels with Fine to Medium
Sand Beds.

Recommended
Recommended Value for

Bed Typi cal Value for Sediment Transport
Roughness Range Flood Studies Studies

Ripples 0.018-0.030 0.030 0.022

Dunes 0.020-0.035 0.035 0.030

Trans it ion 0.014-0.025 0.030 0.025

Pl ane Bed 0.012-0.022 0.030 0.020

Standing 0.014-0.025 0.030 0.020
Waves

Antidunes 0.015-0.031 0.030 0.025
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pletely disrupted and the roughness elements act individually, producing a

total resistance based mainly on the sum of their form drags. ',iall effects

dam; nate the flow, so roughness geometry and di storti ons of the free surface

around elements have the most effect on flow resistance. Channel gecmetry is

indirectly important to the extent that it affects the flow around eler:lents.

Under these conditions the Manning equation cannot adequately describe flow

conditions and a different resis:ance equation must be utilized. The follow

i ng paragraphs deseri be a res i stance equati en for 1arge raughnes3 channel s

developed by Bathurst (1978), that should be used in place of Hanning's

equation for analysis of flow conditions in large roughness channels.

As discharge varies, relative roughness can change by an order of magni

tude. Roughness hei ght is represented by the length of the short axi s of t:1e

bed materi a1 parti c1 es whi ch is greater than or equal tu fi fty percent of the

short ax; s of the bed materi al parti cl es by count. The short axi sis chose!1

since it more closely approximates the roughness height. A relc.tive sub

mergence (flow depth 'Is. roughness height) larger than about 15 corresponds to

small-scale roughness. In this case roughness elements of the boundary act

collectively as one surface, exerting a frictional shear on tne flow. The

shear is translated into a velocity profile, the shape of which is determined

by roughness geometry, channel geometry, and any free surface di stort~ons.

Large scale roughness is considered to exist when relative submergence is less

than about 4. The region between large- and small-scale roughness (relative

submergence 4 to 15) is a transition region with intermediate-scale roughness.

In this region flmv resistance 'Hill be determined by some interaction of the

two ex tremes. •

As a resul t of these rel ati 'Ie roughness rellti onshi ps, different flow

resistance equations may be required at the same section for different

discharges. At low discharges, relative submergence will be low and cumula

tive form drag will be an important component to total resistance. At high

discharses, relative submergence will increase and a small-scale roughness

formul a may become sui tabl e. If 1arge- seal e roughness e1 ements are removed

during high flow, a sand-bed channel may be exposed. If this occurs, or if

significant sediment transport occurs, the presence of bed forms should be

anticipated. Such a sequence of events occurs 'r'4hen a cobble-bed armor layer

is ruptured by high flow.

In order to provide data with which to develop a flow resistance
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equati on for cobbl e/boul der channel s, measurements from fl ume studi es were

compil ed by Bathurst (1978). j'1easurements were made of flows over di fferent

roughness beds at a vari ety of slopes and di scharges. i\lost of the measure

ments were made with fixed beds, but a few were made using loose beds in order

to study the effect of bed-materi a1 movelnent on flow res is tance.

Theoretical analysis, supported by results of the flume study, suggests

that, for the range of Reynol ds numbers gi ven by 4xl04 < V 050/\1 < 2xI05,

resistance is likely to fall significantly as Reynolds number increases.

However, if there are roughness elements protruding through the free surface,

the effect is small by compari son to Froude number effects rel ated to the
appearance of hydraul i c jumps and generati on of free surface drag. For the

bed as a whole, free surface drag decreases as Froude number and relative sub

mergence increase. Once the el ements are submerged, Froude number effects

re1ated to free surface drag are small, bu t Froude number effects re1ated to

standing waves may be important.

The effect of roughness geometry can largely be described by a single

parameter brg , the functi on of effecti ve roughness concentrati on. Thi s

accounts for the variation of the roughness geometry both with depth and with

bed material, although it does not make allowance for differing element

shapes. Mathematically, b is defined as follows:rg

Y50 0.557 d 0.648
= [1.175 (Y) (S50)J

-0.134
(J

(4.12)

•

where Y50 = size of cross-stream axis of a roughness element which, by count,

is greater than or equal to 50 percent of the cross-stream axes

of a sample of elements

W= surface width of a section

d = mean depth normal to flow (use hydraulic depth, A/W)

S50 = size of short axis of a roughness element which, by count, is
greater than or equal to 50 percent of the short axes of a sample

of elements (note that the short axis is the shortest axis of the

particle regardless of orientation, whereas the cross-stream axis

is a function of how the particle is resting on the bed).

(J = standard deviation of the size distribution.
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data are available, BatrlUrst suggests trlat ~fle i:leaidn size of',~hen 0 111 Y j 50

the short axis iTIay be set equal tv 0.S7 U_, and the cross-s"tr'2al;1 and lon9
JU

axes are equivalent, and equal to DSo /O.57. Tilese values ere considereJ iilOSt

r~pr2sentative of bed material t~at is block-l~ke in shape.

Simi 1arly the effect of channel seometry is accounted for by tile re1d ti '.Ie

roughness cross-is the total wettedwhere A
w

depth of flow from free surface to bed datum level.

the proportion of a channel cross section occupied by

rou:1hness area A /'~d I
;j w .

sectional area and d' =
This parameter indicates

roughness, and therefore the cegree of funneling of flow. For river channels

of horoogeneous boundary material, relative roughness area can be t:xpressed as

-b
'~'J _ I' ro

n (~) ~
io'Jd' - d (-+ .13)

Based on analysis of flume data, tne resistance equation for large-scale

roughness 'b < 0.755) is (Bathurst, 1978):- \ rg

v
(gdS)O.5

8 0.5
= b·)

I

O 28 log (0.755/~ )
= (_._ Fr) rg

urg

I_:'~ ) 0 •492 O' 1. 025 (r4 / Y5U)0 . 118 Jx [13.434
'Y 50 rg

A
I ','f

X \-,

\-10
(.+.l d )

ihis equation does not apply where Reynolds l1u:i1ber effects (where viscous

forces tend to damp out turbulence) are si:-;nificant, wnere there is oed

material movement, or where there is a systelo of st.1r1dins \~aves. Ho~~ever,

',oiithi (1 its range of appl i cati on, the equati on seelDs to 'Nark well as i ong a.s

the various parameters, particularly the l~oughnes:5 sizes and the channel

'Netted perimeter, are derived or measured. In spite of its complex fOrIil,

[quati on 4.14 contai ns rel at; ve1y few parameters and can be appl i ~d usi ng a

simple iteration procedure' to evaluate fluw co~ditions in large roughness

channels, similar to the solution of the Manning equation for small roughness

channels. The example at the end of the chapter illustrates application of

the equation.
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4. 3 ~_~_~ary Shear Stre_~_C_~l~ul a~ion~

Ca1cul ati on of the boundary shear stress, or tracti I/e force, ; s requi red

in many alluvial channel computations. Consequently, it is important to know

and understand the various methodologies that may be utilized to evaluate

boundary shear stress. Equation 4.7a represents the basic theoretical

equation for the mean boundary shear stress in a cross section as derived from

application of the momentum principle to a control volume in uniform flow.

Equation 4.7b is derived from both Equation 4.7a and the Darcy equation

as applied to open-channel flow (0 = 4R). Consequently, the appropriate velo

city to use is the ~ean channel velocity. Equation 4.7b is often preferred to

Equation 4.7a for evaluating boundary shear stress, because it eliminates dif

ficulties or unc~rtainty in defining the energy slope. Additionally, Equation

4.7b is more readily applied to evaluation of the ltlean boundary shear stress

in overbank areas by usi ng the mean overbank vel oci ty.

The above equations (Equations 4.7a and b) define the mean" boundary shear

stress in the cross secti on. The vari ati on of the boundary shear stress

across the channel was fi rst descri bed by Lane (1955), as ill ustrated in

Fjgure 4.3. This figure indicates that theoretically the boundary shear

stress goes to zero at the corners of a channel; however, in real i ty it is

more reasonable to assu~e that it is not zero, but rather some value less than

the maximum value occurring on the channel sides or bottom. For design pur

poses, it is appropriate to base decisions on the maximum boundary shear

stress occurring in the cross section, regardless of the specific location of

interest, for example, at the toe of a riprapped channel side wall. For chan

nels of different geometric properties, Eia~4 may be used to evaluate the..
maximum boundary shear stress on the channel si des or bottom, rel ati ve to

ydS. It is important to realize that these figures are based on the boundary

shear stress defined by yds, not the mean boundary shear stress in the cross

section as defined by yRS (or 1/8 p f V2). For channels of small widthl

depth ratio (i.e., less than 10), ydS \vil1 be larger than yRS. As the

width/depth ratio becomes larger, ydS approaches yRS such that, for

\>Jidth/depth ratios greater than 10, they may be considered equal. Under this

condition, as indicated by Figure 4.4, the Inaximum boundary shear stress and

the mean boundary shear stress are equal on the channel bottom, whil e the

maximum value on the side will be about 0.78 times the mean boundary sllear

stress. For application of Figures 4.3 and 4.4 to irregular channels, it is
best to use the depth (d) defined by the hydraulic depth (A/T).
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Equations 4.7a and b also defi~e the mean boundary shear stress only fer

strai ght channel s. Flo'll around a bend in a channel generates secondary

currents that modify the velocity profile and ooundary shear stress distribu
tion; in particular, the boundary she~r stress becomes sreater on the outside

of the bend. £..i gure 4....5 gi yes the rati 0 of the boundary shear stress on the

outside of the bend to the mean boundary shear stress, relative to the radius

of curvature of the bend.

4.4 Normal Depth Calculations

4.4.1 Definition

The hydraulic grade line, or the hydraulic gradient, in open-channel

flow is the water surface, and in pipe flow it connects the elevations to

which water would rise in piezometer tubes along the pipe. The energy

gradi ent is at a di stance equal to the 'tel oci ty head above the hydraul i c

gradi ent. In both open-Channel and pi pe flow the fall of the energy gradi ent

for a given 1ength of channel or pi pe represents the 1ass of energy by

friction, excluding. local miscellaneous losses. ligl 1fo ~ summarizes these

defi ni ti ons. 'Ah,=n consi dered together) the hydraul i c gradi ent and the energy

gradient reflect not only the loss of energy by friction, but also the conver

sions between potential and kinetic energy.

In the majority of cases the objective of hydraulic computations relating

to flow in open channel sis to determi ne the e1 evati on of the water surface,

from which ether hydraulic parameters at any desired lecation may be easily

computed. These probl ems involve three general rel at; onshi ps bet'",een t~e

hydraulic gradient and the energy gradient. For uniform flo'~ the hydraulic .)

gradient and the energy gradient are parallel and the. hydraulic gradient

becomes an adequate basis for ~he determination of friction loss, since no

conversion between kinetic and po-cen-cial energy is involved. In accelerated

flow,. the hydraul ic gradient is steeper than the energy gradient; and in

retarded flow the energy gradi ent is steeper than the hydraul i c gradi ent. An

analysis of flow under these conditions cannot be made without consideration

of both the energy gradient and hydraulic gradient.

The depth of flow existing under conditions of uniform flow is defined as

the normal depth. Uniform flow develops when the flow resistance is just

balanced by gravitational force. Under these conditions the slope of the

energy grade line SE is equal to the bed slope, So' The normal depth is
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• frequently of interest, particul arly when cal cul ations of the water-surface

profile are required (water-surface profiles are discussed in the next

section of this chapter). The type of water-surface profile existing in a

given situation depends on the relationship existing between the normal depth,

the critical depth, and the existing depth of flow for a given discharge. In

this section normal depth calculations in trapezoidal and natural channels

will be discussed. Uniform flow very seldom exists in natural channels;

however, in practice, this assumption is frequently made.

4.4.2 Normal Depth Calculation for Trapezoidal Channels

Manning's equation can be written for discharge as

Q = 1.486 AR2/ 3 S1/2
n

(4.15 )

Area and wetted perimeter for a trapezo; dal channel may be expressed as a

function of depth as follows:

A = z y2 + by (4.16)

• where z describes the side slope as the ratio of horizontal to vertical

distance, b is the bottom width and y is the depth. Wetted perimeter is

given by

P = b + 2y (1 + z)1/2 . (4.17)

(4.18)
n

1.485Q =

Therefore, the discharge for a given normal depth, Yo' is

(z y~ + bYo)5/3S1/2

[b + 2Yo(1+Z)1/2~

For a known discharge this equation may be solved for normal depth yo in

terms of the other known parameters by use of an i terati ve techni que such as

Newton's iterative method. The equation actually solved, in this case for

would be

•
(4.19 )
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4.4.3 Nor.nal Depth Calculation for Natural Channels
Using data taken at a given cross

related to cross-sectional flow area
section, wetted perimeter P ~s often

A by regression. The resulting
expression is usually a power function of the for~

b
P = alA 1

Similarly, flow area may be related to flow depth as

(4.20)

(4.21)

Here, a1, a2, b1 , and b2 are statistically fitted coefficients and expo

nents. By using these expressions, hydraul ic radius R. ill Equation 4-.15 may

be expressed as a function of y as follows:

b~ (b 2-b 2D1)a,.,y ~ a2R A '-- p - = YD b1 b1( 2 \a, ,a"y ; a1a2.l. "

(4.22)

Therefore, Equati on 4.15 may be rewri tten in terms of depth of flow ina

natural channel as

Q = 1.436
n

J b b b "')213\ 2- 2 l' . '2Y Sl/
o 0

(4.23)

This equation may be sclved directly for Yo' resulting in

(4.24)

4.5 Water-Surface Profiles
Water-surface profile computations assume that changes in depth and

velocity take place slowly over large distances, resistance to flow dominates

and acceleration forces may be neglected. This type of flow is called
gradually varied flow. Calculations under these conditions involve (1) the

determination of the ge~eral charact~ristics of the water-surface profile, and

(2) the elevation of the water surface or depth of flow.
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In gradually varied flow, the actual flow depth y is either larger than

or small er than the normal depth Yo' and ei ther 1arger than or small er than

the critical depth Yc' The water-surface profiles, which are often called

backwater curves, depend on the rnagni tude of the actual depth of flow yin

relation to the normal depth y and the critical depth y. Normal deptho c
y is the depth of f10\'I that waul d exi st for steady uni form fl ow as deter-o
mined using the Manning or Chezy velocity equations, and the critical depth is

the depth of flow when the Froude number equal s 1.0. Reasons for the depth

being different than the normal depth are changes in slope of the bed, changes

incross secti on, obstructi on to flow, and imbal ances between gravi tati onal

forces accelerating the flow and shear forces retarding the flow.

In working with gradually varied flow the first step is to determine what

type of backwater curve waul d exi st. The second step is to perform the

numeri cal computati on of water-surface el evati ons. Open-channel flow

textbooks, such as Chow's (1959) or Henderson's (1966), detail the analysis of

gradually varied flow. Various computer programs have also been developed for

application to gradually varied flow analysis, the most widely known of which

is the U.S. Army Corps of Engineers HEC-2 program.

4.6 Additional Effects on Flow Depth in Alluvial Channels

4.6.1 Importance

Calculation of flow depth based on the assumption of gradually varied

flow using a suitable roughness coefficient is not always sufficient in allu

vial channels. Since the bed of the channel is not uniform and the alignment

of the channel is si nuous, the flow depth \'Ii 11 vary accordi ngly. Hydraul i c

structures whose performance depends on adequate c1 earance above the water

surface must take into consideration additional effects. Bridges, levees, and

man-made conveyance channels may suffer significant damage if they are

designed on gradually varied flow depths alone. The depth of flow can be

s i gni fi cant1y affected by the formati on of anti dunes in upper regi me flow,

superelevation of the flow through a bend, and the accumulation of debris.
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4.6.2 Antidune and Dune Height

For natural or man-made channel segments wi ttl sand beds, it is necessary

to estimate the height of ~ed forms moving through the channel, particularly

where freeboard or scour requirements are critical. This can be done by esti

mating antidune or dune height.

Antidunes can form in either the transition zone (between lower and upper

regime) or upper flow regime (Simons and Senturk, 1977). Kennedy (1963) made

a detailed study of antidune flow. He suggested that the wave length is

generally given by 2iTV 2/g (9 is the gravitationai acceleration) and t'NO

dimensional wa~es break when the ratio of wave height to wave lengt~ reaches a

value of approximately 0.14. This theory assumes that the depth of flow is

roughly equal. to the r.1aximurn height of the antidune. Thus, the antidune

hei ght h from crest to trough (see Fi cur:;, 4.}) can be estimated uti 1 i zi ng
a -

:he relation

" V? 2
h = 0 14 ~~ - = 0.027 Va . 9 (4.25)

for h < y; assume h = y when the calculated value of hCl~ > Yo' sincea a 0

can never be greater than Yo'

Lower regime flow also produces bed forms which should be considered in

designing levee, channel, or bridge projects. Based on data collected frofll

fl ume experiments (Si mons and Ri charGsan, 1960), dune formati ens have been

observed at Froude numbers ranging from 0.38 ta 0.60. The ratio of depth of

flow to dune height (d/h) ranged frem 1 to 5. When this ratio is 1.0, the

dune troughs could be depressed below the natural channel bed a distance equal

to one-half the depth of flm". As a conservattve guideline, this value

(one-hai f the depth of flow) may be used to account for dune troughs formi r.g

adjacent to a structure.

4.6.3 Superelevation

There are many equati ons for determi ni ng superel evati on, but the di f

ferences in computational results that are obtained by using the different

equations are small. One equation that has proven to be applicable to a wide

range of candi ti ons iVas fi rst presented by ippen and Dri nker (1962). when

superelevation is def:ned as the water surface increase above the normal water

surface (see Figure 4.8a), this equation takes the form;
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• (4.26a)

where I:,y se
terline, and

surface. \~hen

to

is the superel evati on, rei s the rad; us of ttle channel cen

W is the channel width at the elevation of the centerline water

\4/rc is small (gradual curvature), Equation 4.26a simplifies

(4.26b)

•

A modified version of this equation ...,as presented Dj the COt (l970) \/hich

incorporated a coeffi ci ent to account fur channel and f1 ow cnaracteri sti cs.

The COE equation is

(4.26c)

where the val ues of Care 9i ven in Table 4. J . It is recolnmendedcllat

Equation 4.26a be used fOf lined channels I'lith sharp radii of curvature, and

Equation 4.26c for natural, lined or unlined channels ,'lith gradual radii of

curvature. It is also recommended that the values of C given in Table 4.3

be applied to Equation 4.26a as well. For purposes of tnis calculation, a

sharp radius of curvature exists when wire exceeds 0.33.

For sharp-radi us bends subjected- to hi gh-ve1 oci ty (near or greater than

supercritical) flows, it may also be necessary to allow for an increase in the

depth of flow as a result of flow separation in the bend. Flow separation

from the inside boundary of tile bend will reduce the effective cross-sectional

area, induce deposition on the point bar, and locally increase the depth of

flow (/':,y). Conservatively, this can be taken as 25 percent of the velocity
s

head, or

y2
/':,y = 0.25 -

s 29
(4.27)

•
The amount /':,y is an addiT.iona1 depth COlliponent above "the superelevated

s
water surface, as illustrated in Figure 4.8b.
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Table 4.3. Superelevation Formula Coefficients
(from COE, 1970).

----------------

Channel
Flow Type Cross Section Type of Curve Value of C

- -------_.__._-- -_.--
Tranqui I Rectangular Simple circular 0.5

Tranquil Trapezoidal Simple circular o r-*.;:)

Rapid Rectangular Simple circular 1.0

Rapid Trapezoidal Simple circular 1.0*

. Rapid Rectangular Spiral transitions 0.5

Rapid Trapezoidal Spi ral trans iti ons 1.0*

Rapid Rectangul ar Sp ira1 banked 0.5

* HOTE: Equation 4.26c is based on the physics of flow in a rectangular cha~

nel. Due to the non-uniform flow distribution in a tiapezoidal chan
nel, it is recommended that these coefficients be multiplied by 1.15
if subcritical (tranquil) flow exists and 1.30 if supercritical
(rapid) flow exists. This recommendation is based on information con
tained in the Hydraulic Design Manual published by the Los Angeles
County Flood Control District. ------
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4.6.4 Debris Accumulation

Natural rivers provide a good environment for the growth of trees and

other phreatophytes. Channel banks, even in ari d regi ons ~vi th i ntermi ttent

stream flow, wi 11 support a si gnifi cant number of large trees. The adj acent

flood plain area will accumulate dead trees or debris from prior large floods.

Both of these areas are capable of supplying floating debris to the main

channel duri ng large floods. Trees from the channel banks wi 11 be eroded in

areas of acti ve bank fail ure and dead trees in the overbank wi 11 be trans

ported when the depth of flow becomes suffi ci ent to float the debri s. In

urban areas, flood pi ai n managers are faced wi th controll i ng a vari ety of

floating debris.

Debris accumulation at bridge crossings can significantly influence

bridge stability. The reduced conveyance resultir.g from partial blockage of

flow area can increase flow depths and potenti a1 for overtoppi ng. Addi ti on

ally, since debris generally floats, it is the upper portion of flow that is

restricted, which results in more flow of higher velocities near the bed.

Therefore, debris accumulation can increase local scour and the potential for

failure from undermining of piers and abutments.

There are no good rul es to account for debri s accumul ati on at bri dge

crossings. Quantification of the effect is largely subjective and rel ies on

experience. In the absence of adequate data (watershed conditions, historical

records, etc.), a generally accepted rule of thumb is to assume a debris accu

mulation equal to three times the pier width.

4.6.5 Total Freeboard Requirement

Freeboard is the vertical distance measured from the design water surface

to the top of the channel wall or levee. In this definition, the design water

surface is that resulting from uniforr.l or gradually varied flow calculations

(e.g. t~anning's Equation or HEC-2 results, respectively). Freeboard is then

any additi enal depth requi red to ensure overtoppi ng does not occur in the as

built channel from factors not adequately accounted for in the design water

surface calculations. These factors can include identifiable components such

as long-term aggradation, superelevation, bed forms, and debris accumulation,

as well as less identifiable components such as separation, excessive tur

bulence, variation in resistance or other coefficients used in design, and

wave action. In degradational reaches it is not considered appropriate to
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reauce freeboard requirements due to the uncertai,:ies in such thin~s as banK

stabil ity. Under tnese ci rCUiilst3.nCes l.:le cal cui ated rr::eboara ',.;ill ;Jro'li de an

extra. factor of safety t:.> account 7Jr potential channel instaoility.

Freeboard is often defined as a percentage of the dept~ of flow, plus any

other increase due to indel1tifiable fac:ors (superelevation, bed forms, or

debris accumulation). For example, both the Soil Conservation Service (5CS)

and the Bureau of Reclamation (BR) freeboard calcJlations are a function of

flow depth. However, as di scussed by the COE (1970), liThe cl,lOunt of freeboard

cannot be fixed by a single, widely applicable for:::ulJ. It depends in large

part on the size and shape of channel, type of lining, consequences of damage

from overtopping and" velocity and depth of flo,,,." In this regard, it is

l'Iorthwhil e to meriti on tha t both the SCS and BR procedures are pri rnari 1y

intended for application to smaller conveyances (i .e., irrigatOon Channels,

drai"nage dit:r.es). For larger channels (i .e., rivers ana flood"-Iays), the COt:

minimu;n guidelines are probaDly more applicable. These guidelines are (COt:,

1970): 2.0 feet in rectangular cross s2ctions and 2.5 feet in tra\Jezoidal

° secti ons for concrete-l i ned channels; 2.5 feet for ri prapped channels; and J. U

feet for earthen levees. However, for riprap cnannels or eart:l:::n channels

below natural ground levels, the minimum amounts may be some'l-Inat r=duced to

reflect the lower hazard under these conditions.

't/hen calculations for superelevation, oed forms, debris aC:i.1mulation,

and other identifiable variances to flow are availaole, an initial estimate of

freeboard can be calculated. For channel I,valls below natural ground level,

which incorporate an erosion-resistant bank lining such as soil-cement or

riprap, it is recommended that the freeboard for the bank lining alone be COI,l-..
puted as:

Tile freeboard dimension f0r the total channel "vall ;lei~ht ('",nether above

ground or below ground) should inclUde the following components:

(4.28bl

= antidune heignt defined by Equation 4.25

= superelevation defined by ~quation 4.26a or ~.26c, as
appropriat2
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~y = increase in flow depth from separation in short-radius bends
s (Equation 4.27)

6Yd increase in depth from debris accumulation

6Yagg = increase in depth due to long-term aggradation (see Chapter V)

It is also recommended that the freeboard for bank~ing (riprap, soil
cement, etc.) on above ground 1evee embankments be computed wi th Equati on

4.28b. If excessive freeboard dimensions are computed with Equation 4.28b,

the engineer should consider a redesign to eliminate causes of high freeboard.

If the ri ver reach under study has a Federal Emergency t"lanagement Agency

(FEt~A) flood plain delineation, the minimum FEivlA freeboard requirements must

be compl ied with before channel or levee improvements will be recognized by

FEMA as al teri ng the ori gi nal flood pl ai n del i neati on. Under these ci r

cumstances, if the freeboard dimension calculated by Equations 4.28a or 4.28b

is less than the minimum FEMA requirements, the FEMA criteria should be used.

In the absence of FEMA regulation, the final decision will rely on engineering

judgment and experi ence, parti cul arly when the freeboard requi rements vary
significantly from one reach to the next .

4.7 Examples

4.7.1 Analysis of Resistance to Flow in Sand-Bed-Channels

For the 2-year flood (425 cfs), a channel is observed functioning essen

ti ally as a pl ane bed wi thout sediment movement. A bed-materi al sampl e is

laboratory-analyzed and provides the following information:

090 = 0.80 mm

050 = 0.35 mm

010 = 0.15 mm

Channel geometry and flow characteristics available from gaging station

measurements near the peak discharge of the 2-year event yield the following:

(flow area) A = 210 ft2

(top width) T = 178 ft

(hydraulic radius) R = 1.2 ft
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(bed slope) S = 0.0005

(channel velocity, Q/A) V = 2.0 fps

Similarly, during a 100-year event (13,COO cfs):

.A = 1,275 ft2

T = 350 ft

R = 3.6

v = 10.2 fps

What is the resistance to flow during each flood?

a. For the 2-year event the channel can be analyzed by rigid-boundary
equations assuming insignificant sediment transport and hence bed
form movement.

The Darcy f is computed from Equation 4.5. First, evaluate the
Froude number:

Fr =

'.vhere Yh

Therefore,

v
.;gy:-

n

is the hydraul i c depth (~ )
I

Fr = 2_._0 = 0.32
132.2 (210/178)

Second, assuming SE = So' then

f = 8 (0.0005) = 0.039
(0.32)2

The Chezy Cis then computed from Equati on 4.8.

C =/8 (32.2) = 81
y 0.039

Manning's n is computed from Equation 4.6.

= 1.49 (1 2,1/6 = 001Qn 81 1.. I • L

For comparison, use Equation 4.9 for Manning's n
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• 0.0008 1/ 6
n = -2-6- = 0.012

The difference of these two values reflects the difference between an analyt

ically calculated n (0.019) using various theoretical and empirical formulas

that do not directly account for bed-material characteristics, and that value

based on a purely empirical calculation (0.012) that incorporates primarily

bed-material characteristics. If the assumption of uniform flow with insigni

ficant sediment transport is valid, the analytically determined n is a

better estimate, since it represents a cal ibration of n based on measured

flO\'/ data. Furthermore, as a calibrated value, this estimate ilnplicitly

accounts for both bed-material and rigid boundary characteristics.

b. For the 100-year event the evaluation must be made under the assump
tion of moveable bed conditions. First, the bed form condition must
be established. From Equation 4.7a, assuming S = S only for
purposes of bedform classification, the stream pOwer 9s

T = yRS = 62.4(3.6)(0.0005)o

• T V = 0.11(10.2) =o
Ib

1.1 nos

= 0 11 ~• - ?
ft-

•

From Figure 4.2·with T V = 1.1 and 050 = 0.35 the flow condition
is upper regime with aRtidune bed forms. From Table 4.2 the range
of Manning's n 1S 0.015 to 0.031, with a value of 0.025 recom
mended for sediment transport.

For comparison, apply the rigid-boundary formulas.

From Equation 4.5 with

F 10.2 0 94r = ---=-:....-=---- = .
tr2.2 (1,275J3~

f = 8 (0.0005) = 0.005
(0.94)2

From Equation 4.8

C =/8(32.2) = 227
0.005

From Equation 4.6
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n = ~2~ (3.6)1/6 = 0.008

Unlike the above exampie, the analytically determined result (0.008) from

rigid-boundary equations does not represent an accurate calibration because it

does not properly account for the form roughness effects from the anti dune
bedforms. Specifically, energy dissipation in the separation zones downstream

of the bedforms further c)mplicates the nonuniform flow conditions (i .e.,

Se ;:. So), Additionally, the measu. ed depth and ar-:a used in the rigid

boundary formul as may not adequately represent the actual contributing depth

and area due to the ineffective flow area in the separation zones. Therefore,
with movable boundary conditions the estimate of 0.025 is considered the more

reliable.

4.7.2 Analysis of Flow in Rough Channels

The following Example illustrates the iterative application of Equction

4.14 for evaluation of flow in large-roughness channels. The calculation is

for conditions of field measured data by Virmani (1973) to allbw evaluation of

the accuracy

Equation 4.14

mean depth,

example, the

of the computed

is development of

d, for the gi ven

data show that:

W= 64.05 dO.1858

result. The first step in application of

a relationship between channel width, ~, and

channel. Taking Vir~ani's site 10-0115 as an

Since Wd = A, W= A/d, and equating these two expressions for W yields:

~ = 64.05 dO.1858

or

A = 64.G5d 1.1858

The mean velocity, V, is equal to ~, and substituting the previous

expression for A,

- - QV - . 18~8
64.05 d1. ... :::
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• Substituting for \~ and Ii in Equation 4.14 and using C:quat~on <t.13 to

describe relative roughness area, depth is related to jUs~ dischar~e and the

parameters of roughness yeometry:

where

Q
log(U.75S/br~)

= [ 0.001396 \.}J
b d1. 6853

rg

0.1858 0.492
x [104 (__d__ bl.67S(do.1858/Y50)O.118

Y
50

rg

-b rg
x [64.05 d-0.8142]

Virmani's data show that:

D50 = U.144m•
O ~57 dO.8965 °6ft.8

b = [0.1158 y.:J - ] ....
rg 50 550

-0.134
o

(] = 0.313

5 = 0.0117

Assumi ng that

long axi s LSO

5
S0

=

Y
SO

Sso = 0.57 x 050 and that the cross-stream axis

are equivalent and equal to DSO /0.S7, then

0.0821 m

0.2S3 In

Ysu and the

•

Using Equation 4.12, the calculated value of the function of effective

roughness concentrati on, b
rg

, is therefore 0.7268 dO .6787. Substi tuti ng

yields
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,'1,1 og( 1.039/dU.d(7)rO.000192 '{
-,."....-~,..,.--'- j

dZ.3645

d
O.6787

-d 05 -0.7267
r 0.. ,

x , r 8' 'ZJdUo d

The only two unknowns in this equation are discharge and depth,. so

specifying one allows tJ,e other to be calculatecl. Vir:J1ani's data snow that at

a discharge of 0.906 m\-l the depth is 0.146 m. If, hoy/ever, the depthrlere

unknown it could have been calculated by the following iterative technique.

The known value of discharge and a guessed value of depth are substituted

into the right-hand side. With depth set at, say, 1 m, the value of the right

side is 4.775. Equating this with the left side cf t~e equation, and

including the known value of discharge, a calculated value of depul equal tCJ

0.0601 m is obtained.

Using this derived value as the new guessed value of depth for the rignt

side of the equation, the next iteration gives a depth eqUal to ()'~1234 Ill.

Subsequent iterations give depths of 0.1546 m, 0.1623 m and 0.1625~. As tne

difference between the last triO vdlues is insisnificar1t, the final value can

be assumed to be the required value. Five iterations, therefore, seem to be

sufficient for the calculation of depth, and the result is aDout lJ percent in

error relative to the medsured value.
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V. SEDIMENT TRANSPORT ANALYSIS

5 . 1 Ge nec.~~_C_~~~i?-~s_

5.1.1 Basi ~S_~di ~ent Transp_ort TheQ!X

Sediment particles are transported by flowing water in one or more of the

following ways: (1) surface creep, (2) saltation, and (3) suspension. Sur

face creep is the rolling or sliding of particles along the bed. Saltation

(jumping) is the cycle of motion above the bed with resting periods on the

bed. Suspension involves the sediment particle being supported by the water

duri ng its enti re mati on. Sediments transported by surface creep, sl i di ng,

roll ing and saltation are referred to as bed load, and those transported by

suspension are called suspended load. The suspended load consists of sands,

silts, and clays. Total sediment load is defined as the sum of the bed load

and suspended load. Generally, the amount of bed load transported by a large

river is on the order of 5 to 25 percent of the suspended load. Although the

amount of bed load may be small compared with total sediment load, it is

important because it shapes the bed and influences channel stability, the form

of bed roughness, and other factors.

The total sediment load in a channel may also be defined as the sum of

bed-material load and wash load. The bed-material load is the sum of bed load

and suspended bed-material load and represents that part of the total sediment

discharge which is composed of grain sizes found in the bed. The wash load is

that part composed of particle sizes finer than those found in appreciable

quantiti es in the bed (Simons and Senturk, 1977). The presence of wash load

can increase bank stability, reduce seepage and increase bed-material trans

port. Wash load can be easily transported in large quantities by the stream,

but's usually limited by availability from the watersned. The bed-material

load is more difficult for the stream to move and is limited in quantity by

the transport capaci ty of the channel. f.:L~~J:~5.~1 summari zes the vari ous

definitions of the components of sediment load and their contribution to total

sediment load.

There is no clear size distinction between wash load and bea-material

load. As a rule of thumb, engineers assume that the size of bed-material par

ticles is equal to or larger than 0.0625 rrnn, which is the division point bet

ween sand and silt. The sediment load consisting of grains smaller than this

is considered wash load. A more reasonable criterion, although not neces-

~ sarily theoretically correct, is to choose a sediment size finer than ten per-

•
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Suspended Ged
Haterial Load

Composed of particles
typically found in the.
bed that remain in
suspension during trans-,
port. ~

Bed Load

Composed of particle sizes
typically found in the bed that
move by surface creep, sliding,
saltation or rolling VJithJ'nthe
bed layer.

--c-. .,-- --1

Wash.Load

,-----

Composed of particle sizes finer
than those found in appreciable
quantities in the bed. Washload
moves in suspension and is pro
vided by available bank and
watershed supply.

Ul

N

Bed Material

Load

Note The term "suspended load" is used
when referring to the sum of the
"wash load" and "suspended bed
material load" components. There
fore, an alternate definition of
total sediment load is the sum

the suspended load and bed
luad.

Total Sediment
toad

Figure 5.1. Definition of sediment load components.



• cent of the bed sample as the dividing size betlveen wash load and bed-material

load. It is assumed that most of the \vash load is transported through the

system by stream flow and little wash load is deposited on or in the stream

bed. \~ash load thus deposited with the coarse material is usually only a very

small fraction of the total bed material.

The amount of material transported, eroded, or deposited in an alluvial

channel is a functi on of sediment supply and channel transport capacity.

Sediment supply includes the quality and quantity of sediment brought to a

given reach. Transport capacity is a function of the size of bed material,

flow rate, and geometric and hydraulic properties of the channel. Generally,

the single most important factor determining sediment transport capacity is

flow velocity. Additionally, since transport capacity is generally propor

tional to the third to fifth power of velocity, small changes in velocity can

cause large changes in sediment transport capacity. Either supply rate or

transport capacity may limit the actual sediment transport rate in a given

reach .

•

•

5.1.2 Basic Terminology

A variety of terminology has been used to describe channel response to

changing sediment transport conditions. In a very general sense, erosion and

sedimentation are used in a generic fashion to describe any loss or gain of

sediment. Other terminology is then used to more precisely define the erosion

and sedimentati on occurri ng under specifi c ci rcumstances. For examp 1e, ver

tical channel response is often described by words such as aggradation, degra

dati on, general scour and local scour, whi 1e hori zontal response is typi cally

referred to as lateral migration. The terminology describing vertical channel

response has become some'l'1hat confusi ng as different authors and/or publ ica

tions have used the words in sl ightly different ways. To facil itate future

discussions and to avoid confusion, the following definitions are adopted in

this manual.

Aggradation and degradation are the raising or lowering of the channel

bed, respectively, occurring over relatively long reaches and long time

periods from changes in such things as sediment supply, controls, river geo

morphology, and man-induced effects. General scour refers to a more localized

vertical lowering of the channel bed over relatively short time periods, for

example, the general scour in a given reach after passage of a single flood.
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Special cases of general scour include contraction scour occurring in the

vicinity of bridges that encroach on the flood plain and the seGur that occurs

downstream of a gravel pit. Jnl ike degracati on, '"hi ch has t:'12 antonym

"aggradati on," an acc2pted antonym for general scour is more di ffi cul t to

define. In this manual "deposition" will be used as the counterpart to

general scour. Local SCGur is caused by vortices resulting from local distur

bances in the flow such as bridge piers and embankments. In general, the ver

tical changes in a channel are additive 50 that, for exampi~, local scour

could be occurring in a reach experiencing general scour and/or aggradation.

Lateral migration is defined as bankline shifting due to processes of

bank erosion. Since aggradation/degradation, general scour/deposition, and/or

any local scour along an embankment can promote bank instability, the vertical

and horizontal shifting on a channel are interrelated. Degradation, general

scour, local scour and lateral migration can endanger adjacent property,

bridges and other hydraulic structures, while aggradation and deposition can

reduce channel capacity, increase lateral erosion and increase flooding
. .....po'ten \.1 a I •

5.2 Level I Analysi s

5.2.1 Plan Form Characteristics

Discussion - Rivers can be classified broadly in terms of channel pat

tern, that is, the confi gurati on of the ri 'Ier as vi ewed on a map or from the

air. The patterns are straight, meandering, braided, or some combination of

these (Fiouro 5 ?~-
A straight channel can be defined as one that does not rollow a sinuous

course. Leopold and Wolman (1957) have pointed out'~that truly straight chan

nels are rare in nature. Although a stream may have relatively straight

banks, the thal weg, or path of greatest depth al eng the channel, i 5 usually

sinuous (Figure 5.2b). ,A.s a result, there is no simple distinction between

straight and meandering channels.

The sinuosity of a channel, defined as the ratio bet't/een the thal',veg

length and the down-valley distance, is most often used to distinguish between

straight and meandering channels. Sinuosity varies from a value of unity to a

value of three or more. Leopold, tJolman and r~iller (1964) took a sinuosity of

1.5 as the division between meandering and straight channels. It should be
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•
Figure 5.2. River channel patterns.
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noted that in a straisht reach wit~ a sinuous tha~weg developed between alter

nate bars (Figure 5.2b), a sequence of shallow Cicss~ngs and deep poois is

established along the channel.

A braided stream or river is generally ·,."ice ,."ith poorly defined and

unstable banks, and is characterized by a steep, shallow course \vith multiple

channel divisions around alluvial islands (Figu!"e 5.2a). Braiding was studied

by Leopold and I"'olman (1957) in a laboratory flume. They concluded that

braiding is one of many patterns wilich can maintain auasi-equilibrium among

the variables of discharge, sediment load, ana transporting abiiity. Lane

(1957) concluded that, generally, the t'NO primary causes that may be respon

sible for the braided condition are (1) overloading, that is, the stream may

be supplied with more sediment than it can carry, resulting in deposition of

part of the load; and (2) steep slopes, ,,,,hi ch produce a wi de, sha 11 ow channel

where bars and islands form readily.

A meandering channel is one that consists of alternating bends, giving an

S-shape appearance to the plan view of the river (Figure 5.2c). More

precisely, Lane (1957) concluded that a meandering stream is one whose channel

alignment consists principally of pronounced bends, the shapes of which have

not been determined predominantly by the varying nature of the terrain through

which the channel passes. The fileandering river consists of a series of deep

pools in the bends and shallow crossings in the short straight reach connec~

ing the bends. The thal'lIeg flows from a pool through a crossing to the next

pool forming the typical S curve of a single meander loop.

Appl ication - Knowledge of the various channel types and their charac

teristics provides the engineer or designer with ---a basic understanding of

channel behavior. Alluvial channels of all types deviate frem a straigh~

alignment. The thalweg oscillates transversely and initiates the formation of

bends. In general, the engineer concerned with channel stabilization should

not attempt to develop straight channels. In a straight channel the alternate

bars and the thalweg (the line of greatest depth along the channel) are con

tinually. changing, thus the current is not uniformly distributed through the

cross secti on but is defl ected toward one bank and then t~e other. When the

current is directed toward a bank, the banK is eroded in the area of impinge

ment and the current is deflected and impinges upon the opposite bank further

downstream. The angle of deflection of the thahveg is affected by the cur

vature formed in the eroding bank and the lateral extent of erosion.
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In general, bends are formed by the process of erosion and deposition.

Erosion without deposition to assist in bend formation would result only in

escall oped banks. Under these condi ti ons the channel woul d simply wi den until

it was so large that the erosion would terminate. The material eroded from

the bank is normally deposited over a period of time on the point bars that

are formed downstream. The poi nt bars constri ct the bend and enabl e erosi on

in the bend to continue, accounting for the lateral and longitudinal migration

of the meandering stream. Erosion is greatest across the channel from the

poi nt bar. As the poi nt bars buil d out from the downstream si des of the

points, the bends gradually migrate down the valley. The point bars formed in

the bendways clearly define the direction of flow. The bar generally is

streamlined and its largest portion is oriented downstream. If there is very

rapid caving in the bendways upstream, the sediment load may be sufficiently

large to cause middle bars to form in the crossing.

Because of the physical characteristics of straight, braided, and

meanderi ng streams, all natural channel patterns intergrade. Al though brai d

ing and meandering patterns are strikingly different, they actually represent

extremes in a continuum of channel patterns. On the assumption that the pat

tern of ~ stream is determined by the interaction of numerous variables whose

range in nature is continuous, one should not be surprised at the existence of

a complete range of channel patterns. A given channel, then, may exhibit both

braiding and meandering, and alteration of the controlling parameters in a

reach can change the character of a given stream from meandering to braided or

vice versa.

f.1.gu~~§..:.3~.summari zes the subcl assifi cati ons of ri ver cbanne 1s withi n

the major types of meandering, straight and braided channel s that are of use

to the geomorphologist and engineer. Information in this figure provides

guidelines for qualification of channel characteristics for practical applica

tions.

Example - From field observations and review of recent aerial pho

tographs, the following characteristics have been determined:

- sinuosity = 1.2

- wide, braided channel
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- low-flow bank height, about 2 to 3 feet

- evidence of meander scars in flood plain

From these observations, it can be concluded that the channel is presently,

and has been historically, unstable. The low sinuosity, braided character and

low banks suggest a steep, wide water course with poorly defined, unstable

banks.

5.2.2 Lane Relation and Other Geomorphic Relationship~

Discussion - A number of geomorphic relationships are available that can

provide insight on the general characteristics of a channel and its response

to various impacts or changes. The usefulness of these procedures is to pro

vide the engineer or designer with a qualitative understanding that will guide

quantitative calculations and assist in formulating conclusions.

Application - A basic physical process that occurs in a channel is its

tendency, in the long run, to achieve a balance (equilibrium) between the pro

duct of water flow and channel slope and the product of sediment discharge and

sediment size. The most widely known geomorphic relation embodying this
equilibrium concept is known as Lane's ;Jrinciple. The basic relation is

(Lane, 1955):

(5.1)

where Q is the water discharge, S is the channel slope, Os is the

sediment discharge and D50 is the median diameter of the bed material.

f~re ~.~ illustrates the equil ibrium concept as propos~d by Lane.
A similiar set of relationships was given by Schumm (1977):

(5 .2a)

and

•
(5. 2b)
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• where b1 is channel width, d1 is depth, A is meander wave length, S is

channel slope and P is sinuosity. Hidth/depth ratio, indicated to be

directly related to sediment discharge, is implicitly included in Equation
5.2b because both depth and width appear separately.

Investigations have also focused on the relationship between channel

characteristics, such as slope and sinuosity, and channel patterns (straight,

meandering, braided). Results of Friedkin (1945), Leopold and Wolman (1957),

and Lane (1957) suggest that for a given discharge there is a threshold slope

separating braided and meandering channels. CjJL~C~_5.5 summarizes the various
results, which in general can be fitted by equations of the form

s oCt. = K (5.3)

•

•

where S is the channel slope, Q is the discharge, a is a coefficient and

K is a constant. The data used to develop these rel ati onshi ps i ncl uded both

laboratory results and field measurements for predominantly sand-bed channels.

Furthermore, the results were derived from perennial channels using either the

mean annual discharge (dominant discharge) or the bankfull discharge for anal

ysis. Consequently, a strict application of these relationships to the ephe

meral streams typical of the Southwest is impossible; however, they can be

used in a qualitative sense to develop an understanding of possible channel·

response.

Figure 5.6 illustrates a relationship between sinusoity, slope, and chan

nel pattern (after Kahn, 1971). This figure also illustrates that any natural

or artificial process which alters channel slope can result in modifications

to the existing river pattern. Similar to the slope-discharge relations,

strict application of Fi~re 5.6 is not feasible to eph~meral channels, since

it was developed from limited laboratory results; however, application in a

qualitative sense can be beneficial.

Exampl e - A seri es of grade-control structures has been proposed that

will reduce channel slope from 0.1 percent to 0.065 percent for an arroyo with

a bankfull discharge of 2,500 cfs .
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Assuming water discharge and 050 sediment size remain conso-ant, the

Lane relation (Equation 5.1) in~icates that the sediment discharge ~ust

decrease. That is,

QU$

(Note? that if we had more than one dependent variable, for example, if the

050 size was not assumed constant, it might not be possible to predict the

d~~ection of change in qs') Application of the Schumm equilibrium equations

(Equations 5.2a and 5.2bi provides a similar result.

According to the siope-dischaige relation (Figure 5.5), a decrease in

slope ·.... ill produce a change in the direction tmvards a meandering channel.

Using the ban:<full discharge of 2,500 cfs suggests that the grade-control

structures ,.... i 11 not s1 gni fi cantly change the channel pattern from an i nter

mediate or mildly meandering characteristic; however, since 'He are applying

ephemeral channel data to a relationship derived for perennial channels, it is

impossible to be conclusive.

The Kahn relationship (Figure 5.6) suggests that even a small decrease in

slope from an intermediate or mildly meandering channel will promote signifi

cant thalweg sinuosity. As with the siope-discharge relation, it is net

pussible to be conclusive; ho....ever, the application of these relationships

togethe: promotes the idea of a transition to a more stable, meandering c1an

nel after installation of grade-control structures.

5.2.3 Aerial Photograph Interpretation

01 sC:.Jssi on - r/1aps and aeri al photographs suppl ~ment each other and pro

vide more information 'when used together than either:does alone. For example,

a topographi c map provi des quanti tati ve i nfermati on on 1and surface charac

teristics; however, cue to the tine since it ',.{as compiled, parts of the map

may be obsolete. A recent aeri a1 photograph wi 11 show changes tha t have

occurred since the map was compiled and allows accurate assessment of prese?nt

conditions.

There are two maj or types of aeri a1 photography: verti ca1 and ob 1 i que.

A vertical photograph is taken with the optical axis of the camera he?la essen

tially vertically. Vertical photographs are used in most planimet:ic and

topographic mapping, construction of mosaics, and orthophoto production.

5.16



•

•

•

Oblique photography is accomplished by purposely tilting the optical axis a

sizeable angle from the vertical. A high oblique is a photograph taken with

the camera inclined so that the apparent horizon appears. A low oblique is

taken with the camera ax is ti lted but not to the degree that the hori zan

appears. Due to the greater ground coverage of obliques, high obliques are

often used in the preparation of small-scale planimetric maps and charts.

When taken as convergent photography, low obliques can be utilized in the com

pilation of accurate topographic maps.

Application - Aerial photographs provide information valuable to the

qualitative and quantitative analysis of river hydraulics and channel geometry

probl ems. Util i zati on of aeri al photographs over a span of many years will

provide a time-sequenced documentation of historical trends and changes in the

river. Assessments made from aerial photographs are dependent largely on the

quality and scale of the photos. Properly applied, photographic interpreta

tion can provide an abundance of accurate and useful information.

Evidence of land-use changes, bank cutting, shifting of the thalweg,

meander tendencies, lateral migration, vegetation changes, and sediment depo

siti on can be documented by studyi ng photographs for different years. If

time-sequenced aerial photography is available for an area, it is a relatively

simple procedure to trace or freehand a composite sketch showing morphologic

evolution, or to document changes in channel width, sinuosity, etc. through

direct measurements.

It shoul d be noted that an aeri a1 photograph is a perspecti ve proj ecti on

of the ground surface onto the focal plane of the camera. Thus, points in a

plane closer to the camera at the time of exposure wiJ 1 have 1arger images

than points located farther from the camera. For this reason, the scale can

vary in different portions of a vertical photograph depending on topographic

relief. Generally, the scale given for a set of aerial photographs is the

average scale based on the difference between the average ground-surface ele

vation and flying height for all photographs taken during the flight. An

average scale can be applied to a scaled distance to give a reasonable esti

mate of corresponding ground length so long as relief is not extremely

variable. In areas of highly variable relief, scaling errors will result from

use of an average scal e -and 1imi t the accuracy and rel i abi 1i ty of any quan

titative measurements.
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Time can be a ii:TIiting factor in acquisitiQrl of aerial photographs.

Orders orten require four to six weeks to be processed. Time delays are often

. increased by the fact that many agenci es hesi tate to se1 ect photos for you

because of their uncertainty as to what is wanted. Therefore, unless you have

access to indexes retained at the agencies, allow another four to six weeks to

obtain copies of indexes from which you will designate preferred photos.

Photos are indexed by geographic coordinates, but are further referenced

by codes representi ng the vari ous fl i ghts maki n9 up the index mosai cs. As

flight paths tend to be straight, .."hile ri'/ers tend to meander, the necessity

for careful identification of desired photos becomes more understandable.

Aerial photos come in a standard 9" x 9" size, usually costing $5.00 to

S6.00 each. Often, however, these may be-enlarged t ...w, three, or Even four

times (two-times en1 argements--13" x 18"--run 525.00 to S30 .00) . ~Jot~:

flight elevations do vary, and thus s\:ales will also vary. At a scale of

1:24,000, one inch on the photograph depicts 2,000 feet. This 1:24,000 scale

photo then covers approximately 12 square miles. A 1:63,360 scale photo

covers about 81 square miles. 8e prepared to compensate accordingly.

The U.S. Geological Survey National Cartographic Information Center (~CIC)

provides assistance in locating and acquiring maps, aerial photographs, satel

lite images, and other cartographic products. NCIC offers direct access to

most of the nation's domestic aerial photographs (inclUding some historical

materi a1) and satell He images avail ab1 e to the pUbl i c. Important other

sources also exist and NCIC will assist you in contacting them when appropri

ate. These sources include federal agencies and some private firms that

retain the originals of photographs or that produce highly specialized
.-

products.

NCIC works in conjunction 'N'ith the Earth Resources Observation Systems

(EROS) Data Center in Sioux Falls, South Dakota. 80th NCIC and the EROS Data

Center research requests for i nforma ti on about photos and take orders for

aerial and space photographs and space images. For photographs prior to 1941,

the National Archives.. must be contacted. Addresses for tTlese agencies are

provided in Table 5.1.

Example For an erosion-sedimenta~ion ana1ysis of Arroyo de las

Calabacillas in New ~·1exico, three sets of aerial photographs covering a time

period of 45 years were obtained. A 1935 soi 1 conservation photograph 'Nas

- "0::J • .l.u
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Table 5.1. Agencies with Information on Aerial Photographs.
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•

EROS Data Center
U.S. Geological Survey
EROS Data Center
User Services Section
Sioux Falls, South Dakota 57198
Telephone: 605/594-6151

NCIC Headquarters
National Cartographic Information
Center

U.S. Geological Survey
507 National Center
Reston, Virginia 22092
Telephone: 703/860-6045

NCIC Offices
Eastern Mapping Center--NCIC
U.S. Geological Survey
536 National Center
Reston, Virginia 22092
Telephone: 703/860-6336

Mid-Continent Mapping Center--NCIC
U.S. Geological Survey
1400 Independence Road .
Rolla, Missouri 65401
Telephone : 314/341-0851
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National Cartographic Information
Center

U.S. Geological Survey
National Space Technology Laboratories
NSTL Station, Mississippi 39529
Telephone: 601/688-3544

Rocky Mountain Mapping Center--NCIC
U.S. Geological Survey
Box 25046, Stop 504 Federal Center
Denver, Colorado 80225
Telephone: 303/234-2326

Western Mapping Center--NCIC
U.S. Geological Survey
345 ~liddlefield Road'
Menlo Park, California 94025
Telephone: 415/323-8111, ext. 2427

National Archives Cartographic Division
Attn: Richard Spurr
841 South Pickett Street
Alexandria, Virginia 22304
Telephone: 703/756-6704



c0ta i ned from the ~~ati anal ,:\rchives ''''i th a four- times enl argement of i:s

original 1:35,000 scale. A 3' x 3' mosaic 'NOS obta~ned oosed on 1967 pho-

tography available from NASA. The original photographs had a scale of

1:26,000 and those selected for the r.1csaic 'Here enlarged four times. A 1980

set of 9" x 9" 1cw-a1titude photographs (scal e 1: 10,800) '",ere obta i ned from a

local aerial surveying firm. Part of the analysis of these photographs con

si sted of preparati on of composite sketches ill ustrati ng pl an form changes

over the 45-year period (Fi~.~~~). As can be seen frem t~is figure, aerial

.photography indicates a history of meander development and cutoff in the area

of the S bend and increased si nuos i ty at the horseshoe bend. From 1935 to

1967 several channel shi fts occurred; however, from 1967 to 1980 the channel

was unchanged. When combined with available infor;nation on historical flood

occurrences or land-use changes, such qualitative aerial photograph interpre

tation can provide much valuable information on system response and evolution.

5.2.4 8e1- and Bank-Material Analysis

Discussion - Knuwledge of the characteristics of bed and bank material is

important tc any fluvial systems analysis. Bed and bcnk material analysis in

a qualitative Level I evaluation primarily involves visual observations made

during site reconnaissance as well as evaluation of existing data pertaining

to soi 1sand geology of the study area. So il sand geo 1ogi c i nrorma ti on are

interrelated to the extent that surficial geology influences soil type and

development. Additionally, rock outcrops may comprise the channel bed and/or

ban.ks in certain reaches, limiting the extent to which degradation or lateral

migration can progress. Thus, accurate delineation of geologic control is an

integral part of a qualitative assessment of bed and bank materials in a flu

vial system.

,~pplication - Visual inspe..:tion of bed and bank materials can serve to

identify physical conditions or features of sigtlificance in a system. For

example, the relative cohesiveness of bank materials and their ability to

resi st erosi on by water can readily be assessed by observi ng the hei ght and

steepness of the channel banks. Duri ng si te reconnai ssance obser'labl e bank

failure areas should be noted. For example, block failure from development of

~ension cracks can be a significant point scurce of sediment in a given reach.

Although block failures are most common to stratified banks, similar localized
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time sequence analysis of aerial photographs.
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mass wasting phenomena occur in noncohesive and cohesive banks from the pro

cesses of sloughing and sliding, respectively. In addition to visual obser-

vati on of bank mat2ri a1 and condi ti ons} observati on of oed materi a1 and bar

deposits can tell the observer muc~ about tIle type of sediments ~eing

transported in the system.

Visual techniques can also be employed to assess the textural composition

and predominant material sizes (i.e., sand, clay, s.ilt) in the bed and banks.

Incised banks should be investigated to determine the level of stratifica~ion,

presence of clay lenses, and layer thicknesses.

In addition to field observations, information in the literature may be

useful in a qualitative assessment of bed and bank material. Possible sources

i ncl ude Soi 1 Conservati on Servi c; (SCS) soi 1 survey reports and 1and-use sur

veys, and environmental statements.

Example - Ouring a prel iminary site visit for an erosion/sedimentation

ana1ysi s of a sand-bed channel, a 20- to 30-root hi gh bl uff was observed

protruding into the channel. Closer inspection found it to be round-stone

conglomerate, a re1ative1y stable sedimentary rock outcrop. Results of H£C-2

water- surface profil e computati on auri ng the quanti tat; ve anal ys is i ndi ca ted

this outcrop was a significant control point influencing channel hydraulics.

As a result of field observations, it ~as kno~n to be a stable formation that

wou1 d conti nue to be a si gni fi cant control, not one expected to erode away

quickly.

5.2.5 Land-Use Changes

Discussion - Water and sediment yield from a ,~tershed is a function of

land-use practices. Thus, knowledge of the land use and. historical changes in

1and use is essenti al to understandi ng the wate: and sedimerlt sources ina

watershed. Rel ative percentages of forest, agricul tural and urban land can

provide insight 1;0 the quantity and type of water and sediment load produced

in a watershed.

The presence or absence of vegetative grc\yth can have a significant

influence on the runoff and erosional response of a fluvial system. The root

structure of plants, bushes and trees helps to develop and maintain a stable

soil structure and serves as an erosi on-retardi ng force. Large-seal e changes

in vegetation resulting from fire, logging practices, land conversion and
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urbanization can either increase or decrease the total \'Jater and sediment

yield from a watershed. For exalilple, fire and logging practices tend to

increase water sediment yield, while urbanization promotes increased Y/ater

yield and decreased sediment yield. In addition to greater runoff volumes,

urbanization causes peak flows to occur sooner. Potential damages from floods

also increase as the property value subject to damage increases.

Appl i.-ca~~~ - Informati on on 1and-use hi story and trends can be found in

Federal, state and local government documents and reports (i .e.; census infor

mation, zoning maps, future development plans, etc.). Additionally, analysis

of historical aerial photographs can provide significant insight on land-use

changes. For example, the changes in vegetative cover over a given time can

be classified into groups, such as "no change," "vegetation increasing,"

"vegetation damaged," and "vegetation destroyed." Estimates can also be made

of bank stability and riparian conditions from aerial photographs.

Example - An analysis of land-use changes along the Salt River was con

ducted during a hydraul ic analysis of the Seventh Street bridge in Phoenix .

The main changes that have occurred since 1960 have been induced by man.

Photographs of the ri ver in 1960 show a wi de brai ded channel wi th scattered

vegetation. The braided portion of the channel extends laterally nearly 3,000

feet at some poi nts. Si nce thi s time, gravel mi ni ng acti vi ti es" constructi on

of roads and bridges, and development along the river Ilave eliminated the

vegetation and in many places channelized and contained the river so that it

is no longer braided. This development has caused an increase in flow veloci

ties accompanied by an increase in sediment transpor_t rate and potential

degradation in the channel bed. The effects of the increased sediment

transport rate and degradati on have been curtai 1ed by the ri veri s abi 1i ty to

form an armor layer of large cobbles and boulders. This layer exists through

most of the study rea,ch. When the armor 1ayer is ruptured, the sediment

transport will increase, degrading the channel until enough large material

accumul ates on the surface of the channel bed to re-form an effecti ve armor

layer. In recent years the increase in construction and gravel mining has

disturbed the armor layer, and the bed profile of the channel has changed due

to degradation, mining, and the reworking of the channel bed .
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5.2.6 Flood History and Rainfall-Runoff ~e:aticns

Discussi~ - Consideration of flood hist0fy is an integral step in

attempti n9 to characteri ze watershed system response and morpho1 ogi c evol u

tion. Analysis of flood history is of particular importance to an unaerstand

ing of dry1and stream characteristics. ~lany Giyland streams flew only during

the spring and immediately after major storms. For example, Leopold, et al.

(1966j found that arroyos near Santa Fe, New t'lexico, flow only about three

times a year. As a consequence, dryl and s tr2iim response can be considered to

be more hydrologically dependent than streams located in a humid environment.

Whereas the simple passage of tir.le may be sufficient to cause change in a

stream located in a humid environment, time a100e, at least in the short term,

may not necessarily cause change in a dry1and system due to the infrequency of

hydrologically significant events. Thus, the absence of significant morpholo

gfca1 changes in a dryland stream or river, even over a period of years,

should not necessarily be construed as indicative of system stability.

A1 though the occurrence of si ngl e 1arge storms can often be di rect1y

related to system change, this is not always the case. In particular, t!1e

succession of morphologic change in arid to semiarid regions may be linked to

the concept of geomorphic thresholds as proposed by Schumm (1977). Under this

concept·, a1 though a si ngl e major storm may "tri gger an erosi anal event ina

system, the occurrence of suc~ an event may be the result of a cumulative pro

cess leading to an incipiently unstable geomorphic condition.

Application - where available, the study of flood records and correspond

ing system responses, as indicated by time-sequerlced aerial photography or

other physical information, may help the in"estig.ator determine the re1a

ti onshi p bet'H'een morphol 09i cal change and flood magni tude and frequency.

Evaluation of wet-dry cycles can also be beneficial to an understanding of

historical system response. Observable historical change may be found to be

better correlated with the occurrence of a sequence of events during a period

of above-average rainfall and runoff than with the single large event. The

study of historical wet-dry trends may explain certain aspects of syst.em

response. For example, a large storm preceded by a period of above-average

precipitation may result in less erosion (due to better vegetative stabiliza

tion of the channel banks and '",atershed) then a comparable storm occurring

under dry antecedent conditions; however, runoff volumes might be greater due

S.24



•

o.

to saturated soi 1 condi ti ons. A good method to eval uate wet-dry cyel es is to

plot annual rainfall amounts, runoff volumes and maximum annual mean daily

discharge for the period of record. A comparison of these graphs will provide

insight to wet-dry cycles and flood occurrences. Additionally, a plot of the

ratio of rainfall to runoff is a good indicator of ...,atershed characteristics

and historical changes in watershed condition.

Exampl e - Analysi s of the rai nfall and runoff records for the Santa

r~argarita watershed in southern California has been completed. Figure 5.8

provides the precipitation record since 1877, and ~2~~.~e.5.:9 the maximum

annual mean daily discharge. From Figure 5.9 it is apparent that 1938, 1943,

1969, 1978 and 1980 were years of significant flooding. Additionally, analy

sis of historical documents indicates that 1884 was also a significant flood

year. From Figure 5.8, total precipitation in the 1884 flood year was second

only to that of 1978. Both of these years were preceded by very dry years.

In comparison, the flooding of 1916 resulted from significantly less rainfall,

but was preceded by a wet year in 1915. Other years wi th rai nfall total s

s imil ar to 1916 but preceded by dry years di d not produce floods of record.

The 1938 flooding occurred after a significantly wetter year in 1937. It can

be concl uded that antecedent soi 1 ;noi sture is a si gni fi cant factor in the

extent of flooding resulting from a given precipitation event in the Santa

Margarita watershed.

The runoff-rainfall ratio for the period 1924 to 1982 is plotted in

Figure 5.10. Rough estimation of average values for la-year periods have be-en
. ....._~_,.~=. _ ..YO

superimposed on the data. These estimates indicate periods of high runoff

production from 1935 to 1945 and from 1975 to 1982, and_ extremely low produc

tion for the period in between (i .e., 1945 to 1975).

5.3 level II Analysi s

5.3.1 Watershed Sediment Yield

Discussion - The determination of erosion from natural and disturbed

1ands has great si gni fi cance to water-resources pl anni ng and development.

Erosion of the land surface affects not only the nature of the land itself,

but also the erosion and sedimentation process in the receiving river system.

Sediment eroded from the land surface can cause silting problems in reservoirs

• and channels, resulting in increased flood stages and damage. Conversely,
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reduction in erosion can also cause adverse impacts to river systems by

reducing the supply of incoming sediment, thus promoting channel degradation

and headcutting.

The wash load of the total sediment load in an alluvial channel is deter

mined by the supply available in the watershed. Limited quantities of fine

material moving as wash load usually will not pose direct problems for devel

opment in the riverine environment. It is usually assumed, unless there are

detention structures that could effectively trap wash load, that such material

does not come out of suspension and will pass through the system. A reduction

in wash load can prevent the natural sealing of river banks induced by deposi

tion of fine sediment, causing increased water loss and bank instability.

Large concentrations of wash load, however, can influence the capacity of a

stream to transport bed material through its influence on fluid viscosity and

density, bank stabil i ty, growth of aquati c pl ants, and the bi amass of the

channel.

Formation of wash load is largely a function of raindrop detachment and

transport by overland flow, \-.'hich in turn, is inversely related to the level

of surface cover and stabil ization by vegetation. Precipitation generating

erosion in dryland landscapes of the western states usually results from small

storm cells that may be limited in areal extent, but can produce high

intensity and rainfall energy. This type of storm produces "flashy" runoff

wi th a pronounced capaci ty for sediment removal and transportati on. Thus,

streams in the western states often carry large suspended sediment loads

reflec+ing the sparsity (paucity) of vegetal cover and high transport capacity

of rainfall runoff. This condition contrasts the low suspended sediment loads

normally carried by streams in a humid environment due to well-developed soils

and vegetative stabilization.

Application - Assessment of wat~rshed sediment yield first requires a

qualitative evaluation of sediment sources in the watershed and the types of

erosion that are most prevalent. The physical processes causing erosion can

be classified as sheet wash, rilling, gullying, and fluvial processes causing

erosion of the stream bed and banks. Other types of erosional processes are

classified under the category of mass movement, e.g., soil creep, earthflows,

and landsl ides. Data from Soil Conservation Service (SCS) publ ications and

maps, water-well log reports, reservoir records, climate records, and other
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site-specific infcrmaticn can be u:.~lized along '.'1ith field ObSEr'Jaticns 1:0

e~aluate the area of interest.

One approach oro'liding an approximate rating of sediment yield frolil a

watershed was developed by t~e Pacific Southwest Interagency Committee (PSIAC,

1968). This method designed as an aid for broad planning purposes only, con

sists of a numerical rating of nine factors affecting sediment production in a

watershed. This rating, in turn, is correlated with ranges of annual sediment

yield in acre-feet per square :niie. ine nine factors are surficial geology,

soil, climate, runoff, topography, ground cover, land use, upland erosion, and

channel erosion and transport.

A strong correlation between PSIAC estimated annual sediment yield and

actual annual sediment yield has been demonstrated by Shown (1970) and Renard

(1980). 80th 'n'Orkers tested the ?SIAC method aga~nst actual annual sediment

yield me~sured in ponds and dams in the :outhwest. The comparisons were done

on 'Hatersheds 1ess ~han about 20 square mi 1es in area, and PSIAC resul ts

agreed with or 'Here slightly lower than actual measurements. Appendix A

briefly describes application of the PSIAC methodology.

Another approach to determi ne sedi ment yi ~1d from natural or di sturbed

1and surfaces is based on regressi on equati ons as typi fi ed by the Uni versal

Soil Loss Equation (USLE). The USLE, an empirical formula for predicting soil

loss due to sheet and rill erosion, is probably the most ',videly used method

for predi cti ng soi 1 erosion. The equati on 'Has developed from over 10,000

plot-years of runoff and soil-loss data, collected on experimental plots of

agricultural land in 23 states by the u.S. Department of Agriculture. The

USLE approach rel ates annual soi 1 1ass due to sheet and ri 11 erosi on to the

product of si x major factors descri bi ng rai nfall e~nergy, soil erodi oil ity,

cropping and management, supplemental erosion-control practices such as con

touri ng or terraei ng, and slope steepness and 1ength, 'Nni ch are usually com

bined to form a topographic factor. Wischmeier and Sfilith (1978) provide

detailed descriptions of this equation and its terms.

Although widely used, the USLE approach has some ilnportant limitations,

particularly in the arid regions of the West .. The data base used in

developing the USLE was collected east of the Rocky Mountains. Extrapolation

to western areas can i ntraduce si gni fi cant error. :<lany ari d regi ons of the

West get a large percentage of rainfall in the form of high-intensity, short

durati on thunderstorms. As thi sis not the case in the central and eastern
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United States, the effect of this type of rainfall cannot be totally incor

porated. In addition, the weathering process caused by the wind and sun on

the soil between rainstorms is much more severe in arid areas. Weathering

creates an additional supply of easily eroded material that can increase the

erodibility factor significantly.

Williams and Berndt (1972) recognized that application of the USLE is

limited to soil loss, and developed another procedure, the Modified Universal

Soil Loss Equation (MUSLE), for computing sediment yields from watersheds.

This method determines sediment yield based on single storms. They introduced

a runoff factor instead of rainfall energy into the USLE to estimate soil

loss. This make the r~USLE more applicable to the arid regions of the West,

since the effect of short-duration, high-intensity events can be more ade

quately represented. Appendix B briefly reviews application of the j'lUSLE

methodology.

If the sediment yi el d from the 1and surface on an annual basi s rather

than from a single storm is desired, the MUSLE can also be used. This appli

cation is accomplished by determining the soil loss for events of varying

return periods. R.ecommended return period are 2, 10, 25, 50, and 100 years.

The sediment yields are then weighted according to their incremental proba

bility, resulting in a weighted storm average.

The USLE, MUSLE, and PSIAC methods are generally applicable as predictors

of wash load. Total sediment load in a fluvial system is estimated as the sum

of wash load (computed from the USLE, MUSLE, or another comparable method) and

bed-material load (computed according to Section 5.-3.6). The substitution of

the r~USLE for the USLE provides a methodology that is more applicable to

western conditions, especially in arid regions.

Example - Examples illustrating application of the PSIAC and ~IUSLE

methodologies are given in Appendices A and B.

5.3.2 Detailed Analysis of Bed and Bank Materia~

Di scussi on - Bed materi al is the sediment mi xture of whi ch the streambed

is composed. Bed material ranges in size from huge boulders many feet in

di ameter to fi ne cl ay parti cl es. The erodi bi 1i ty or stabi 1i ty of a channel

1argely depends on the si ze of the parti cl es in the bed. It is often i nsuf-

• ficient to know only the median bed-material size (0 50 ) in determining the
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potential for degradaticn; knowledge of the bed-material size dist:--ibution is

also important. Furthermore, the potential for or existence of an armor layer

alSO needs to be addressed (see Section 5.3.7). Armoring potential differen

tiates a gravel- or cobble-bed stream or river from a sand-bed river.

"whereas the bed surface of a sand-bed stream typically appears to represent a

random cut through the sandy bed materi 0.1, gravel beds commonly consi st of tHO

separate popul ati ons, the surface layer and the underlyi ng deposit"

(Kelierhalls and Bray, 1971). AS'water flows over the bed of a gravel-bed

stream, small er parti cl es that are more easi iy transported are carri ed al.~ay,

while larger particles remain, armoring the surface layer of the bed. This

armor layer can serve as a control unless a flow of sufficiently large magni

tude occurs.

Bank material usually consists of particles of the same size as, or

smaller than, bed particles. Thus, banks are orten more easily eroded than

the bed unl ess protected by vegetati on, cohesi on, or some type of man-made

protecti on. Ri ver banks can be cl assifi ed accordi ng to stabi 1 i ty by vegeta

tion, soil cohesion, amount of protection, lateral migration tendencies of tne

stream, etc.

Sediments are broadly classified as cohesive and noncohesive. With

cohesive sediment the resi stance to erosi on depends on the strength of the

cohesive bond bi1ding the particles. Cohesion may far outweigh the influences

of the physical characteristics of the individual particles. However, once

erosion has taken place, cohesive material may become noncohesive with respect

to transport.

Of the various sediment properties, size has the greatest significance to

the hydraul i c engi neer, not onl y because si ze is important and the most

readi 1y measured property, but 0.1 so because other properti es, such as shape

and specific gravity, tend to vary with particle size. In fact, size has been

found to sufficiently describe the sediment particle for many practical

purposes.

Size may be measured by calipers, optical methods, photographic methods,

sieving, or sedimentation methods. The size of an individual particle is not

of primary importance in stream mechani cs or sedimentati on studi es, but the

size di stri buti on of the sedi ment that forms the bed and banks of a stream or

reservoir is of great importance.



• Appl i cati on - The most commonly used method to determi ne si ze frequency

is a volumetric sample that is laboratory-analyzed by mechanical or sieve

analysis, supplemented by analysis with a hydrometer, pipette or bottom with

drawal (BW) tube when significant fine sediments are present. The VA tube

technique is also utilized, particularly for samples that consist primarily of

sands. Table 5.2_.provides guidelines for application of the different tech

niques for particle size analysis. Detailed discussion of specific laboratory

procedures is provided in several governmental publications (i .e., COE, 1970;

USGS, 1969; ARS, 1979). In general, the resul ts are presented as cumul ati ve

size-frequency curves. The fraction or percentage by weight of a sediment

that is smaller or larger than a given size is plotted against particle size.

A useful parameter describing the shape of a gradation curve is the gradation

coefficient:

o 0
G =1 ( 84.1 + _~)

2 050 015.9
(5.4)

e·

•

where 0
84

. 1 , 050 and 015 . 9 are based on a percent finer (by dry weight)

analysis. This equation is only applicable to S-shaped, particle size

distribution curves.

The size of the bed or bank material sample required for sieve analysis

will depend on the maximum particle size in the sample and the requirement

that the sample be representative of the material to be tested. Within the

constraints of obtaining a representative sample, bed and bank material

samples should be limited in weight to facilitate handling. Corps of

Engineers guidelines for obtaining a minimum weight sample for sieve analysis

are presented. in Table 5.3. As Table 5:} indicate.s, for bed and bank

materials that have maximum particle sizes in the coarse gravel to cobble

range, the sampl e si ze requi red to ensure accurate representati on becomes

fairly weighty. (i .e., 13 pounds for 3-inch maximum particle sizes). For a

sample collection program that entails gathering numerous bed and bank

material samples, the collective sample weights can become burdensome.

Another consideration pertaining to bed material sample collection on

gravel-or cobbl e-bed streams is the potenti al exi stence of a two-l ayer system

consisting of (1) a thin surface layer of coarser materials created by

hydraulic sorting, and (2) undisturbed subsurface material. Samples con

tai ni n9 materi al s from both 1ayers waul d contai n materi al s from two popul a-
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Table 5.2. Recommended Size Range, Analysis Concent;~tion,

and Quantity of Scd"ment for Commonly Used
Methods of Particle Size Analysis (after ARS, 1979).

Method of
Part i c 1e Si z2

Analysis

Analysis Recommended
for Particles in
This Size Ranae

mm

Quantity of
Sediment Required

for Analysis
9

Desirable Range
in Analysis

Concentrat i on
l~gl"l

0.05 - _5.0

see Table 5.3Sieves 0.062 - 32

VA tube 0.062 - 2.0

Pipette 0.002 - 0.062

8~ tUbel 0.002 - 0.062

Hydrometer 2 0.002 - 0.062

1.0

0.5

20

5.0

1.8

- 200

2,000 - 5,000

1,000 - 3,500

25,000 - 50,000

lIf necessary, may be expanded to include sands up to 0.35 mm, the accuracy
decreasing with increasing size--the concentration and size increased
accordingly

2Quantity depends on size of settling contalner--a 1,000 ml cylinder has
about the minimum diameter for most hydrometers
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Table 5.3. Minimum Recommended Sample Weights

for Sieve Analysis (COE, 1970).

Maximum Particle Size Minimum Weight of Sample
g lb

3-in. 6,000 13

2-in. 4,000 9

I-in. 2,000 4

l/2-in. 1,000 2

Fi ner than No. 4 sieve 200 0.5

• Finer than No. 10 sieve 100 0.25
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tions in unknown proportions. Alt<:rna-ci'/ely, the thin surface layer could be

removed and subsurface ma teri a13 sampled by normal '/01 L:metri c methods. The

importance of sampling surface and/or subsurface materials in a gravel-cobble

bed system is dependent largely on the objectives of the study. If study

objectives focus on hydraulic friction or initiation of bed movement, then the

surface layer is of interest. Conversely, for analysis of bed-material trans

port, sampling efforts should focus on the underlying bed materials. Quite

often it may be appropriate to ccnsider both bed layers in a sample collection

program, since the disruption of an armor layer' during a flood and subsequeilt

transport of underlying bed material may be of interest.

Kel1erhalis and Bray (1971) note that standard volumetric sampling

methods are not appropriate for evaluating material composition of thin

surface 1ayers in ri ver beds composed of coarse f1 uv i a1 sedi ments. Wei ght

1imi-:ations presented in Table 5.3 also discourage use of volumetric methods

to sample coarse bed and bank material. Kellerhalls and Bray discuss the

advantages and disadvantages of various methodologies for sampling coarse flu

vial sediments. In addition to volulmetric sampl in9, other methodologies are
(1) grid sampling, (2) areal sampling, and (3) transect sampling. A principal

concern with use of alternative methods is the equivalence of results to stan

dard si eve-by-;,;,ei ght results so that all rna ter; al compositi ons wi 11 be

referenced to a common datum. Kellerhalls and Bray present a discussion of

the various bed-material sampl ing methodologies and the ';/eighting factors for

conversion of sampling procedures to standard sieve-by-weight methods.

A sampling and analysis procedure not considered by Kel1erhalls and Bray

is the area-by-area approach. Following tne methodology presented by

Kellerhalls and Bray, it can be shown that this a~pproach is equivalent to

standard sieve-by-weight procedures. A common way of utilizing this approach

entails superposing a 2' x 2' grid subdivided into 0.1' x 0.1' squares over a

randomly selected area. In this application the grid is not used to identify

discrete sampling points, as in standard grid sampling procedures, but rather

to provide a convenient method of deter.nining particle surface area. A slide

photograph of the gri dis taken wi th a 35 iT1TJ camera from above (verti cal to
the grid). A sample identification number or location can be included in the

photograph by placing a ~lacard at one edge of the grid.

Particle size analysis of the sample defined by the grid is accomplished

by proj ecti ng developed 51 i des onto a screen and determi ni ng the area (as a
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percentage of total area) occupied by particles in specific size ranges.

Since the grid is broken into O.l-foot-square blocks, it is not possible to

accurately differentiate particle sizes less than about 0.05 foot in diameter

using this method.

Constructing a grid is relatively simple and consists of no more than

some type of framework (aluminum angle, plastic pipe, etc.) with a grid pat

tern made of nylon twine. Grids can also be fabricated from flexible, clean

plastic sheets with the grid pattern inked on; however, some grid squares may

be distorted in photographs due to flexibility of the plastic. Another

option, especially helpful when a grid is not immediately available, or per

haps not practical, involves taking a picture of the area of interest with a

ruler placed in the center. Using this method, the photographic image can be

projected onto a grid and the image size adjusted by moving the projector.

Important factors to consider in determi ni ng where and how many bed and

bank material samples to collect include (1) size and complexity of the study

area, (2) number, lengths and drainage areas of tributaries, (3) evidence of

or potential for armoring, (4) structural features that can impact or be

significantly impacted by sediment transport, (5) bank failure areas, (6) high

bank areas, and (7) areas exhibiting significant sediment movement or deposi

tion (i .e., bars in channels). For a large-scale study (i .e., five or more

river miles) it is recommended as a minimum that sampling be conducted once

every mile. At each sampling location a bed, bank and flood-plain sample

woul d typi cally be taken. Occasi anal sampl i ng at more frequent interval s may

be required to characterize unique situations. It is especially important to

adequately address tributary sediment characteristics, since a single major

tri butary and tri butary source area coul d be the promi~ent supp1i er of sed i

ment to a system. Samples might typically be taken 500 feet above and below

the tributary on the main channel and at some location near the mouth of the

tributary to completely characterize conditions.

The depth of bed material sampl ing depends on the homogeneity of surface

and subsurface materials. When possible, it is desirable to dig down some

distance to establish bed-material characteristics. If stratification of bed

material is found, it is important to sample the material and note the depth

at which it occurred. In homogeneous bed material, samples are typically

taken near the surface, i.e., in the upper 12 inches of sand. Bank samples

may be taken anywhere, if bank compositi on is homogeneous. For stratifi ed

banks, several samples may be required.
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For purposes of Level II erosion and sedimentation analysis, it is

usually desirable to defi'12 a single re;,Jresentative bed-material size distri

bution that can be utilized in evaluating sediment transport. For a more

complex system, such as a system where an appreciable change in bed-material

characteri sti cs occurs, it may be necessary to use di fferent representa ti 'Ie

gradation curves for different channel reaches. The criteria for selection of

a bed-material gradation is that it adequately represents- the range end

distribution of bed material in the majority of the study area ar-d should pro

vide somewhat conservative estimates of sediment transport capacity.

Examole - During a site reconnaissance 50 sediment samples were collected

consisting of 16 bed samples (taken at dep'ths of 0 to 12 inches), 12 bank

samples, 6 tributary samples, 13 watershed samples and 3 flood-;;lain samples.

Laboratory evaluation of these samples consisted of dry sieve analysis supple

mented wi t!1 hydrometer analysi s ',oIhere appreci ab1e sil t-cl ay percentages were

encountered. Parti cl e gradati on curves were devei oped for the samples based

on this analysis and plotted by reach.

Considering bed particle size gradation curves representative of sediment

characteristics in the surface layer, a noticeable shift towards finer

material occurred downstream of d small drainage entering from the right bank.

A sample of alluvial fan material deposited by the small drainage documented

this channel as the source of the fine material. Figure 5.11a illustrates------ .._'-

particle size gradation curves of four samples collected upstream of the

tributary, 'I'f'hile Xigure 1.11~Q depicts the representative gradation cUr'le for

this reach, as determined by overlaying and eye fitting (the representative

curve could also be determined mathematically).

5.3.3 Profile Analysis

Discussion Comparison of thalweg profiles over time can provide

valuable insight to and understanding of aggradation/degradation patterns in a

channel. Thi s i nfonnati on is useful both by itself and as verifi cati on of

mathemati cal model i ng resul ts. The amount and qual ity of i nformati on derived

from this analysis is largely dependent on the number of years of data and the

total record length. Changes in profile generally occur over many years;

further:nore, in arid and semiarid regions these changes are hydrologically
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dependent. If there have been no significant floods in the period of record,

then little change would be expected in the channel profile.

Appl i cati on - Channel profi 1e data can be developed from a vari ety of

sources. Topographic mapping, for example, USGS 7.S-minute quadrangle sheets,

is a readily available source, particularly for analyses involving a rela

tively long study reach (for short study reaches, the scale and contour inter

val of a 7.S-minute map may not provide sufficiently accurate information).

Other sources of topographic mapping include county and city agencies and pri

vate parties who prepare mapping for development purposes, as well as for

flood-plain mapping. Similarly, HEC-2 input data prepared for flood insurance

studies can be a valuable source of data.

Less detailed data, both temporally and spatially, are often available

from elevation data of pipeline crossings, railroad and highway bridges,

diversion structures, and grade-control structures. With knowledge of the

elevations of these structures, it is relatively simple to make field measure

ments of present bed elevations. Additionally, when available, the construc

tion plans for these structures can provide valuable historical insight. The

invert elevations at the time of construction are usually provided on the

plans or can be deduced from the given information.

Finally, a field survey of the thalweg is valuable when time and/or

budget constraints permit this level of effort. Surveying just the thalweg

profile is relatively quick, compared to cross-section surveying, and is a

good way to see the study reach in detail.

Example - During a relatively small flood (2-year flood) a bridge failure

occurred, causing loss of life. Litigation resulted, and in support of the

defense, a comprehensive engineering investigation of the failure was con

ducted. A profile analysis was part of the investigation and provided a

substantial amount of information. Extensive data of the channel profile were

first published in a Soil Conservation Service (SCS) flood-plain information

report, based on a 1967 survey. Cross-section data collected by the.Corps of

Engineers (COE) were used to establish a 1972 profile. A previous analysis by

an engineering firm provided a 1976 profile, based primarily on soundings from

bridges. A CaE General Design Memorandum (GDM) provided a 1978 profile. ,Cl.n

additional data point for 19S8 was derived from county bridge construction

plans. The recorded top of pile elevation, pile length of 40 feet, and
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reported pile penetration of 23 feet into the existing creek bed placed the

eievation of the bed at approximately 246 feet ~JGVD. while similar "as-built"

data on other bri dges in the study reach waul ci have extenced the profi 1e for

1958, such data could not be obtained.

When the data for all these years were plotted, they provided a time

sequenced picture of profile changes. The comparison of these profiles

established a strong system-wide degradation trend in the study reach.

Combined ,;~ith results from qualitative analysis, it ',o/as determined that the

degradational trend had resulted from land-use changes (urbanization) that

produced higher runoff volumes, and from extensive cr.annelization beginning in
the 1930' s to straighten the system. From these and other resul ts, it '«jas

concluded that the bridge failure at this location was imminent and could have

occurred during any reasonable flow condition. Inspection of other bridges in

the study reach by county mai ntenance crews 1ed to extensive revetment and

grade stabilization structures at all bridge crossings.

5.3.4 Incipient Motion Analysis

Discussion - An evaiuation of relative channel stabilay can be made by

evaluating incipient motion parameters. The definition of incipient motion is

based on the critical or threshold condition where hydrodynamic forces acting

on a grain of sediment have reached a value that, if increased even slightly,

will move the grain. Under critical conditions, or at the point of incipient

motion, the hydrodynamic forces acting on the grain are just balanced by the
resisting forces of the particle. For given nydrodynaiTIic forces, or equiva

1ently for a gi'len di scharge, i nci pi ent moti on condi ti ons wi 11 ex i st for a

single particle size. Particles smaller than this will be transported

downstream and particles equal to or larger than this will remain in place.

Application - The Shields diagram (FilJurej.;El..may be used to evaluate
the particle size at incipient motion for a given discharge. The Shields

di agram was developed through measurements of bed-load transport for vari ous

values of '/(1s-y)D at least twice as large as the critical value, and then
extrapolated to the point of vanishing bed load. In the turbulent range,

where most flews of practical engineering interest occur, Figure 5.12 suggests

the parameter ~;(Ys-1)D is independent of flow conditions and the following

relationship is established:
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D = T
C ""'0-.0"""47"'7'" I y - y;Y\ S I

(5 .5)

'",here Dc is the

incipient motion, l

diameter of the sediment particle for conditions of

1 s boundary shear stress, y and '( are the speci fi cs
weights of sediment and water, respectively, and 0.047 is a dimensionless

coefficient referred to as the Shields parameter. [As originaily proposed by

Shields (1936), 0.060 was the parameter value in the turbulent range. The

val ue of 0.047 '..las suggested by Meyer-Peter and iltull er (1948), and further

supported by Gessl er (1971). ] Any consi stent set of units may be used with

thi? equation.

The concept of incipient motion is of fundamental importance to sediment

transport. Additionally, direct application of incipient motion concepts

through Equation 5.5 are used in armer analysis and can provide useful insight

for other Level II analyses. For example, given a discharge, hydraul ic calcu

1ati ons can be used to determi ne i nformati on necessary to eval uate the boun

dary shear stress (Equation 4.7a or b) a~ various locatio~s in a study reach.

Using either computed or assumed standard values for water and sediment speci

fic weights, the incipient mot~on particle size can then be evaluated for this

discharge. This calculation may be repeated for other discharges charac

teristic of a given fiood to determine what particle sizes would be in motion

at various times during the flood. Results from this evaluation of incipient

motion also indicate the total time during which various particle sizes ',vould

be in motion, as ','I'ell as the percentage of time, relative to the total storm

duration, that incipient motion conditions would ~e equaled or exceeded for

each parti cl e 5i ze. -.-

Long-term incipient motion characteristics can :Je assessed in a similar

fashion based on the annual hydrograph (i .e., annual record of mean daily or

mean monthly discharge), instead of a single flood hydrograph. Such

assessments are semi-quantitative since it must be assumed that the hydraulic

properties at a point of interest have not changed appreciably over the long

term. Additionally, results of any incipient motion analysis are generally

more useful for analysis of gravel- or cobble-bed systems than for sand-Ded

systems. When appl ied to a sand-bed system, incipient motion resul ts usually

indicate that all particl,=s in the bed material are capable of being moved

(exceeding incipient motion conditions) for even very small discharges.
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~ Example Using results of a multiple-profile HEC-2 analysis, the

hydraul i c properti es of an arroyo were known for a seri es of di scharges

characteri sti c of a 1980 flood. For each di scharge the boundary shear stress

was computed from Equation 4.7b and the incipient motion particle size from

Equation 5.5. Results of this calculation are summarized on Figure 5.13.

Table 5.4 indicates the total time during which the various particle

sizes of Figure 5.13 would be in motion. Al so indicated in _T.~~~.e. 5.4 is the

percentage of time, relative to the total storm duration, that incipient

motion conditions would be equaled or exceeded for each of these sizes. This

type of information is useful in developing a Level II understanding of sedi

ment transport characteristics, particularly in establishing the duration of

significant transport during a flood.

~

5.3.5 Armoring Potential

Discussion - The armoring process begins as the non-moving coarser par

ticles segregate from the finer material in transport. The coarser particles

are gradually worked down into the bed, where they accumulate in a sublayer.

Fine bed material is leached up through this coarse sublayer to augment the

materi al in transport. As movement conti nues and degradati on progresses, an

increasing number of non-moving particles accumulate in the sUblayer. This

accumulation interferes with the leaching of fine material so that the rate of

transport over the sublayer is not maintained at its former intensity.

Eventually, enough coarse particles accumulate to shield, or "armor," the

enti re bed surface (Fi gure 5.14). \-Jhen fi nes can no longer be 1eached from..----_....__ .-..,..,

the underlying bed, degradation is arrested.

Examination of typical armor layers reveals several important

characteristics:

Less than a single complete covering layer of
particles seems to suffice for a total armoring
particular discharge.

larger gravel
effect for a

•

A natural "fi 1ter" apparently develops between the larger surface
particles and the subsurface material to prevent leaching of the
underlying fines.

The shingled arrangement of surface particles is not restricted to
the larger material, but seems evident throughout the gravel
gradation .
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Table 5.4. Incipient Motion Characteristics .
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Armored bed of Salt River upstream OT Gilbert Road near Mesa, Arizona

Excavation through armor layer of the Salt River flear ~esa,

Tape length shown in photograph is 24 inc~es.

Figure 5.14
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An armor layer sufficient to protect the bed against moderate discharges can

be disrupted during high flow, but may be restored as flows diminish. Hmv

ever, ina cobbl e-bed system the armori ng condi ti on is usually stabl e enough

that the channel bed can be considered rigid, i.e., Ded form conditions will

not develop (see Figure 4.2). It is evident that an armor layer will tend to

accumulate in areas of natural scour in the river, such as on the upstream

ends of islands and bars. However, caution should be used in eliminating

scour protecti on along the toe of 1evee or channel embankments under the

assumption that an armor layer will be created uniformly along the toe. If a

uniform armor layer is not present, or if one fails to develop at a predicted

depth during a design flow, the levee toe could be undermined by scouring

action, thus leading to failure.

Application - Potential for development of an armor layer can be assessed

using Shields' criteria for incipient motion (see Section 5.3.4) and a repre

sentative bed-material composition. In this case a representative bed

material composition is that which is typical of the depth of anticipated

degradation. Using Equation 5.5 the incipient-motion particle size can be

computed for a given set of hydraulic conditions. If no sediment of the com

puted size or larger is present in significant quantities in the bed, armoring

will not occur. The D90 to D95 size of the representative bed material is

frequently found to be the size "paving the channels" when scouring is

arrested. Within practical limits of planning and design, the 0
95

size is

consi dered to be about the maximum si ze for pavement formati on (SCS, 1977).

Therefore, armoring is probable when the particle size computed from Equation

5.5 is equal to or smaller than the 095 size.

By observing the percentage of the bed material equal to or larger than

the armor parti cl e si ze (0 a) the depth of scour necessary to establ ish an

armor layer (nZa ) can be calculated from (USSR, 1984):

1nZ = y ( 1)a a ~-
(5.6 )

where Ya is the thickness of the armoring layer and Pc is the decimal

fracti on of materi a1 coarser tllan the armori ng si ze. The thi ckness of the

armoring layer (Ya) ranges from one to three times the armor particle size

~ (Oa)' depending on the value of 0a' Field observations suggest that a rela-
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tively stable ar~oring cJnd~tion requires a minimum of t~o layers of armoring

particles.

Examoie - As an example, consider the case ·.... here Equation 5.5 indicates

that the critical particle size equals 1.5 inches and a representative bed

material gradation c:Jrve shows that this is the 00 ,-, size. Thus, the depth
.U

to formation of an ar:nor layer '....ould equal

~Za = Ya (~ - 1) = 2 (1.5) (0~1 - 1) = 27 iiiches
c

It shaul d be recogni zed that development of an armor 1ayer does not occur

uniformly across a channel bed, but rather tends to begin along the thalweg

and at other points of natural scour in the channel.

5.3.6 Sedimen~ Transport Ca~acit~

Discussion - Sediment transport equations are used to determine the sedi

ment transport capacity for a specific set of flow conditions. Knowledge of

sediment transport capaci ty is requi red for many fl uvi al systems anal yses,

including evaluation of aggradation/degradation, genercl scour/deposition, and

lateral migration. The first step in evaluating sediment transport capacity

is to select one or more of the available equations for use in solving the

given problem. Selection of an appropriate sediment transport relation is

predicated on an understanding cf t~e system being st~died. For example, some

formulas were developed from data collected in sand-bed streams where most of

the sediment 'Has transoorted as suspended 1cad. Conversely, other equati ons

pertai n to condi ti ons i~here bed-l oad tr~sport is domi nant. Study objecti ves

also determine '!'that portion of the sediment trans~ort needs to be estimated

and the level of accuracy required in such an estimate. If it is desirable to

know the relative contributions of bed load and suspended load to the bed

material discharge, then formulas for each dre available. Other formulas pro

vide direct determination of bed-material discharge. A commen feature of bed

mater; al di scharge sediment transport equati ons is that wash load is not

included; hO'....ever, there are methodologies that incorporate sediment sampling

data, such as the medi fi ed Ei nstei n procedure, that can be used to es~imate

total sediment transport rate (including wash load).

AV3.ilable sediment trcnspcn equaticns range from ':heoretical or

empirical methods to methods that require measured suspended sediment loads
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•

and/or other normal stream flow measurements. Table 5.5 summarizes some of

the most commonly used sediment transport relations and their applications.

As a result of the complexity of the Einstein bed load and suspended load

methodologies, they will not be presented; however, it is important to note

that the power relationships presented in this section were developed from a

joint application of the MPM bed load and the Einstein suspended load

equations. Similarly, the modified Einstein procedure, presented by Colby and

Hembree (1955), will not be presented; however, the application of this proce

dure should be considered for evaluation of total sediment load when measured

water and suspended sediment discharge data are available.

In using any sediment transport methodology, consideration should be

gi yen to sol uti on by si ze fracti on. Different transport capac; ti es can be

expected for di fferent sediment si zes and some loss inaccuracy may resul t

from a calculation based on a single representative grain size (i.e., 050
size). Solution of the total bed-material discharge by size fraction analy

sis is based on a weighted average of the sediment transport for the geometric

mean parti cl e si ze representi ng vari cus interval s of the sediment gradati on

curve. The number of interval s requi red depends on the accuracy desi red and

the characteri sti cs of the gradati on curve; however, adequate resul ts are

usually obtained using four to six intervals. As a final note, with any

methodology it is desi rab 1e to verify results agai nst measured data whenever

possible and adjust equation parameters accordingly to obtain suitable

results.

Appl; cati on - ~leyer-Peter, Hull er Equati on. Based on experiments wi th

sand parti cl es of uniform si zes, sand parti cl es of .mi xed si zes, natural

gravel, lignite, and baryta, il1eyer-Peter and tYluller (1948) developed a formula

for estimating total bed-load transport. Most of the data used in developing

the Meyer-Peter, ~luller (MPM) equation were obtained in flows with little or

no sl,lspended sediment load. A common form of the r~PM equation derived for a

wide channel with plane-bed conditions is:

.'
_ 12.85 ( )1.5q - --- l - l

b 10 0 c
p Ys
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Table 5.5. Sediment TranspOl't Calculation Procedures.

Calculation,--------- Application

Procedure Oed Load
Suspended Oed
Mater'ial Load

£led-Material
Load

Totall /
Sediment

Load Sand Bed Cobble £led

----------

Ul
I'J

Meyer-Peter, Muller
Efj lJ at ion (MP l~)

Einstein Oed Load
Eqllation

Einstein Suspended
Load 11ethodo logy

Power Relationships

Colby Methodology

Modified Einstein

x

x

x

x

x

x

21x-

x

x

x

x

x

x

x

x

x

llIncludes wash load

l/Must be supplemented \vith Einstein suspended load methodology to get. suspended bed-lnatet'ial load
component



• where qb is the bed-load transport rate in cubic feet per second (cfs) per

uni t wi dth fot' a speci fi c si ze of sediment, 'a is the tracti ve force

(boundary shear stress), 'c is the critical tractive force, p is the den

sity of water and Ys is the specific weight of dry sediment. The critical

tractive force is defined by the Shields parameter (see Section 5.3.4). ° The

tractive force or boundary shear stress acting under the given flow conditions

is most often defined by Equation 4.7b. The use of Equation 5.7a is not

recommended if dunes or antidunes are expected due to the plane bed assumption

in iots derivation. Other more complex forms of the equation are available for

use under these circumstances (see USSR, 1960). Any application of the MP~l

rel ati onshi ps proy; des an estimate of bed-load transport only and shaul d be

supplemented by other methods if appreciable suspended bed-material transport

is suspected.

A general form of the MPM equation was presented by Shen (1971) as

•
(5.7b)

in which a4 and b
4

are constants. When the constants in this equation are

calibrated with field data, good results are usually obtained.

A complete discussion of ~leyer-Peter's formulas for beginning of motion

and sediment transport is provi ded by Heyer-Peter and ~lull er (1948).

Empirical Power Relationships. Using a computer-generated solution of

the i'leyer-Peter, Mull er bed-load transport equati on combi ned \vith Ei nstei n 's

i ntegrati on of the suspended bed-materi al di scharge, a procedure has been

developed for estimati ng total bed-materi al di scharge in sand-bed channel s

from power relationships of the form (Simons, Li and Fullerton, 1981)

(5.8a)

•

where qs is the bed-materi a1 di scharge in cfs per; uni t wi dth, \ is

hydrau1 i c depth, Vis the average vel oci ty and a, b, and care

regression coefficients. Using a computer-generated data base, representative

values for coefficients a, b, and c were determined for various sediment

si zes, gradati ons and bed slopes. Resul ts of thi s ana1ysi s are presented in

Tables 5.6a and 5.6b. For evaluation of transport capacity at a sediment size

or grad; ent coeffi ci ent not tabul a ted, interpol at; on between qs val ues for
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s2dimen~ sizes and gradation -... • • +-coeTT1Clenl.S brack-=ting the gi'len Si22 is

required. The curves resulting from a plot cf 050 or G versus a, b, or

c are not linear rela":ionships. Therefore, pri or to at:empti ng ali near

mathemati cai interpol ati on between these coeffi ci ents and exponents, the user

may want to plot 050 or G versus th2 tabul ated values for a, b, and c

and use the resulting curves for a visual interpcla:ion of these values.

As Table 5.6 indicates, sediment transport rates are highly dependent on

vel oci:y, 3.nd to a 1esser degree on depth. Secime:lt transport for some sedi

ment sizes is directly proportional to depth, whp.r:as transport of other sizes

is inversely proportional to depth. Transport of smaller sediment sizes is

generally proportionally depe:ldent on depth since the smaller ma~erial is more.

easi ly suspended and the resul ti ng sediment concentrati ons are more uni form.

Thus, the 1arger the depth, the greater the amount of sediment that '.¥i 11 be

suspended for a given velocity. L~rger sediment particles, on the other hand,

are more di ffi cul t to suspe:ld and keep in suspensi on. For a gi ven ve loci ty,

as depth increases the i ntensi ty of turbui ent transfer properti es for these

larger size? decreases. The increase in area available for suspe:lded sediment

associated with the increased depth does not totally counterbalance the

reduced turbul ent transf~r characteri sti cs, resul ti ng in an inverse rei a-

ti onshi p bet'.veen transport and depth for larger parti cl es. Sediment si :2S

exhibiting little dependence on depth fall between these 2xtreliies.

As an alternative to Equation 5.8a and !.ibles ;,6a aQ(L.5.6b, a single

relationship was later developed (Zeller and Fullerton, 1983):

(5.8b)

where n i s :~anni ng I s roughness coeffi ci ent (based on bed forms and grai n

size roughness), V is the mean velocity, G is the gradation coefficient,

050' which is in

In thi sdi ameter.Y
h

is' the hydraulic depth, and 050 is the median

equation all units are in the ft-lb-sec system, except

mi 11 imeters.

Table 5.7 lists the range of para~eters considered in the developme:lt of

the sediment transport relations given in Tables 5.6a and 5.6b and in devel

opment of Equation 5.8b. -he ofJplicability of either methodology -:0 any spe

cifi c set of conditi ons shoul d be checked i n T~EJ.e_..? 7 . It shoul d be noted
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Table 5.6a. Results of Regression Analysis.

(0.001 ~ So ~ 0.01; qs = a Y~ Vc )

•

a
b
c

0.1 mm

2.90xl0-4

0.505
3.43

0.25 mm

-51.81xl0
0.0446
4.43

0.5 mm

-63.19x10
-0.363
5.01

1.0 mOl

G =

2.06x10-6

-0.628
5.03

2.0 f1m

1.0

3.45x10-6

-0.693
4.60

3.0 rnn

5.05xlO-6

-0.672
4.30

4.0 mOl

6.15x10-6

-0.652
4.13

5.0 nun

6.35x10-6

-0.639
4.06

U1

U1
U1

a
b
c

a
b
c

a
b
c

-56.80xl0
0.315
3.83

1.48x10-5

0.0501
4.31

5.25x10-5

0.317
3.76

G 2.0----
J.54x10-6 2.46x10-6

-0.324 -0.587
4.78 4.79

G = 3.0---
1.61x10-5 3.71x10-6

0.112 -0.260
4.11 4.61

G = 4.0----

4.31xl0- 5

0.324
3.70

2.81xlO-6

-0.649
4.62

3.14xl0-6

-0.644
4.49

---------------- ----- ----------------------------- -----

So = bed slope

qs sediment transport rate in cfs (unbulked)

Yh = hydrau-lic depth in feet (area/top width)

v = average velocity in fps

G gradation coefficient



Table 5.6b. Results of Regression Analysis.
\) c

(0.01 < S < 0.04; qs ~ a Y V)
0-

2.0 nlll0.1 IYill o.25 11111 0.5 mn 1.0 mm 3.0 nin 4.0 nm 5. () IIVII

G ::: 1.0-----

4.74xlO-4 l.45xlO- 5 1. 66xJQ-5 5.80xlO-6 -6 3.62xlO- 6 4.03xlO-6 4 ro 10-6a 3.58xlO ..) x
b 0.557 0.305 0.0530 -0.198 -0.427 -0.532 ··0.587 -0.615
c 3.22 3. .,6 4.17 4.42 4-.45 4.37 4.2i' 4.18

G .. 2.0--------
(51

1.27xlO-4 -5 1.16xlO-5 ~.25xIO-6 -6 3.H9xlO-6U1 a 3.0ixIO 4.20xlO
(J')

0.383 0.199 -0.0318 -0.264 -O.3H5 -0.459b
c 3.56 3.nU 4.18 4.33 4.34 4.31

G '" 3.0
-----,--

7.40xlO- 5 3.02xlO-5 r
a 1.08xlO-::>
b 0.310 0.161 -0.0502
c -, 3.65 3.86 4.10

a
b
c

G = 4.0_._------ -

5.30xlO-S
0.264
3.67

So ::: bed slope

qs - sediment transport rate in cfs (unhulked)

Yh '" hydraulic depth in feet (area/top \'Jidth)

v :;; average velocity in fps

G ::: gradation coefficient



•
Table 5.7. Range of Parameters Examined for Power Relationships.

--------
Value Range

Equa ti on 5.3a
when used w.ith
Tables 5.6a

Parameter and 5.6b Equation 5.8b

Froude No. <4 unlililited

Velocity 5-26 (ft/sec) 3-30 (ft/sec)

Manning's n 0.025 0.018-0.035

Bed Slope 0.001-0.040 (ft/ft) 0.001-0.040 (ft/ft)

Unit Oi scharge 5-200 (cfs/ft) 10-200 (cfs/ft)

• Particle Size 05 2. 0.062 mm 0.5 mm ~ 050 ~ 10 mm

090 ~
15 mm

Depth Unlimited 1-20 ft

Gradation Coefficient 1-4 2-5

•

• 5.57



Colby (1964) developed the graphical procedure sho'Nn

that these equations are based on the assumption tha t all sediment SiZ9S ;)('2-

sent in the bed are transportable by the ;=1 ow , T'" crmoring is a po S 5 i biii tj.1

(see Secti on 5.3.5) , -:he regression relations ayoo not va 1i d. Since "h",. ~ "',1_

equations ·.~ere developed for sand-bed c~annels, they do not apply to con-

ditions where the bank material has cohesive properties. Transport rates

would be overpredicted for a cohesive channel condition. For conditions

meeting the criteria of Table 5.7, as well as other criteria mentioned, either

equation should provide results 'Nithin ten per~ent of the theoretical values

computed wi th the i-1eyer-Peter, i'lull er bed 1cad and Ei nstei n suspended bed

material load methodologies that were used to develop the regression

equations.

Colby's Aporoach.

in Figures 5.15 and 5.16 for determining bed-material discnarge 'tons/day of

dry sediment) in sand-bed channels. In developing his computat~onai curves

Colby was guided by Einstein's bed-load function (C:instein, 1950) and an

immense amount of data from streams and flumes (Simons and Richardson, 1966).

However, it shaul d be u:1derstood that all curves fer the lOO-foot depth, most

curves of the ten-foot depth, and some of the curves of LO-foot and O.l-foot

depths (Figure 5.15) are not based entirely on data but are developed fralT:

limited data and theory,

In utilizing Figures 5.15 and 5.16 to compute the bed-material discharge,

the following procedure is required: (1) the required data are mean velocity

V, depth (typically hydraulic depth), Yh, median size of bed material 050'

water temperature ,- and fi ne-sediment concentra ti on; (2) then the uncorrected

sediment di scharge QSi for the gi ven V, Yhand 050 can be found from

Figure 5.15 for the two depths that bracket the desired depth. A logarith

mic scale of depth versus Qs; is used to interpolate in order to determine

the bed-material discharge per unit width for the actual Yh , V and 050;

(3) two correction factors, \<1 and k2 , shown in Figures 5.16a and 5.15b,

respectively, account for the effect of water temperature and fi ne suspended

sediment on the bed-material discharge. If the bed-material size fails out-

side the 0.2- to 0.3-mm range, factor k3 from Figure 5.i6c is applied to

correct for sediment si ze effect. True sediment di scharge qs corrected for

water temperature effect, presence of fi ne suspended sediment, and sediment

size is gi'len by
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• q = [1 + (k k - 1) 0.01 k
3
J qs J. 1 2 si (5.9 )

•

•

As Figure 5.16 shows, k1 = 1 vvhen the temperature is 60 u F, k
2

= 1 when

the concentration of fine sediment is negligible, and k
3

= 100 when 0
50

lies between 0.2 mrn and 0.3 mm.

In spite of many inaccuracies in the available data and uncertainties in

the graphs, Colby found

" ... about 75 percent of the sand discharges that were used to define
the relationships were less than twice or more than half of the
di scharges that were computed froln the graphs of average rel a
ti onshi p. The agreement of computed and observed di scharges of
sands for sediment stati ons whose records were not used to defi ne
the graphs seemed to be about as good as that for stations whose
records were used."

Example - Calculation of Sediment-Transport Rates Using:

A. Meyer-Peter, Muller (NPM) Bed-load Function

B. Colby Method

Before beginning the examples, the reader should remember that all sedi

ment transport equations do not compute the same component of total sediment

load. Table 5.5 was developed as an easy reference to make this distinction.

In the following examples the Meyer-Peter, Muller equation is used to compute

the bed-load transport rate. Since this equation was derived from flume

experiments using flows with little or no suspended sediment load, it is not

recommended for applications where suspended bed-material load is estimated to

be a major component of the total sediment load. In contrast, the po,.;er rel a

tionships and the Colby Method were developed on the basis of predicting total

bed-material transport rate.

Because of thi s di fference between transport equati ons, the foll owi ng

examples will employ the MPM equation to evaluate the bed-load discharge for a

gravel-cobble bed stream which would be expected to have very little suspended

bed-material load, while the Colby Method will be applied to a sand-bed chan

nel having both suspended bed-material load and bed load compone~ts.

Due to the simplicity of the power relationships (Equations 5.8a and

5.8b), no numerical examples will be presented.

Part A, Meyer-Peter, ~1ull er Equati on: The gradati on curve for the bed

material from a gravel-cobble bed stream was divided into three size frac-
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t~ons. ihe geometric mean particle size and weight of each fraction is 1i s :ed
below:

Fraction 71
I ~~

l/3~b of total sampl e weight) : Dr- = °25 = 0.05 it\ .J.J
~

f'racti on #2 (33 l/3~~ of total sample ' ei ght) : DC' = 0
50 = 0.10 ft

\;l

Fracti on #3 (33 1/3% of total sample wei ght) : DG = :l = 0.15 ftu75

This reach of the stream is further defined by the following parameters:

For Q = 5,000 cfs, mean chann~l velocity, V = 8 f~s.

Darcy-Weisbach friction factor, f = 0.06

Specific weight of sediment, Ys = 165.4 lo/ft3

Density of water, p = 1.9 lb-sec2/ft4

Using tne :·iP1vl Equation (Equation S.la), the following steps are required to

compute bed-load discharge:

1. The boundary shear stress, L o' is computed as follows:

1
T V2

Lo = 8 p

L
_ 1

(1.9)(0.06) (8)2
a - "8

L = 0.91 lb/ft2
a

2. The critical shear stress, 'c' is found using Shields' re:ation:

• = 0.047 Dc ( -{ - -f)
C :"

for 0 = °25' L
C

= (0.047)(0.05)(165.4 62.4J = 0.24 'b/.c·2I I ...
C

for D~ = uSO ' ',.. = (0.047)(0.10)(165.4 62.4) = 0.48 1J/ft2
I.- \.0

for U 075 , (0.047)(0.15)(165.4 62.4) = 0.73 "b,.:= ... 2= , = i / I \,.
C C

3. The i'iP~1 equati on can now be used to compute the bed-load transport ra te
for each of the three sediment size fractions.

for °25'
12.85 (. )1.5 12.85 (0.91 0.24)1.5qb

25
= 'c = -

r a (165.4) Il.9Ys y P ;.. ......

qb = 0.031 cfs/ft
25
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.' for °50'
12.85 (0.91 - 0.48)1.5qbso

= ---_._---
(165.4) .rr:-9-

qb
50

0.016 cfs/ft

for °75 ' qb
75

= 12.85 (0.91 - 0.73)1.5
(165.4) II:9

qb
75

= 0.004 cfs/ft

qb = 1: (% total weTghtltotal

4. The total unit bed-load transport rate can now be computed as the
weighted average of the transport rates for each of the selected sediment
size fractions. This procedure is accomplished as follows:

L (qb. x % total weight)
1

(0.031)(33 1/3%) + (0.016)(33 1/3%) + (0.004)(33 1/3%)
qb = 33173%""+331/3~~ + 33 1/3%

qb = 0.017 cfs/ft

Part B, Col!)y ~1ethod: Colby calculations will be made using the single

median bed particle size as well as the sediment size fraction approach.

Water temperature and fine sediment concentration are assumed equal to 70°F

and 10,000 ppm, respectively, for the example calculations.

a. Calculations Using Single Bed Particle Size. The calculation will

be made for a dicharge of 410 cfs, for which Y
h

= 1.36 ft, V = 2.93 fps,

and b = 103 ft. From !J,9ure ~.17, the median bed p.article size 050 is

0.225 mm. The solution involves the following steps:

2.

•

1. Enter Figure 5.15 with a velocity of 2.93 fps for a depth of 1.0 ft and
10.0 ft and read the following values of qSi for 050 = 0.225 mm:

Depth = 1.0 ft; qSi = 15.5 tons/day/ft of width

Depth = 10.0 ft; qSi = 21.5 tons/day/ft of width

The depth and qs' values determined in Step 1 are plotted on log-log
paper in order to' interpolate a value of qs' for the given depth of
1.36 ft. This plot, which is shoym in Figure~..18, yields the follov-ling
result:
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Depth = 1.36 ft; qS. = 16.2 tons/day/it cf ~idth

1

3. Water temperat~re correction: S nce the information in Figure 5.15 is
based on a water temperature of OUF and the given water temperature is
louF, an adjustment must be made to compensate for the difference. This
correction is made by entering Figure 5.16a with a depth of 1.36 ft and
proceeding to the line for 70"'F. A correction value, K

1
, is then read

as 0.92.

4. Figure 5.16b is new used to determine
sediment concentration of 10,000 ppm.
1.36 ft and proceed to the curve for
is then read as 1.2.

the correction factor fo: the fine
~nter this curve with a depth of

10,000. A correction value, K
2

,

5. Sediment size adjustment. Since the D50 bed particle size (0.225 mm)
falls within the 0.2 to 0.3 mm range, a correction for sediment size is
not necessary. For thi s condi ti on, the K3 cor:ecti on factor = 100.
This can be verified by entering Figure 5.16c with a median sediment size
of 0.225 mm.

6. The true sediment transport, qs, corrected for water temperatur'e
effect, presence of fine suspended sediment, and sediment size, is now
computed as:

qS.
1

qs = [1 + (0.92 x 1.2 - 1)(0.01)(100)] 16.2

qs = 14.52 tons/day/ft of width

l. For the given channel 'flidth of 103 ft,
rate, Os' for the cross secti on is
1,495.6 tons/day.

the to~al bed-materi a 1 transpo'r't
Os = qs x b = (14.52)(103) =

8. The sediment concentration by weight, c, is computed as follows:

where G
s

= specific gravity of sediment (ys/y)·

Since the Colby Method gives sediment transport in tons/day, a conversion
to cfs must be made before t:1e above for;nul a can be used. Thi s conver
sion is made as follows:
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e 1,495.6 tons 1 day 1 ft3 2,000 lb
day x 86,400 sec x 165 TbOfSedinle-nt x -l-ton-

Q 0.21 cfss

Therefore,
(0.21)(2.65)

c = 410 + (0.21)~1I = 0.0013555 or 1,355 ppm by weight

e·

•

b. Calculations Using Sediment Size Fractions. The bed material that

was used in tile previous example had a mean particle size 050 of 0.225 rrrn.

To make the sediment transport calculations more representative of changes in

the bed-material gradation curve, solution by size fraction is employed.

Us i ng thi s method, the gradati on curve is di vi ded into increments of si mil ar

size characteristics. The curve could be broken into soil fractions, e.g.,

coarse gravel, fine gravel, coarse sand, medium sand, etc., or it could be

divided into even increments such as 20 percent by weight intervals. Other

methods or criteria could be used as long as the individual size fractions ere

as~ociated with particle sizes of similar characteristics. The gradation

curve for this example (Figure 5.17) was divided into four size fractions,

primarily on the basis of noticeable changes in the slope of the curve.

Once the gradation curve has been subdivided, the geometric mean particle

size is determined for each grain size interval. The following steps

illustrate the Colby ~lethod calculations by size fraction for tile same

discharge and hydraulic conditions used previously.

1. The bed-material gradation curve (Figure 5.17) is subdivided into four
increments and the geometric mean particle size for each increment calcu
lated as given in Table 5 a. The adjustment ~o the fractional sample
weight percentages in Table 5.8 is required to aCCQunt for the seven per
cent of the total sample weight that was finer' than the #200 sieve.
Rather than resort to a hydrometer or similar analysis to grade the seven
percent of fi ne materi al, thi s percentage was prorated among the four
size fractions. If fine material constituted a significant portion of
the total sample weight, a hydrometer analysis might be warranted.

2. Using the hydraulic parameters listed in part (a) of this example, enter
Figure 5.15 with a velocity of 2.93 fps for depths of 1.0 ft and 10.0 ft
and read val ues of qSi for each of the four si ze fracti ons (see TaQ.L~

.i:,ll. It shoul d be noted that an estimate had to be made for the qs'
value for the 0.84 rrrn size fraction since this value lies slightly out~
side the range of particle sizes shown in Figure 5.15. This procedure
should be used with caution. If the mean size fractions are signifi
cantly outside the range of values shown in Figure 5.15, the Colby Method
should not be used. In this case, the single non··conforming size frac-

5.67



Table 5.8. Geometric ~ean Calculations for Colby Example.

Grain Size Geometric j·lean ?ercent of !l.djusted ~ of
Interval (mm) Total Sample Total SampleDG = JD. x D. (mm)D. to D. 1 J \~ei ght Weight

1 J

1.2 - 0.59 lIT:2)(0.59) = 0.84 1.0 .1

0.59 - 0.30 dO.59) (0.30) = 0.42 24.0 25.8

0.30 - 0.145 1(0.30){0. '45) = 0.21 58.0 62.4

0.145 - 0.075 1(0.145}(0.075) = 0.10 10.0 10.7

Total: 93.0 lOO.a

Table 5.9. Uncorrected Sediment Transport Rate,
qSi (tons/day/ft) for Colby Example.

DG (mm)

Depth (feet) 0.84 0.42 O.~J 0.10

1.0 9.0 11.5 16.5 23.0

10.0 5.8 9.8 23.0 45.0

5.68
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3.

tion constitutes only 1.1 percent of the total sample weight.
Accordingly, any error induced by this procedure should be minimal.

The depth and qs' values determined in Step 2 are plotted on log-log
paper in order to 1 interpol ate a val ue of qs' for the gi ven depth of
1.36 ft. This plot, which is shown in Figure 5.18, yields the following
results:

qSi (tons/day/ft
of width)

0.84

8.5

0.42

11.3

0.21

17.2

0.10

25.1

•

4. The water temperature correcti on, Kl, and fi ne sediment concentrati on
correction, K2, are the same as computed in part (a) of this example,
since these factors are not a function of the bed particle gradation
curve.

K1 = 0.92

1<.2 = 1. 20

5. A sediment size adjustment factor, K3, ...lill be required for three of
the four size fractions since they lie outside the 0.2 to 0.3 mm range.
The correction factors from Figure 5.16c are summarized below.

0.84

12

0.42

80

0.21

100

0.10

60

•

6. The true sediment transport rate, qs, corrected: for water temperature
effect, presence of fi ne suspended sediment, and sediment si ze, is now
computed for each size fraction using:

The results are summarized in the following table.
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(tons/day/ft
of width)

0.84

8.61

0.42

12.19

0.21

19.04

0.10

25.73

7. Once the unit transiJort rate is computed for. each size fraction in Step
6, the actual transport amount of each size fr3ction within the total bed
sample is determined by muli:iplying the computea transport rates times
the perc2ntage of each size fraction in the bed sample (se~ ~able 5.10).

8. Knowing the total unit bed-material discharge from Step 7, the total bed
material discharge from the entire channel cross section can ~ow be
calculated by multiplying the sediment discharge rate from Step 7 by the
effective channel width.

Q = b x qs ·sT

= (103)(17.98) = 1,851.9 tons/day

Converting to cubic feet per second yields:

Q = (1,851.9)(1.403 x 10-4)s

Q = 0.25 cfss

9. The sediment concentration is now computed.

C = (0.26)(2.65)
410 + (0:26ITZ.65)

C = 0.0015776 or 1,678 ppm jy weight

10. The results of the size fraction technique can be compared to the single
bed particle size analysis presented in part (a) of this example for a
di scharge of 410 cfs. The si ng1 e si ze techn; que produced a bed-materi a1
discharge of 0.21 cfs and a concentration of 1,355 ppm, while the size
fraction analysis gave a discharge of 0.26 cfs and a concentration of
1,578 ppm. The calculation by size fraction is summarized in Table 5.11.
Additi onally, cal cul ati ons for two other di 5charges are gi'len ana'-iTTus
trate the relationships between Os and C as discharge increases, par
ticularly the leveling off of concentration.
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Table 5.10. Total Sediment Transport Rate for Colby Example.

Percent of Unit Transport Actual Bed ~laterial

Size Fraction Total Sample Rate Discharge

1
0.84 mm 1.1 x 100 x 8.61 0.09 tons/day/ft.

1
0.42 25.8 x TOO x 11.48 = 3.15

1
0.21 62.4 x TDO x 19.04 = 11.88

1

• 0.10 10.7 x TDO x 26.73 = 2.86

qSt Total Un it 17.98 tons/day/ft.
Di scharge For
Q = 410 cfs

•
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Tablt~ 5.11. IJvd-t~i,-la.-lill Olsehdr'~o Caleulillio/\,; for Colby f·Llhod EXlllllplo lblng Sudlmont SILl> F'·dctions.

____________________•_________._._____________•___• ___________________• ________ ~_______.4____

I
b q

(% of 5 I q
0 Total y I lJ s q Q ~)

Q 9 Sample II V b "toils/Jay --ruo--- s s s C
(et 5) {n~1l1 ~Itl i ght ( ttl (fps) (til -·-ft---- K K K q tc.ns/ day/t t t tons/day {e f51 (pplII)

1 2 3 s

--------------------_._~------ ---- ----_._------------- ----------_._----- -_._-----

410 0.84 1.1 \.36 2.93 103 0.5 0.92 1.20 12 8.61 0.09 17.98 1.851.9 0.26 1,6/U

0.42 25.0 11.3 00 12.19 3.15

0.21 62.4 17.2 100 19.04 11.88

0.10 10.7 25.1 60 :L6.73 2.06
··<51

'-J
2,820 0.04 1.1 2.50 6.63 170 99.6 0.91 1.22 12 100.bO 1. I I 161.82 27,509.4 3.06 ~,614

1'0
0.42 25.0 115.4 80 125.61 32.41

0.2\ 62.4 152.0 100 160.77 105.3

0.10 10.7 201.4 60 214.69 23.0

9,620 0.04 1.1 4.14 9.92 234 2.58.9 0.90 1.25 12 242.49 2.67 425.59 99.5fJO.1 13.97 3,0)4

0.42 25.0 203.5 00 289.09 74.79.. ,

0.21 62.4 40 I .4 100 451.52 201.75

0.10 10.7 5"17.1 60 620.34 ob.3fJ



~ 5.3.7 Equilibrium Slope

Di2-cussi o~ - The equi 1 i bri urn slope is defi ned as the slope at whi ch the

channel sediment transporting capacity is equal to the incoming sediment

supply. Mathematically, this concept is expressed as

(5.10)

•

•

where OSin is the supply rate of sediment into the channel and OSout is

the sediment transport rate out of the channel. When thi s rel ati onshi pis

satisfied, the channel neither aggrades or degrades, i.e., it is in

equilibrium. If the sediment transport rate in a given reach is less than

sediment supply, the slope of that reach will have to increase to achieve

equilibrium conditions. Conversely, if the transport rate is greater than

supply, the slope will need to decrease.

Appl i cati on - The equi 1i bri um slope methodology is util i zed to eval uate

long-term channel response (aggradation/degradation), specifically, the slope

the channel ultimately wants to achieve. Short-term response during a single

flood (general scour/deposition) must be evaluated by other methods (see

Section 5.3.8). An equilibrium slope analysis should begin with a study of

historic bed profiles through the project area. If trends towards aggradation

or degradati on can be detected, they shaul d be traced to a cause. Cases may

arise in a relatively undisturbed watershed that show no significant change in

bed profil es over long periods of time. The length of time necessary to

establish stability in bed profiles is hydrologically dependent (i .e., a func

tion of historical climatology and hydrology). However, in any case, the

longer the record of available data, generally the more confident one can be

in determining the stability of the bed. Watersheds that are considered in

equilibrium may not require equilibrium slope analysis unless the proposed

flood pl ai n improvements al ter the sediment supply or transport capaci ty.

If historic 'bed profiles or field inspections indicate the system is

attempting to adjust to an equilibrium condition, an analysis should be

completed to determine what equilibrium condition is being sought and how any

proposed flood plain improvements might cause an alteration in the equilibrium

adjustment. The results of this analysis can then be incorporated into the

project design .
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SincE! the analysis is utilized to evaluate long-term conditions, the

appropriat2 discharge for calculation purposes is the dominant discharge,

which is that discharge ~redominantly responsible fer channel characteristics.

The domi nant di scharge is typi cally bet~...een a t·....o- and a fi ve-year e'/ent for

perennial channels, and a five- and a ten-yeor even~ for epnemeral channels.

Often the domi nant di scharge is equal to the bankfull c!i scharge. Si nee

equilibrium slope calculations do not have much physical significance or

importance in the overbank area, bankfull discharge can be considered an upper

limit for equilibrium slope calculations.

The first and perhaps most critical step in an equilibrium slope analysis

is to determine the sediment supply from the upstream reach for the dominant

discharge. In the absence of actual sediment supply data (i .e. measured data

or analytically calculated watershed sediment yield), the sediment suppiy is

most eften evai uated from computati on of the transpo'rt capaci ty (see Secti on

5.3.6) of the upstream reach, under the assumotion that it is in equilibrium.

For natural, undisturbed channels andior 'Natefsheds, this is a reasonabie

assumpti on that can often be verifi ed th.rough exami nati on of hi s tori ca1 data

(such as profile analysis or aerial photographs). However, for disturbed

channels, e.g. in an urbanizing area, calculation of sediment supply is more

campi i cated. After urbani zati on, the transpo:"t capaci ty of the sel ected

supply reach does not necessarily reflect sediment supply. Since urbanization

ge!1er3.l1y reduces sediment supply, the calculated transport capacity will

typically be larger tnan the actual sediment SJppiy. Addi~ionally, if chan

nelization has occurred, the transport capacity of the existing channel may

not be similar to that for the channel that exi.sted in the natural, undis

turbed watershed. Therefore, to properly estabi is-li the sediment supply to

which the channel is adjusting, it may be necessary to look at historical con

ditions to est~mate the natural channel characteristics. The calculated

transport capacity of this chanr.el is then r'2duced to reflect the effects of

urbanization. The calculation is obviously subjective and relies on extensive

engineering judgment and experience.

After establishing the upstream sediment supply rate, the transport capa

city of the study reach is evaluated. The sediment transport capacity of the

study reach (or each subreach therein) is computed on the basis of the same

water di scharge (i. e., dam; nant di scharge) that was used for the assumed

equilibrium sedime:1t supply reach. If the calculated transport capacity dces

,- ~Il

:; • J ~



•

•

not equal the supply, the slope of tfle study reach is adj usted and the trans

port capacity re-evaluated. This procedure is continued until the resulting

sediment transport capacity equals the incoming supply, at It/hich point the

equilibrium slope will have been found. The equilibrium slope can be calcu

1ated for any number of reaches below the supply reach, not just the reach

immediately below. When conducting this calculation, it is important to

real ize that the appropriate sediment supply, or inflow, to any subsequent

reach is always the value computed from the supply reach.

An expedient way of determining hydraulic conditions necessary for eval

uation of sediment transport capacity is to assume that uniform flow prevails.

Manning's equation can then be used to calculate velocity, depth and top width

for a given channel slope. This can be done for any channel shape by trial

and error and can be adapted easi ly to hand-hel d programmabl e cal cul ators.

However, if significant backwater effects exist from a bridge or reservoir,

the hydraulic conditions should be computed assuming gradually varied flow.

The sel ecti on of the proper channel geometry is important in equil i bri urn

slope analysis. The sediment transport is proportional to some power of velo

city (usually between 3.5 and 4.5 for sand bed channels) and is directly pro

portional to the flow width. This makes the equilibrium slope very sensitive

to these parameters. The accurate determi nati on of area, wetted perimeter,

and top width as a function of depth are easy to develop and are usually suf

ficiently accurate below the bankfull level. Using power relationships, nor

mal depth can be determi ned di rectly. Developed channel secti ons are usually

trapezoidal and hydraulic conditions can be determined using hand-held

programmable calculators.

When assumption of a wide channel is reasonable-(i-e., width-to-depth

ratio greater than 10), calculation of the equilibrium slope is simplified to

a simple function of unit discharge. The equation is

•

10 2(2c+3b)
s = (~) 3(b-c) q 3(b-c)

qs

n 2(---)
1.49

5.75
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w~ere a, band c are the coefficients of ~he power r?ldtionship describ-
,
'"' r-

ing sediment transport (i .e., qs = a y~ V~, see Tables 5.6a and 5.Gb), n is

the Manning n, S is the slope in ft/ft, q is the unit wat2r discharge for

the reach under consideration, and qs is the unit sediment discrlarge for the

supply redch. The derivation of this equation is provided oy Simons, Li &

AssC'Ciates, Inc. (1982); however, the forJl of tllis equation is slightly dif

ferent due to the definition of the exponents in tne power relationship

describing sediment transport. Furthermore, Equation 5.11 should only De us~d

if the restrictions listed in TaDle 5.7 for Equction 5.3a (as used ~ith TaDles

5.6a and 5.60) are met. Utherwise, a set of regression coefficients specific

to the site under investigation should be developea.

For calculation of equilibrium slope in several r2aches Delo~ the s~pplj

reach, :he calculdtion simplifies even furtner if i'lanning's il, channel

geometry and total discharge (Q) are the Sdr:1e in each reach. rer tnis case,

the only variable is bed slope, Sex' This condition typically exists for

channel i zed condi ti ons ,,,,here channel geometry is constant and tilere is no tri

butary inflow. The equation is

s = Sex
(5.12 )

where x = (3/5) (2/3 C + 0) end Sex is the existing channel slope (ft/ft)

in a given reach. From this equction it can be qualitatively established that

the equilibrium slope will be less t:'an the existing slope \'ihen sediment

supply is less than transport capacity, i.e., an equilibriulD slope less than

the existing slope indicates a degradational conditi~n.

Results of equilibrium slope calculations are :used to predict long-t.erm

changes to the oed profile of ~ river system. These changes normally will not

occur as the result of a single flooa. ~sually, equilicrium slope cJnditions

'."ill evol ve in response to the occurr-=nce of many floo(1s over a peri ad of

time. There is no accurate way to predi ct how long it wi 11 take such slope

adjustments to occur. Large-scale, man-fl:ade changes to a river system may

induce -:i complete equilibrium response \'iit~in 10 to lUG years or even less,

while natural changes on an undisturbed river lilay require a I;]UCn longer ti!;le

frame, perhaps on the order of 100 to 1,000 years.

A further complicating factor in the atJplication of cquilibriu;il slope

ca1eul a ti ons focuses on the 1oca ti on of a poi ilt from '.-Ihi Ch the coIi1!Ju ted

5.76



•

•

•

equilibrium slope can pivot. If natural geologic controls such as rock

outcroppings or man-made grade control structures are present, these features

can serve as pi vat poi nts. For a gi ven ri ver reach wi th such control s, the

slope adjustment will always pivot about the downstream control point, such

that if the equilibrium slope is less than the existing slope, degradation

will occur, while if the inverse is true, aggradation will occur. Figure 5.19

illustrates how thi s wi 11 occur for the two cases of equi 1i bri um slope bei ng

both greater than and less than the existing bed slope.

Identification of pivot points is critical to equilibrium slope analysis

and relies heavily on engineering judgment and interpretation. For example,

at large horizontal distances from a pivot point, the vertical distance be

tween the existing bed slope and the equilibrium slope may become unrealistic.

In these cases the engineer must re-evaluate the selection of pivot points to

insure that no potenti al control poi nts have been mi ssed. If no control

poi nts can be located, the amount of long-term degradati on may be controll ed

by the channel bank hei ght. Unl ess a channel is formed through rock or

strongly cemen.ted materials, there is usually a maximum vertical height at

which a channel bank will no longer be stable. When this limit is reached,

bank sloughing will begin to occur which causes the channel to adjust horizon

tally rather-than through continued vertical cutting. As the channel widens,

the velocity of flow will decrease, resulting in a decrease in sediment trans

port capacity. This type of channel widening will continue until the trans

port capacity is brought into equilibrium with the sediment supply to the

reach.

In additi on to stabl e bank hei ghts bei ng a potenti al control for the

equilibrium slope, a check should also be made to determine if channel armor

ing will be a factor in limiting the amount of degradation to a value less

than that predicted by the equilibrium slope analysis. This may reveal that

armoring will arrest the vertical channel movement before the predicted

equilibrium slope can be attained.

Due to the complex interaction of variables that determine long-term

aggradation/degradation and the simpl ifying assumptions that must be made in

analyzi ng such long-term changes, the numeri cal resul ts from an equi 1i bri um

slope analysis must be carefully evaluated to ensure they are reasonable.

Overall, the results of this type of analysis can be very subjective and in

many cases may only be useful in a qualitative sense rather than quantitative.
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PIVOT
POINT

Saq >

In this case, the sediment supply exceeds the sediment transport
capacity of the reach. Under this condtticn, the bed slaDe ~ust

increase in order to increase the transport fate to match the
supply rate. The initial excess of sediment SJpply will cause
aggradation at the upstream end of the reac~l unti 1 the dovm
stream por~ion of the bed slope is steep encJgh to transport all
the incoming sedi~Ent.

PIVOT
( POINT

I
\
I

In this case, the incc~ing sediment supply is less than the
sediment transport capacity of the reach. This sediment deficit
vlill be satisfied by a removal of bed material l:hroush the reach
until the bed slope is flattened enough tc redJce the transport
capacity to the p~int that it matches t~e ~ncs~ing sediment supply.

Figure 5.19 Relationship between ecuilibfiu~ slope and
channel te~ contro1s.
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• A summary of the equilibrium slope procedure is presented as follows:

1. Select upstream equilibrium supply reach and obtain the following data:

a. channel geometry
b. channel slope
c. sediment size distribution
d. channel resistance (Manning's n)

2. Determine dominant discharge.

3. Divide the segment of the river system under analysis into separate
reaches of similar hydraultc characteristics and identify control points.

4. Obtain the same information as in Step 1 for each downstream reach that
is to be analyzed.

5. Select an appropriate sediment transport equation (i.e., from Table 5.5
if appl icable).

•

•

6. Establ ish the sediment supply proyi ded by the upstream supply reach.
This rate will be the sediment supply for all downstream reaches unless
significant tributary flow is encountered downstream of the supply reach.
If equilibrium conditions can be assumed in the supply reach, the sedi
ment supply will equal the transport capacity of the supply reach .

7. Compute the sediment transport rate for each of the downstream reaches by
varyi ng the slope through each reach unti 1 a transport rate is found
which matches the sediment supply. This establishes an equilibrium slope
for each reach.

8. Pivot equilibrium slopes about control points (if any were identified) to
determine long-term bed adjustment.

9. Check any degradation dimensions determined from Step 8 to see if the
maximum stable bank height or armoring will control the amount of bed
adjusbnent possible.

Example: Prior to the establishment of a strict flood plain management

program, residential development was allowed to encroach into the flood plain

of a desert wash located in a rural area of Arizona.

In order to resolve the flooding problem for this community, a levee/

channel ization project has been proposed. The channel improvements will con

sist of clearing vegetation from the exiting channel in order to lower the n

value to 0.025 as well as widening the channel to 200 ft.

An equilibrium slope analysis is to be performed to determine the long

term aggradation/degradation that may be induced by these channel improve

ments. The results of this analysis will be incorporated into the design of

the bank stabilization system for the proposed levee.
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1. A field inspection of the site indicated the wash had very unlTorm char
ac~eristi cs both up and downstream of the reach for proposed en anne1
improvements. Accardi ngly, the fall owi ng channel parameters were con
sidered representative of both the upstream sediment supply re~ch and the
existing downstream reach which is ta undergo channelization.

a.
b.
c.

.. c ..
e.
1:
I .

~xisting channel bottom width is approximately 150 ft.
Existing bed slope = 0.007 ft/ft.
050 (bed material) = 0.5 mm.
G (gradation coefficient) = 2.0.
Average channel depth is about 4 ft.
Existing channel n value was estimated at 0.04.

2. A hydrologic analysis of the upstream drainage area indicated the la-year
event has a peak discharge of 3,000 cfs. \~hen t~anning's Equation was
applied to the supply section channel geometry with a discharge of 3,000
cfs, the depth of now was found to be about 3 ft. Since this is within
a foot of being bankfull, 3,000 cfs was chosen as the dominant discharge.

3. The proposed channelization only extends along a 1,500-foot reach of the
'flash so the equilibrium slope analysis will be confined to this length.
S; nce the exi sting channel conditions and proposed channel improvements
are- uniform throughout this length, only one downstream reach 'Nill be
used for the analysis.

An "at-grade" soil cement road crossi ng was di scovered near the down
stream end of the study reach. It 'Has assumed thi s crossi ng waul d wi th
stand the 100-year design flood, therefore it was to be a stable control
point for the equilibrium slope analysis.

4. The existing channel c~nditions through the study reach are listed in
Step 1.

5. Referring to Tables 5.5 and 5.qa, it was determined that a ~ower rela
tionship of the form qs = a Yh D ye. would be the most efficient 'rlay to
analyze the sediment supply and transport capaci:ies through the reach.

From Table 5.6a, the following coefficients and exponents were obtained
using the data from Step 1;

a = 1. 48 x lO-:J

b = 0.0501

c = 4.31

Accordingly, the sediment transport equation is:

1 48 ·0-5 yO.OSOI y4.31q = -. X 1S - ' rl
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• 6. tvlanning's Equation was used to compute the velocity and hydraulic dept;,
for the upstream sediment supply sect; on. The foll owi ng parameters from
Step 1 were used:

n = 0.04

b = 150 ft

side slopes = 1:1

bed slope = 0.007
-

Q = 3,000 cfs

= 7.19 cfs

Total sediment supply = qs x average flow width

as the transport capaci ty of the

qs = 0.047 cf:/ft

= (0.047)(153)
f.,J

The calculation yields V = 6.40 fps
Yh = 3.00 ft

The sediment supply is now calculated
upstream supply section:

•
..

7. The transport capaci ty of" th_e improved channel reach wi 11 now be computed
with different bed slopes until one is found which will yield a transport
capacity equal to the incoming supply rate. The proposed channel param
eters are as follows:

n = 0.025

b = 200 ft

side slopes = 1:1

Using the dominant discharge of 3,000 cfs, Manning's Equation is first
used to calculate the velocity and hydraulic depth for substitution into
the sediment t~ansport equation. The calculations, which employ a
trial-and-error sequence, are summarized in the following table:
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7.65 0.098

5.60 0.026

3.91 0.033

6.00 0.035

204 19.99

205 7.18

205 6.77

Os
(cfs)

205 5.33

Flow
'tIidth
( ftl

qs
(C75/ ft)

'I
( fpsl

y,
Slope f1

( ft!f~) ( ftl

0.007 1.92

0.0025 2.61

0.003 2.47

0.00315 2.44

A slope of 0.00315 yields a transport rate of 7.18 cfs which is approxi
matelyequal to the incoming supply rate of 7.19 cfs. Accordingly, this
can be taken as the equilibrium slope.

8. By pi voti ng the equ i 1 i bri urn slope around the downstream control poi nt
(soil cement road cressi ng j, it is determi ned that up to 5.8 feet of
degradation is possible at the upstream end of the channelized reach (see
Figure 5.20).

This long-te~ degradation should be added to any other anticipated ero
sion or scour to get a total toedown depth necessary to protect the levee
from IJndermining. Additionally, this long-term degradation may initiate
a heaccut upstream of the channel ized reach. For this reason, con
sideration should be given to placing a grade-control/drop structure at
the upstream end of the channel.

9. Backhoe pits were excavated to a depth of 8 feet at two locations in the
existing channel. No bed material was encountered of a size large enough
to form an armor layer. Accordingly, armoring will not limit the pre
dicted amount of long-term degradation.

5.3.8 Sediment Continuity Analysi~

Discussion - The sediment continuity principle applied to a given channel

reach states that the sediment inflow minus ~r.e sediment outflow equals the

time rate of change in sediment storage. ;'1at~ematically, this can be pre

sented as

dVol
Os - at

out
(5. 13)
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Figure 5.20. Existing and Equilibrium Slope Profiles
for Example Problem. .
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For a given discharge acting for a given time, the volume of sediment depos

ited or eroded in a channel reach is simply the difference between the

upstream sediment supply rate (Qs;n) and the channel sedim2nt transport rate
I •

(Qsout)· If the supply rate is greater than the transport rate, the reach is

depositional, while if transport is greater than supply, general scour will

occur. (The basic principle of the equilibrium slope analysis is no chenge in

volume, i.e., dVol/dt = 0 in Equation 5.10.)

The sediment continuity principle can be applied to analyze conditions

during a single discharge (e.g. peak discharge of a lOO-year flooc) or during

the hydrograph of a single flood. Either of these applications provides

information on the short-term erosion/sedimentation occuriing on d reach-by

reach basis.

Application - The first step in sediment continuity analysis is deline

ation of the study reach into a number of subreaches. Del ineation of sub

reaches is based on (1) physi cal characteri sti cs of the channel, such as top

width and slope, (Z) hydraulic parameters, such as depth and, particularly,

velocity, (3) bed-material sediment characteristics, (4) areas of particular

interest to study Objectives, such as bridges or locations of proposed channel

improve:nents, and (5) the desire to maintain reach lengths as uniform as

possible throughout the system. Items 1, 2 and 3 are generally selected to

provi de consi stency wi thi n the sub reach , so that representative average con

ditions may be determined. For example, consistency in top ··"idth and channel

length influence the utilization of sediment continuity results in evaluation

of vertical channel response. As discussed in Section 5.3.9, erosion/sedi

;nentation volumes from sediment continuity are often linearly distiibut2d

through the reach to determine vertical c~annel adjustments. Therefore, if an

upstream reach length is 2,500 fe.:t and the downstream reach is onlY 1,500

feet, the vertical adjust.TTIent of the channel bed responding tJ the imbalance

in sediment supply and transport capac; ty between reaches wi 11 be much di r
ferent from that had the downstream reach been dimensioned as 2,500 feet.

Furthermore, uniform channel lengths are important in maintaining the

integrity of sediment continuity analysis. Sediment continuity analysis does

not address the time or channel I ength that it takes for the di fference be

tween sediment supply and transport rate to achieve a balance. It is assumed

that a bal ance will be dchi eyed withi n the reach regardl ess of its 1ength.
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Thi sis not necessari ly correct. For exampl e, ina very short deposi ti onal

reach, particle settling times may not permit the calculated sedimentation tc

occur. For thi s reason it is recommended that reach 1engths be kept as uni

form as possible to avoid the introduction of an additional variable to the

analysis that could bias or otherwise create unrealistic results.
After subreach delineation, characteristic geometric and hydraulic

information must be developed for each sub reach for the discharge(s) under

consideration. This information may be computed manually through uniform flow

or gradually varied flow calculations, or through computer programs such as

HEC-2.· For example, if HEC-2 output data are available, the required velo

city, depth and top width data at various cross sections within the study

reach will be provided. Within a given sub reach these data can be averaged to

define values representative of conditions in that reach for the given

discharge.

After establishing representative hydraulic characteristics in each

subreach for the gi ven di scharge( s), the sediment transport capaci ty of each

subreach is calculated using an appropriate method (see Section 5.3.6). The

sediment continuity principle is then applied by comparing transport capacity

on a reach-by-reach basis, under the assumption that the sediment supply to

any given subreach is equal to the transport capacity of the adjacent upstream

reach. The compari son begi ns at the upstream end of the study reach by

designating the first sub reach as a supply reach, which initiates the calcula

tion in Sub reach 2.

Application of sediment continuity analysis to a flood hydrograph

requires discretizing the hydrograph into a series of discrete discharges, as

described in Section 3.5. The reach-by-reach comparison~is then completed for
each discharge and the total volume of erosion or deposition occurring in any

given reach during the flood is computed as YOLo = E (Q ~T) where VOL. is
1 s 1

the net vol ume change duri ng the flood for subreach i , Q is the excesss
transport capaci ty or supply in subreach for the gi ven di scharge (i. e.

supply minus transport capacity), and ~T is the time interval corresponding

to that discharge from the discretized hydrograph. It is important to note
that this procedure yields a net volume of erosion or deposition that occurs

in response to passage of the complete flood hydrograph, i.e., we are looking
at the net change in volume at the end of the hydrograph. There may be time

intervals within the hydrograph where the volume change for that specific
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interval would exceea the nGt volume change for tne en-:ire hydrosraph. This

is important to remember W:len IJsing the sedii,lent c(jntinu~ty !JroceGure to cum

pute general scour, since an 2.i1alysis of net changes a"t the. end of a

hydrograph may under-estimate a :iansitory scour conaition that might Gcc~r

during a critical time interval '",ithin the hydragraph.

Te expedite the calculation procedure when evaluating several hjdro

graphs, the following analysis ::;rocedure is suggested. First, identify fi'Je

to ten discharges adequate to spa;, t~le discharge nnge of all hydY·ographs.

After computing the average hydraulic charac~eristics in each s~breacn for

each di scharge, cornpu te the correspondi ng sedi"lent transport capaci ti es.

Then, for each subreach, develop a rei a"ti 0nshi p of the form Q
s

= a Qb ,·,her2

Os is the sediment transport capacity in cfs, ~ is the Itater uischarse in

cfs, and a and b are regression coefficients. ihe analysis of tile aiscre

tized hydrograpl1s then proceeds as outlined clDove, 'I'Iith trle sediment transpori:.

capacity for any given .discharge in any given reacn obtainec by using the

appropriate regression relationship.

It is important to note tifat the sediment continuitj analysis described

here; n is based on t:,e assumpti en of ri gi d-boundary condi ti ons. ror exalilp 1e,

during evaluation of a flood hydrograpil, the cflannel i]eometry is assu:i1e,j to

remai n unchanged throughout the flood. A more accurate ana ysi s techni que is

to update the channel cross sections for each discharge level of the flood to

account for the ccmputed erosion/seaimentation changes. This conce:Jt is

referred to as quasi-dynar.1ic rout-ing, and is the basis of '-,evel III analysis

'Hhere computer models such as HEC-2SR are appiied. liowever, for many prac

tical engineering analysis and design problems the application of tlle sedir.1ent

continuity procedure is adequate and more cost effici~nt.

Example - As part of a channel stability stc;dy of tne ,J,gua Fria Rive,

near Phoenix, Arizona, a sediiilent continuitj analysis Ivas conducted for tne

peak discharge of the 10- and lUO-year floods. This application of "tile sedi

ment conti nui ty procedure provi ded i nsi ght to the short-term response of t:1e

channel. The approximate 30-lili 1e study reach 'I'Ias di 'Ii ded i n\:O 10 reaches.

Average hydraul i c and geomeui c characteri s t~ cs for tne 10 redChes ','Iere estab

1 ished from H~C-2 analysis. For tile 10-ye3r flood peak tJle Iilain channel veio

ci ti es ranged from 5 to 7 feet }Jer S2':ond (fps) and for the 100-year, 7 to 10

fps. Sediment transport capacity \'Ias estimated by the j·ieyer-Peter, rll.lller

5.86



• bed-load equati on in combi nati on with the Ei nstei il suspended load procedure.

Reach 1 ivas uti 1 i zed as the supply reach from whi ch the sediment conti nui ty

calculation began. Table 5.12_ gives the results from the analysis and

indicates the general scour/deposition condition of each reach.

5.3.9 Quantification of Vertical and Horizontal Channel Respons~

Discussion - Sediment continuity results provide the rate and/or volume
of erosion/sedimentation expected in each subreach. ~10re meaningful resul ts

are obtai ned when these val ues are converted to represent verti cal and/or

horizontal changes in each subreach. Using the definitions established in

Section 5.1.2, sediment continuity results from a single flood would be useful

in quantifying general scour/deposition or short-term lateral migration.

•
Application - In the absence of significant controls the erosion/sedi

mentation amounts can be assumed uniformly distributed in the streamwise

direction for any given subreach. If the cross-streamwise distribution is

also assumed uniform, the~ with knowledge of the reach length and by assuming

a representative channel width, typically top width, the uniform depth of ver

tical adjustment can be evaluated. As an alternative, ttle cross-streamwise

di stri buti on can be done accordi ng to flow conveyance; however, thi scan

become a tedious calculation by hand calculator.

In making the distribution, the computed sediment volumes must be

corrected for porosity. The sediment transport equations used in the sediment

continuity analysis give answers in unbulked volumes per unit time. A poro

sity factor must be applied to these values to accurately represent the volume

changes that will occur in the channel bed. For sand-b~d channels, a typical
porosity of n = 0.4 can be assumed. The unbulked sediment volumes computed

by the transport equations are then corrected as follows:

VsV =t 1-n (5.14)

where Vt is the bulked sediment volume, Vs is the sediment volume computed

by transport equations, and n is the porosity.

Evaluation of lateral migration amounts is more difficult and not as sub

jective to a rigorous analysis procedure as are vertical adjustments. The two

~ basic mechanisms of lateral migration can be related to erosion/sedimentation
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Table 5.12. Snort-Term General Scour/Deposition Response..

\- ( ------
10O-Year

Reach " - Os (cfs) ~Qs (C7S) ResponseKesponse

1 379

Near
2 112 -7 Equil ibriuiil 254 +125 Deposition

3 187 -75 Scour 446 -192 S-cur

4 122 +65 Deposition 541 -95 Scour

5 158 -35 Scour 581 -40 Scour

6 131 +27 Deposition 538 +43 Deposition

7 168 -37 Scour 676 -138 Sccur

8 81 +87 Deposition I1 r - "'"211 Deposition"",00

9 80 +1 Equil i bri um 446 +19 Near
Equilibrium

10 106 -26 Scour 492 -46 Scour

Os is sediment transport rate, ~Qs is general scour (-)/deposition (+)
rates of the flood peak.
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trends in the channel. The fi rst mechani sm, associ ated wi th channel reaches

of large wid (width/depth) ratio where significant sedimentation is

occurring, is that which promotes bank instability and lateral migration as a

result of increased velocities and shear stresses along the banks as the local

energy gradient increases. The second mechanism, associated with channel

reaches of small wid ratio, typically in an erosional mode, is that which

causes increased bank instability from bank failures as a result of develop

ment of a narrow, deep channel with steep banks.

There are several variations of the,first mechanism involving channels

where significant sedimentation is occurring. If sedimentation occurs as iso

lated sand and gravel bars, the local energy gradient increases due to higher

flow velocities that result from a reduction in effective channel area.

Additionally, relatively stable sand and gravel bar deposits deflect the flow

towards the more erodible banklines. Consequently, severe localized bank

fail ures may occur. However, if deposi ti on occurs more uniformly across the

channel, the local energy gradient downstream of the deposition increases due

to highe: velocities resulting from an increase in channel slope. The absence

of current deflection and the more gradual increase in velocities results in

less severe bank erosion, but erosion takes place over longer distances.

Under either situation, quantifying lateral migration amounts from sediment

continuity calculations is difficult. Generally, in these types of reaches

the assessment of lateral migration potential must be made from qualitative

analysis such as historical evidence, meander scars, meander width, geomorphic

relationships, etc.

There are also variations of the second mechanism involving a typically

erosional reach of the channel. The mode of bank failure as the channel deep

ens depends on bank material composition. In a channel with predominately

clay banks, failure may be by sloughing due to undercutting by low-flow dis

charges. In a stratified bank with lenses of erodible material, enough of

this material may be removed that the block of bank material above tilts down

ward, opening a vertical tension crack. Ultimately the bank fail s in large

blocks. Piping can also promote bank failure in a stratified bank. Quantify

ing lateral migration amounts for erosional reaches is easier than for reaches

where sedimentation is occurring. The volume of erosion computed from sedi

ment conti nui ty analysi s can be assumed to come enti rely from the channel

banks or can be distributed between bed and banks. However, since it is dif-
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ficult to establish the distribution, and since the direction of lateral

migration is not knewn ,viti) certainty, it is 30nletimes dppro~riate to assume

the requir2d volume first comes entirely frOln one bank and therl the other.

The exception to this procedure is ~hen controls inhibit movement in a given

direction. Additionally, it may be possible that the entire volume could come

from a single location on one bank, for example, a short-radius bend in rela

tively erodible material.

In both mechanisms of lateral mi9ra~ion, development of saturated Danks

above the water line can increase bank erosion through local mass 'Ncsting.

Sa tura ted bank s may develop du ri ng the ri s i n9 stage of a flood, du ri ng wi: i c h

flow moves into the bank from the ri ver, promoti ng increased bank stabi 1 i ty,

particularly in the saturated condition. Flow may also occur from the bank to

the river due to a groundwater table that is hi sher than the river st3ge.

This condition could develop during a wet period as water draining from the

watershed saturates the flood plain to a level higher than normal.

Example - A preliminary design for a se'Ner line in the City of Globe,

Arizona, proposed an alignment that followed the ?inai Creek channel for

approximately 3 mi 1es. To eval uate the adequacy of the proposed 6-foot

burial, an erosion/sedimentation study 'Has conducted. The s::Jdy included

application of the sediment continuity concept to estimate erosion/sedimenta

tion volumes, and then the conversion of these volumes to general scour!aepo

sition estimates.

The analysis was conducted for the lOO-year flood (peak discnarge 19,500

cfs). Fo~ simplicity, the hydrograpil was discretized into three aisc~arge

levels: one peak and two medium flm'is. The study reach was divided into

eight sub reaches and, frem a HEC-2 analysis, the average hydraulic conditions

for each reach 'Here cetermi ned. Sediment ttansport rates for each of the

reaches for all three di scharges were then cal cul ated, and the seaiment con

tinuity equation (Equation 5.13) applied bet~een reaches to estimate the

erosion/sedimentation for each reach. The depth of general scour/deposition

was then determined by uniformly distributing the calculat~d volumes in each

reach. Tabl e 5.13 presents the resul ts and i ndi cates as much as 9 feet of
...~~. --~ -- '" ;- ..

general scour is possible; therefore, the 6-foot burial depth was not con-
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Table 5.13. Sediment Continuity Results.

(lOO-Year Flood)

Average
Potenti al

Sed Level Change

Reach (feet)

1 + 4.8

2 + 8.3

3 - 9.4

• 4 + 1. 2

- 5.95

6 - 0.5

7 - 4.3

8 Supply Reach

•
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sidered adec;uat~ unless SOfTIe type of channelization or grade ccntr:)l \.;as to be

implemented in ~each 3.

5.3.10 Loca~ Scour Concepts

Oi sCl.!-ssion - Local scour is observed whenever an abrL;pt change in the

direction of flow occurs, such as at bridge piers or embankments. For

example, local scour at bridge piers is a resul t of vortex systems developed

at the pi er. Local scour occurs when the capaci ty of the flow to remove or

transport the bed materials is greater than the rate a-:: which replacement

materia: is st.:pplied.

During a. flood, an equilibrium condition be t','ie en sediment supply and

transport capaci ty at a scour hol e may never become establ i shed. Ouri ng the

rising limb of the hydrograph scour occurs and endangers the hydraulic struc

ture. After the peak has passed (during the falling lir.1o), the scour hole

refill s as sediments drop out 'Hith the lower flows. Therefore, the criti cal

time for structural stability during the storm is near the peak flow (see

Fi qure 5.21). Soundi ngs made of scour hOi es after the storm do not i ndi cate
- ... -%,_- ~..... -~-' •

the potentially dangerous situation that might have existed during the storm.

The depth of scour also varies with time depending upon the presence or

absence of bed forms. The t~me requi red for dune or anti dune moti on is much

1arger than the time required for local scour. Thus, even with steady-state

conditions, the depth of scour is likely to fluctuate with time when there are

dunes or antidunes traveling on the channel bed. The depth of the scour hole

is more variable with larger bed forms. \inen the crest of the dune or anti

dune reaches the local scour area, t~e transport rate into the hole increases,

the scour hole fills and the scour depth temporarily~ecreases. When a trough

approaches, there is a smaller sediment supply and the scour depth increases

to try to re-establish equilibril.lm in sediment transport rates. A mean scour

depth between these oscillations is referred to as equilibrium scour depth.

Application - A number of formulas are available for predicting local

scour around bri dge pi ers. Revi e't'i of these formul as i ndi cates that each is

based on those factors that seem most important in evaluating local scour at

bridge piers; however, most of these formulas are based primarily on model

stUdy data in sand-bed laboratory flumes with little or no field verification.

Therefore, it is generaily advisable to utilize several formulas to insure a
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Figure 5.21. Temporal change of scour hole
depth during a storm (typical) .
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reasonably accurate estimate. Several of these formulas have been found to be

particularly successful based on previous experience. A relationship for

square-nosed piers presented by Richardson, et al. (1975) is

'7 b 0.65
~-zs P 0 43-,-(- = 2.2 (y) Fr . (5.15a)

and for a group of circular cylinders

o ~,-

tiL 1..~ b'0:)

-y- - 2.0 (/) FrO. 43
(5.15b)

bp is the pi er

is the upst:,eam depth of flQ',~, and

where tiZ u is the equilibrium depth of the scour hole,
~s

width (normal to the flow direction), Y

Fr is tne upstream Froude number (Fr = V/Igy with V the upstream velocity

and 9 the acceleration of gravity).

The equations by Shen et al. (1966, 1969) for circular ~iers are

n7 = 0.00073 ROp.619
'- 2.S (5.16a)

and

r::.Z
i.S _ .....2

-,-- 1l.O r',DDp
for (5.16b)

for (5.16c)

respectively, where Rp is the pier Reynolds numb?r (V b?/v), V is the

mean velocity of the undisturbed flow, bp is the 'ffidth of pier projected on

a plane normal to the undisturbed flow, v is the kinematic viscosity, and

Fip (pier Froude number) is VI/gop'

The shape of the pi er is a very si gni fi cant parameter wi th respect to

scour depth because it refl ects the strength of the horseshOe vortex at the

base of the pier. A blunt-nose pier causes the deepest scour. Streaml ining

the front end of the pi er reduces the st;ength of the horseshoe vortex, thus

reduci ng the scour. Streaml i ni ng the downstream e:1d of pi ers reduces the

strength of 'l'iake vorti ces. Common shapes of pi ers are shown in .Fi..9~!e. 5.22.

The scour depth generally decreases as a consequer.ce of streaml i ni ng , while
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•

Figure 5.22. Common pier shapes.
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sKewed pier alignment (pier not parailei .... ith flow direction) will create

deeper scour ho·les. Tile reduction due to strea.ml ining can be estimated from

Table 5.14, while the increase due to skew can be determined from rigure 5.23---_._._...

(Factor K
aL

). ,~s previously ii1d~cated, the maximum s~our depth can be con-

siderably greater than the equilibrium scour depth cue to dune bed forms.

Richardson, e! al. (1975) suggest that scour depths can be up to 30 percent

greater as a consequence of bed forms. Therefore, when dune or anti dune bed

forms are possible, a safety factor of 1.3 is recommended, unless the magni

tude of the dune or antidune bed forms is calculated as ~ separate component.

Another important local scour zone at a bri age crossi ng occurs at the

abutrnents. Detai 1ed studi es of scour ar::hJnd embankments have been made only

in laboratories. For example, Lill, et al. (1961) investigated scour around

vertical wall embankments for subcritical flow in a rectangular laboratory

flume with sand-bed conditions and found

~z 0.4T = 2.15 (.r) (5.17a)

'Nhere Y is the upstr8am normal flol" depth, a is the embankment length

(measured normal to the wall of the flume in the model studies), and Fr is

the upstream Froude number (us; ng the upstream normal flow depth as i ength

dimension). liu, et a1. also presented limited data for spill-through embank

ments, where a spill-through embankment has sloping sides (i .e. the more com

monly constructed earthen embankment). Analysis of the data presented

suggests the equation

~ZLS 0.4 0 13
-Y- = 1.1 (~) Fr'¥ (5.17b)

Ri chardson et al.,
embankments where

(1975)

aly

suggest that Equation 5.17b be applied only

is 1ess than 25. ror embankments where aly

for

is

greater than 25, the equation

~Z'is _ 4 FrO. 33
-v-,- - (5.18 )

is recommended. Thi s eqllati on was developed froln fi e1d measuremt:nt of embank

ment scour at rock dikes on the l1ississiopi River. It is worthwhile to note

that embankment scour equations are also useful for estimating local scour at

bank protection, spur dikes and jetties.
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Table 5.14. Reduction Factors When Applying Formulas

for Square Nose Piers to Other Shapes
(assuming equal projected widths of piers).

Type of Pier Reduction Factor

Squal~e nose 1.0

Cylinder 0.9

Round nose 0.9

Sharp nose 0.8

• Group of cylinders 0.9

• 5.97
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Ang:e of Attack
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Figure 5.23. Scour increase factor, KaL , with flow

(from Lauren and Toch, 1956).
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Une of the difficulties in applying Equations 5.17b and 5.18 is defini

tion of "embankment length." I'lodel study investigations considered only short

embankment 1engths in smaa th, rectangul ar fl umes. In prototype s i tuat ions,

the embankments may span 1arge di stances across the overbank of d wi de flood

plain while stopping sllOrt of, or just slightly protruding into, the main

channel. Due to the normally 1arge di fference in hydraul i c characteri sti cs

between main channel and overbank flow, caution must be exercised in defining

the embankment length for such cases. Figure 5.24 illustrates a recommended

embankment 1ength defi ni ti on for di fferent cases that may be encountered out

side the realm of a rectangular laboratory flume. For Case 2 of Figure 5.24,

the engineer should compute embankment scour using main channel hydraulics

with the value of a1 ' and compare this result to ttlat obtained using over-

bank hydraulics with the value for a
2

. The larger of these t"vo scour depths

would be the recommended design value. Due to the sensitivity of equations

5.17a, 5.17b, and 5.18 to embankment length, engineering judgr.1ent should

always De applied.

Another diffi culty common to any scour cal cul ati on is the defi ni ti on of

the base level, and its relation to both flow depths and scour depths. In a

nonprismatic natural channel, the upstream normal depth (Y) is generally

defined by the hydraulic depth (Y h) for purposes of scour calculations, while

the computed scour amounts are referenced to the thalweg elevation. If dunes

exist, the upstream normal depth WOUld generally be referenced near the top of

the dunes (i n cons i derati on of effecti ve flow area), whil e the scour amounts

shoul d be referenced to the bottom of the dunes. I n the presence of degrada

tion and/or general scour, the ultimate bed invert elevation should first be

established for these scour components, from which local scour depths are tllen

referenced.

Once the scour depth is accurately established, the lateral extent of the

scour hol e is nearly a1 ways determi nabl e from the depth of scour and the

natura1 angl e of repose of the bed materi a1. A safety faGtor of 2 shoul d be

applied to the lateral scour hole dimension to account for nonuniform flow

condi ti ons. Thi s can be accompl i shed by di vi di ng the angl e of repose by 2 and

using the resulting angle to define the sides of the scour hole.

Example - The design of two bridge crossings on the Canaaa del Oro \~ash

near Tucson, Ari zona, requi red the eva1L1ati on of 1oca1 scour around the ori dge
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CASE 1
Overbank Levee

Upstream depth of flow,
Y, and Froude number
should be based on hyd-·
raulic conditions for right
overbank flow.

/
I
f
I
(

\\ (. a-

\
\\
\I J{ I

J
0 I-J
Ll.

f
I

~ Main .1
Channel I

Left I Right
Overbank Overbank

C,;SE 2
Bridge Embankment

-:Upstream depth of flow,
Y, and Froude number.
should be based on hyd

....-1Jlio........~ll.A.......Ilo..oi'l......l-----t.-.i~..........._--~~- ra ul ic co ndi ti ons fa r mai n

channel flow when using
--l.~--':~':"-~-l------t--"-a1 and 0 verbank flow

when using a2' A
comparison of scour
calcula tions using these
two definitions of
embankment length is
recommended.

Figure 5.24. Definition sketch of embankment length 11...,11
a .

5.100



• piers. Each bent consists of four piers, aligned parallel to the flo\ll (i .e.,

no skew), and each pi er was a concrete cyl i nder three feet in di ameter. The

design conditions are stated as follows:

Q
100

= 33,000 cfs

Y (average depth of flow) = 6.0 feet

V (average velocity) = 18.2 fps

A revi ew of hi stori cal photos taken duri ng flood stage at other bri dge

1ocati ons on the Canada del Oro i ndi cates that two addi ti ona 1 feet of debri s

bui 1dup beyond the normal pi er wi dth coul d be expected during a 100-year

event. Accordingly, the effective pier width was set as follows:

bp = pier diameter + 2 = 3 + 2 = 5

Local scour was computed with Equations 5.15b, 5.l6a and 5.16b. The com-

putations are shown as follows:

• Y

b 0.65
Equation 5.15b: t:.Z9..S = 2.0 Y (-r-) FrO.

43

and bp are given above.

Fr = _V_ =__18.2 = 1.31
·lgy /32.2 x 6.0

Substituting in Equation 5.15b:

t:.Z9..S = 2.0 (6.0) {6~0)0.65 (1.31)0.43 = 12.0 feet

where

Equation 5.16a:

Vb
R =_2-
p v

= 0.00073 RO. 619
P

with an assumed water temperature of 70°F, v = 1.059 x 10- 5 ft2/sec,

therefore, R =
P

(18.2)(5)

1.059 x 10-5 = 8.5 x 106

•
Substituting in Equation 5.16a,
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= 14.2 T29t

Equati.-~ 5.~6b: T' e pier Froude number, Fr, must first be calculatedp
to determine which ferm cf ~quation 5.16b snould be used:

= 1.4318.2

1"32.2 x 5

v
I<i""D- p

- ---- - ----

Since Fr > 0.2, the following equation is used:
p

= 3.4 b FrO. 67
p p

= (3.4)(5)(1.43)°·67 = 21.6 feet

A summary of the calculation is ;:Jresented as fall O\~s :

Eq. 5.15b Eq. S.16a Eq. 5.l6b

Average = 15.9 ft

Local equilibrium
scour depth

12.0 ft 14.2 ft 21 ,.. .....
_.0 r i.

Considering the average of the three calculations, 16 feet of local scour

could be expected during the design flow. HQ',~ever, because of the similarity

of two of the three estimates, it is reasonable to assume that the equilibrium

scour depth will probably be less than ~6 feet.

5.3.11 Contraction Scour

Oicussion - Contraction scour '....as defined in Section 5.1.2 as a special

case of general scour. Scour at a contracti on occurs because the fl ow area

becomes smaller than the normal channel and the average velocity and bed shear

stress increase, hence there is an increase in stream power {.V) at the con

tracti on and more bed materi a1 is transported through the contracted secti on

than is transported into the section. As the bed level is lowered, velocity

decreases, shear stress decreases and equilibrium is restored when the trans

port rate of sediment through the contracted section is equal to the incoming

rate.
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• Application - Evaluation of contraction scour is by application of the

sediment continuity principle for conditions after equilibrium has been

achieved. That is,

(5.19)

(5.20)

where OS1 is the sediment transport capacity at the upstream secti on and

OS2 is the value at the contraction. "'hen the sediment transport capacity is

expressed in the form of power functions (e.g. as given in Tables 5.6a, 5.6b

and 5.7), the relationship is

b c . b c
a VI VI "'1 = a V2 V2 "'2

Through manipulation and simplification of this equation, a relationship for

the flow depth Y2 (after equilibrium is established) can be derived as

qs 1

Vz (_2) b-c
=

c
a q2

• where

w·_ 1
(where yb Vc )qs - W qs qs = a 1

2 2 1 1
1

and

\~1

q2 = - q
"'2 1

(5.21)

(5.22)

(5.23)

The amount of general scour is then the difference between the pre-scour flow

depth and that value from Equation 5.21 after equilibrium had been achieved,

i . e. ,

(5.24)

5.103

is the original flow depthV'
2where IlZ gs is the general scour depth and

at the contraction.

I f the si te under i nves ti gati on has hydraul i c and sedi ment properti es

that fall outside of the limits listed in Tables 5.6a, 5.6b and 5.7, a set of

regression coefficients (a, b and c) should be developed for the specific

•



conditions at that site. For example, this r2gression analysis can be per

formed 'Jy using the Heyer-Peter, Hueller bed-load equation in combination \.;;t:1

the Einstein suspended-load methodology to compute the unit width bed-material

load transport rate for a range of discharges at the site under investigation.

Each unit transport rate is then regressed against the corresponding velocity

and depth parameters for the given water discharges (e.g. as established from

HEC-2 results). ihe results of this regression analysis yield values for d,

band c (describing the equation qs = a Y~ Vc ) which Cdn then be used in

the above contractual scour analysis. As a less time consuming and less site

specific alternative to the regression analysis approach, the engineer may opt

to utilize the scour equations presented on payes 53 tnrough 62 of Sedimenta

ti on Engi need ng, ASCC: 1'1anua1s and Reports 011 Engi ne'2ri ng ?racti ce i~o. 54

(1975).

Example Construction of d Dridse I"ill result ill a reduction in cnanr:el

width from 320 to 240 feet. Water-sudace profile analysis rlith the bridge ill

pl ace establ i shed vel oci ty and depth in the reactJ upstrecll1 of the proposed

bridge as 3.6 fps and 10 feet, respectively, for a peak discharge of 27,500

cfs. Similarily, at the bridge site the velocity and depth were computed as

10.2 fps and 11.2 feet, respectively.

Consicering the bed-ll1aterial Characteristics, the appropriate el.lpirical

power relationship for sediment transport (Table 5.6a) is

Therefore, the unit sediment discharge upstream of the bridge is

= 3.45 x 10-6 (10)-0.693 (8.6)4.60

= O.OA cfs/ft

and at the bridge s1:e

= 32? U 014 ~
24U' tt

;: 0.019
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The unit water discharge at the bridge site is

_ 320 27,500,
q2 - 240 (320 J = 114.6

The flow depth at the bridge site after equilibrium is

1
y = ( 0.019 )-0.693-4.60
2 3.45xlO-6 (114.6)4.60

= 12.1 ft

The amount of scour is then

~z = 12.1 - 11.2 = 0.9 ftgs

5.3.12 Bend Scour

Discussion

The bends associated with meandering cflannels will induce transverse or

"secondary" currents which will scour sediment from ~l1e ouside of a bend dnd

cause it to be deposited along the inside of the bend. It is important to

note that thi s scour; ng mecllani Sin is caused by the spi ra1 pattern uf secondary

flow, and is not due to a shift of the maxirnum longitudinal velocity filament

against the outer bank. Channel bends \vill cause a shift in this velocity

filament, but through the bend tlle maximum longitudinal velocity is normally

moved nearer to the inside bank, whereas the shift to the outer bank occurs

downstream of the bend. It is at these downstream locations that the shift in

longitudinal velocity patterns \vill most likely cause lateral erosion of a

channel bank.

The discussion presented in this manual I'lill address the vertical scour

potential in a channel bend. A review of technical literature will reveal the

existance of several theoretical relationships thdt have been developed to

predi.ct the amount of scour through a ri ver bend. To date, there is no known

procedure which consistently yieldS an accurate prediction of bend scour

through a wide range of nydraulic and geometric conditions. based 011 the

assumption of constant stream power throuyh the channel bend, Zeller (1981)

developed the fOIl owi ng rel dti onshi p for estirnati ng the I~aximul:l scour COI;]

ponent resulting frOill channel curvature in sand-bed channels:
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o 8 . 2 a
6L- = 0.0685 YV' [2 1 (sln 2 )0.2 1 i

bs vO.4,,0.3 . cos a- - J
I h .:le

(5.25)

'where tiZbs = bend scour component of total scour depth (feet)

V = mean velocity of upstream flow (fps)

y = m~ximum depth of upstream flow (feet)

Yh = !lydraul ic depth of upstream flow (feet)

Se = upstream energy s10pe (bed slope for uni forr:l flow conditi ens,

feet/feet)

a = angle formed by the projection of the channel centerline from

the point of curvature to a point which meets a line tangent to

the outer bank of the channel (degrees, see Fiaure 5.25)
-'_.,,~-.

r'1athematically, it can be shmom that, for a simple circular curve, the

following relationship exists between a and the ratio of radius of curvature

to channel topwidth.

cos a
. 2(Ct)Sin -

2

(5.26 )

where rc = radi us of curvature to centerl i ne of channel (feet)

W = channel topwidth (feet)

If the bend under evaluation deviates significantly from a simple cir

cular curve, the engineer should consider dividing the bend into a series of

circular curves and analyzing the bend as a compound,~urve. Under this proce

dure, there \'I'ould be a different value of a determined for each segment

of the compund curve. A scour depth 'Houl d then be c:)mputed for each segrr.ent

of the curve usi ng the a determi ned for that segment.

Application

Equation 5.25 can be applied to natural river bends to get an approxi

mation of the scour depth that can be expected in the bend during a speclrlc

water discharge. The impact that other simultaneously occurring phenomena

such as sand 'Naves, local scour, long-term degradation, etc., might have on

bend scour is not known for certain. In order that the maximum scour in a
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bend not be underestimated, it is recommended that bend scour be considered as

ail independent channel adjustment that shaul d be added to those acjust;nents

computed for lcng-ter:n degradation, general scour, and sand wave troughs.

''''hether or not bend scour should be added on top of local scour ',.;ould depend

on the type of obstru~tion creating the local scour. ror isolated structures,

such as transmi ssi on towers, that waul d not appreci ably di srupt the secondary

flQW pattern responsible for bend scour, it would be recommended that bend

scour and local scour be computed separately and added together. For the case

of a series of armored spur dikes placed along the outside bank of d bend, the

spi ral flow pattern may be di srupted to the poi nt that 51 gnifi cant bend scour

would not occur. Engineering judgement \'Iould have to be exercised in such

cases I//hen computi ng the total verti c31 scour that mi gilt occur in the channel

bed.

The longitUdinal extent of the bend scour ccmponent is as difficul t to

quantify as the vertical extent. Rozovs:<i i (1961) developed an expression for

predicti~g the distance from the end of a bend at which the secondary currents

will have decayed to a negligible magnitude. This relationship is:

cX = 2.3 (-----) Y
rg

(5.27)

where X = distance f,om the end of channel curvature (point of tangency, P.T.)

to the downstream point at which secondary currents have dissipated

( feet)

C = chezy coefficient

9 = gravitational acceleration (32.2 feet/second 2)

Y = deotJ1 of flow (to be conservati ve, use maxjmum depth of fl o~y, excl u

sive of scour, within the bend) (feet)

Equation 5.27 should only 0e used as a guide in deter~ining the distance

downstream of a curve that secondary currents will continue to be effective in

producing bend scour. As a conservative estimate of the longitudinal extent

of bend scour, both through and downstream of the curve, the engineer would be

advised to consider bend scour commencing at the upstream point of curvature

(P.C.) and extending a distance X (computed with Equation 5.27) downstream of

the point of tangency (P.T.) Engineering judgelnent should be used in electing

to deviate from this generalized recommendation.
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• Example

Proposed channel iin;:>rov2ll1ents Ofl a river syste:n include tile installation

of soil-cement on the channel banks to prevent odnk erosion. The river reach

where these improvements are to be installed includes d channel bend which has

the following hydraulic data:

Y = 9.39' Se 0.0013 ftlft

V = 12.62 fps a = 24°

Yh = 9.18' n = 0.025

In order to prevent undermining of the soil cement bank protection, it is

desired to extend the soil-cement a certain distance beloy! the natural channel

bed. This toe-dOrm depth will include allowances for long-term degradatil)fl,

general scour, sand wave troughs dnd bend scour. The maximum bend scour com

ponent of the toe-down depth is computed as follows:

0.2

0.0685 YVO. 8 . 2 .;=
t:>Z = [2.1 ( Sl n L) -1 Jbs yO.4S 0.3 cos a

• h e

. ') 0 0.2
0.0685 (9.39) (12.62)°·8

t:>Z = c Z. 1 (sln-lL,) -1
Ds (9.18)°·4(0.0013)0.3 cos 24

t:>Z = 2.09 feet (use 2.1 feet)
bs

This dimension (2.1 ft) will be added to any other cOl11puted vertical bed

adjustments (general scour, sand wave troughs, etc.) for. the curved porti on of

the channel. The distance downstream of the curve to which the bend scour

component will be applied, is computed using Equation 5.27.

x = 2.3 (_c_) y
. rg

where C = 1.486 R1/6
n

•
For trle design flow, the hydraulic radius, K, was aetenlined to oe ~.03

feet. Accordingly, C is COlilputeJ as follows:
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c = 1.486 (9 03)1/6
0.025 .

C = 85.77

Substituting into Equat~on 5.27:

x = 2.3 ( 85.77) (9.18)
I 32~

x :: 319 feet

iher~fore, the bend scour component (2.1 feet) will De applied to the

soil-cement toe-down depth through the entire curve and for 319 feet

downstream of the point cf tangency of the curve.

5.3.13 Eval uati on of Low-Fl ow Channel Inci sements

Discussion - When large width-depth ratios exist, ccnsideration should be

given to the development of low-flow channels. For example, a channel formed

predomi r.antly by a 5-year to lO-year flood wi 11 develop wi dth and depth

characteristics to carry this relatively large discharge in a hydraul ically

efficient manner; however, for smaller floods these channel dimensions may

resul tin a flow pattern approach; ng sheet flow condi t; ons. Rather than

carrying the flow in this manner, the channel will develop a low-flow channel

that -provi des more efri ci ent conveyance of the 10'11- flo'''' di scr.arges. The

development of a lmy-flow channel \'I'ill create entirely different hydraulic

condi ti ons than those occurri ng in the ori gi na1 channe 1 geometry, and l1lay

create bank instability from incisement. Therefore, it is important for the

engineer/designer to anticipate the potential for lo~-flow channel incisement.

,d.ppl ication - There are no rigorous methodologies for the prediction of

low-flow channel incisement. A field inspection of the study area is probably

the best method to determi ne the potenti a1 for low flow cnanne1 i nci sement.

If the existing channel has developed a lew-flow channel, then it is appropri

ate to use the observed incisement depth for design purposes. If the existing

channel does not have low-flow incisement, but proposed channelization or

other changes result in conditions favorable for low-flow channel development,

then as a rule of thumb a reasonable incisement depth (6.Z~) is one to t',~o
I

feet. The incisernent depth should be added to any other vertical channel
"
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adjustment that is used to determine the burial depth of piers, pipelines,

bank stabilization, etc.

5.3.14 Evaluation of Gravel Mining Impacts

Discussion Common gravel mlnlng practices in arid areas include

instream mining, flood-plain mining and terrace mining. Instream and flood

plain mining activities have potential impacts on the river response and

require adequate hydraulic, erosion and sedimentation analyses to develop an

acceptable mining plan. For example, sand and gravel mining may affect the

sediment movement and supply in a channel . system. Such operations can be

beneficial or detrimental, depending on watershed and river characteristics

and on the mining and management practices followed.

Excessive sand and gravel removal from a river channel (removal greater

than supply in any given reach) can endanger the stability of the river system

and bridges by inducing general scour and headcutting. For example, bridges

over the Salt, Gil a and Agua Fri a Ri vers have been endangered duri ng floods

due to significant bed erosion and/or lateral migration of channels. Sand and

gravel mining in the river channel has been identified as a contributor to

documented bridge instability and/or failure. Analysis of the effects of sand

and gravel mining on the stability of a river system and bridges is important,

and protection of the bridges may be required where the sand and gravel mining

is of significant magnitude.

On the flood pi ai n adj acent to the ri ver channel many of the same pro

cesses are at work; however, impacts are generally restricted to overbank

flooding conditions. Water and sediment transport rates over the flood plain

are generally reduced by the influence on resistance to flow of such

flood plain features as vegetation and structures. Just as headcutting above

instream gravel pits can endanger upstream bridges, erosion of flood plain

gravel pi ts caul d encroach on adj acent properti es or threaten nearby struc

tures. Of equal concern when flood flows spillover into a gravel pit is the

potential erosion of a dike or buffer zone designed to separate the pit from

the acti ve ri ver channel. A headcut and eros i on through such a bu ffer zone

could alter local river channel characteristics and transport rates, and

impact both upstream and downstream reaches. If the channel reach adjacent to

a flood plain gravel pit is geomorphically active, e.g., migrating laterally,
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t~e same result might occur if protective measures or an ade~uate buffer zone
are not provided during site development.

Appl ication - The extent of damage to the system that can resul t frem a

headcut induced by sand and gravel mining is a function of volume and depth of

the gravel pit, location of the pit, bed-material size, flood discharge, and

sediment inflow rates and volume. The presence of an instream gravel pit can

add energy to the system by i ncreasi ng the water-surface slope, or energy

slope, just upstream of the pit. The steeper slope has greater erosive power

and can initiate bank erosion and headcutting. These precesses can tip the
balance of sediment transport and induce degradation just upstream of the pit

and aggradation in the pit. When storm runoff impinges on the gravel pit the

energy slope, flow velocity and sediment transport capacity increase at the

upstream boundary of the gravel pi t and then attenuate in the gravel pit. In

response to the changes of sediment transport capacities at the pit boundary,

the channel i ni ti ates bank sl oughi ng and/or downcutti ng upstream of the pit.

Furthermore, since the velocity of flow through the pi~ is negligible compared

with both the flood-plain and main channel velocities, the pit will act as a

sediment trap. Due to this lowered velocity, water leaving the pit does not

have the capacity to carry sand- and gravel-sized material. This relatively

sediment-free water will flow back into the main channel downstream, and thus

the possibility of general scour due to the introduction of clearer water into

the main channel must be considered.

The length of time during which conditions are favorable for bank erosion

and headcutting depends or. the volume of the pit and on the inflow hydrcgraph.

For a low-flow event an instream pit will not fil1:-- or reach equilibrium as

soon as it will during a high-flow event. During a high-flow event the rising

1imb of the hydrograph rapi dly fi 11 s the pit '.vith 'Hater and drowns out the
effect of a steeper energy slope. This concept is illustrated in Figure 5.26

for representative low- and high-flow hydr:ographs. The crosshatching indi

cates the relative times required to fill a gravel pit to the level \'Ihere

channel hydraulics control the flow conditions.
For a gravel pit in the overbank, low flows are generally not of concern.

Flood flows will not be of concern until overbank flows occur. ~hile overbank

flows are filling a flood plain gravel pit, the safile potential exists for'

headcutting and erosion as with an instream pit; however, once the flood plain

pit is filled, it will constitute r~ly a pool or slack-water area on the flood
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Figure 5.26. Relative time for filling a gravel pit and reaching
equilibrium for a low and high flow event.
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plain. The central segment of the hydrograph, then, is critical to the st3.bi

lity of a flood plain pit. This concept is illustrated in Fiaure 5.27. in
._._..:Jtf-'''''- __ . __ .~. ..

whi ch the crosshatched area represents the ti me bet'IJeen overbank spi 11 into

the pit and final filling of the pit.

The scour and deposition problems associated with sand and gravel mining

are very complicated. Simplifying assumptions are needed to obtain a prac

tical and economical solution. The dominant physical processes include water

runoff, sediment transport, sediment routing by size fraction, degradation,

aggradation, and breaking and forming of the armor layer. These processes are

unsteady and complicated in nature. Furthermore, each situation is unique and

requires independent analysis. No standard proced~re can be adopted which is

universally applicable to all gravel mining evaluations. However, some typi

cal steps that might be required to analyze a headcut profile upstream of a

gravel pit would include:

1. Selection of a design hydrograph. Severalhydrographs may be evaluated
to determi ne the sensi ti'li ty of the gravel pi t to different si ze and
shapes of hydrographs.

2. Determine gradation of bed material.

3. Compute hydraul i c parameters (vel oci ty and depth) for a range of slope
values and the anticipated headcut geometry.

4. Determi ne un; t di scharge sediment transport rel at; onshi p representative
of the conditions identified in Steps 2 and 3.

5. Dimension pit geometry for beginning of flood conditions.

6. Select upstream sediment supply cross section and· develop transport
equation.

7. Route discretized hydrograph through sediment supply section and gravel
pit. Adjust bed profile upstream and downstream of the pit entrance at
the end of each time step to balance the volume of material eroded from
the upstream edge of the pit with the volume of material deposited within
the pit.

Exampl~ - An instream sand and gravel mlnlng operation just downstream of

the Oracle Highway Bridge over Rillito Creek in Tucson, Arizona, was analyzed.

The reach length studied was approximately two miles (river mile 4.00 to 6.1) l

with the bridge located at river mile 5.05. The gravel pit extended from mile

4.65 to 5.03. Assumed dimensions of the pit for analysis purposes were

10 feet deep by 400 feet wide by approximately 2,000 feet long. Upstream of
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Figure 5.27. Critical time for erosion of a floodplain gravel pit.
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the bridge the channel is 350 feet wide. Five cross sections were used within

the pit to define the geometric conditions.

The hydrograph used for testing was the two-year flood event with a peak

discharge of 7,000 cfs. The l8-hour duration was divided into six time steps

of three hours each. The changes occurring in the geometry of the upstrear.i

edge of the pit were defined at each of these time increments.

The inital condition was a dry river bed and an empty gravel pit (i .e.,

no water). Prior to filling the pit with water and sediment, a nermal depth

approximation was used, rather than the rlEC-2 analysis, to determine the

hydraulic conditions and sediment transport rate needed for the headcut pro

file calculations. After the pit filled witn water, i-lEC-2 analysis was used

to define the hydraulic conditions. The inflow occurring during the first

t:ime step (three hours) initiates the headcut by eroding the corner off the

upstream edge of the pit and depositing sediment in the bottom of the pit at

the upstream end (Figure 5.28). The slope of the headcut and deposited
""""-": .._----......

material is 0.050; however, a discontinuity of 2.40 feet exists. At time 5.20

hours the di sconti nui ty between the headcut and deposi ti on slope di sappears

and a continuous slope of 0.050 exists. The changes occurring throughout the

hydr-cgraph are illustrated in Figure 5.28. The pivot point actually shifted

upstr:am 18 feet, aithough the resol ut~ on on the fi gure does not ill ustrate

this. The calculated scour occurring at the bridge as a result of the headcut

was 4.7 feet at the end of the storm, which is consistent 'r'/ith actual soun

dings that indicated approximately five feet of general scour for this event.

5.3.15 Cumulative Channel Adjustment..
Discussion - The potential vertical adjustment :of the channel bed in any

given reach is deter.nined from consideration of all the possible incremental

adjustments. For example, it is possible that a given reach will be simulta

neously degradational while local scour and contractual scour are occurriilg at

the bi~idge crossings. In this situation the three erosion components would

have to be accounted for to establish the ultimate bed elevation.

Application - The cumulative channel adjust~ent at any given location is

the summation of six possible components:
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Figure 5.28. Definition sketch of the temporal changes
at the upstream edge of a gravel pit.
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AZ + ~Z + ~Z +- deg 1s 9s t:.Zt.ls +
,

0.L i + i ha (5.28 )

'dhere 6Z tJt is the :otdl vertical adjustiilent in oed elevation, uZ
deg

i:;

the change from long-1:er::l degradation (Section 5.3.9), D.Z,~ is t1e locitl
I;:,

scour depth (Section 5.3.10), ,\7 is any relevant 'jeneral scour depth
~gs

(e.g. Section 5.3.11 or 5.3.14), ~Zbs is the bend scour depth (Sec~ion

5.3.12), e:.Z i is the low-flow incisement deptn (Section 5.3.13), and n
a

1S

the antidune wave height (Section 4.6.2). As a conservative practice, any

long-term aggre.dation amount that might mitigate some elevation decrease is

~onnally not considered.

Due to the complex interaction that will occur 3.ii1ong tnese six phe:lomena,

it is perhaps impossible to accurately predict the total c.llTlulative bed

adjustment that mignt occur at a given location. The hydraulic paralileters

(velocity, depth, top width, etc.) that are used to Coplpute the dimension of

each phenomenon will constantly change as thi s i ntel"acti on proceeds; hm·,e'ler,

the parameters that are used in the calculations are normally based on rigid

bed conditions which give no consideration to cflanne1 geometry Chcin'jeS that

may be initiated as a resul t of the silnu1ta.neous occurrence of all or part of

the six phellorilena. Accordin~ly, the application of a factor of sdfetj to tile

total COlilputed vertical adjustll1ent (IlZ .. t) is very jUdgmental, i.e., no firm
\.0

value can be recommended. In deciding to apply a factor of safety to the COIII-

puted resu1 t, the engi neer shaul d consi der the magni tude of dalilage t}lat mi ght

accompany a design failure, the probabil ity or riSk tl1at such an even: 1I1ight

occur, the construction cost associated with applying a safety factor, and the

reliability of the data tllat were used in the channel adjust.'71ent calc 'jlations.

Depending upon the answer to such questions, typical safety factors \,";11 pro-
•bably range from 1.0 to 1.5.

Example - In the example of Section 3.3.9, a potential d2'jradation of 9

feet i'Jas cal cul ated for Reach 3 of the Pi na I Creek channel. For pur?oses of

illustration, assume a bridge crossing in this reacrl produces local scour at

the bridge piers of 12 feet and 0.5 feet of general scour through the contrac

tion. The channel is straignt throu9h this reach of Pinal Creek, therefor>2

bend scour is not applicao1e. Inadequate data exist to comput>2 low-flow chan

nel incisement, and therefore a value of one foot is aSSU:ilea. The potential

antidune height is calculated as 3.9 feet: . Tnerefor<:, tile total possible

scour at the bridge piers, considering d safety fac:or of 1.O, is
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• 9 + 12 + 0.5

= 24.5 ft

o + 1.0 + i (3.9)
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5.4 Level III Analysis

5.4.1 General----
As discussed in Section 2.4.4, Level III analysis involves application of

vari ous physi cal-process mathemati cal· model sand provi des. the most accurate

method of analysis. Physical-process models represent the system being

modeled by dividing it into the relevant components, or physical processes.

In comparison with regression-based models, where several controlling physical

processes may be lumped into one parameter or equation, physical-process

models uniquely consider the governing equations of each relevant physical

process. For example, a physical-process model for water routing ftom a

watershed would include equations describing interception losses, infiltration

rates, overland flow routing, and channel flow routing. The sophistication of

most physical-process models, particularly in terms of the number of physical

processes considered and the iterations performed in solution of various

equations, requires cOffiputer application for solution.

5.4.2 Application of Level III Analysis

The decision to conduct a Level III analysis is generally based on pro

ject objectives under the constraints of time and budget. For engineering

analysis of fluvial systems, the most common Level III analysis applied is the

evaluation of erosion/sedimentation using a moveable-bed model. Models devel

oped for this purpos'e include HEC-6 (U.S. Army COE),:HEC-2SR (Simons, Li &

Associates, Inc.) and others. With a moveable-bed model the channel geometry

is updated duri ng a gi ven flood si mul ati on to refl ect the eros i on/

sedimentation that has occurred. In contrast, the sediment continuity proce

dure (discussed in Section 5.3.6) is a simplification of this analysis where

the channel boundary is not updated. Generally, results of sediment con

ti nui ty tend to overpredi ct, provi di ng conservati ve eros i on/sedirnentati on

volumes. Therefore, the decision to conduct a Level III analysis might be

motivated by the desire or need for more accurate, refined results.

This need for more accurate results must be balanced by the time and

money available. As the analysis becomes more complicated, accounting for
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more factors, the level of effort necessary becomes proportionally larger. In

the analysis of fluvial systems no computer model can be treated as a black
box. Proper application of the model relies upon an understanding of how the

model operates and upon careful evaluation and interpretation of results. As

with any model, the computer is simply a tool to expedite tedious or multiple

calculations, and conclusions V'/i11 still rely on engineering judgment and

i nterpreta ti on.

Thi s concern ill ustrates the val ue of the three-1 evel analysi s approach,

where the results of Levels I and II provide insight a~d guidance tQ the Level

III analysis. The Level III analysis is never a substitute for Levels I and

II; rather, the results of all three levels complement each other and minimize

the risk of erroneous conclusions. To initiate analysis of a complicated

problem with a Level III approach prior to Levels I and II could not only pro

vide inccrrect solutions, but result in wasted time and effort.

As discussed in Section 5.3.6, for many practical engineering problems

the sediment continuity analysis of Level II is adequate, without incurring

the time or expense of a Level III analysis. In deciding if the Level II anal

ysis is adequate, each case 'Hill need to be evaluatec independently, weighing

the objectives of the project against the available time and budget.
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VI. CHANNEL DESIGN CRITERIA

6.1 General

Information presented in Chapters I to V provides the basic tools to con

duct a comprehensive engineering analysis of fluvial systelns. I'Jot all the

techniques and methodologies presented will De alJpl icable or necessary in

every situation encountered. Project objectives and scope will deterr.Jine trle

type of analysis and, level of sophistication necessary. Tl1rough proper selec

tion dnd application of the methudologies presented, the en~ineer or designer

. can complete a logical sequence of analyses that will provide a cOffiprehensive

understanding of the fluvial system and its response liIechanislns.

Such knowl edge of the fl uvi al system is useful in and of itself in order

to explain various historical events and/or to predict possible future con

ditions. Furthermore, and of equal importance, such knowledge ~vill establish

the design criteria for channelization, bridge design, bank revetment dnd

other structures located in the channel or flood plain. Information useful to

both major and minor engineering design tlas been presented in Chapters I to V.
i1ajor design is one where if failure occurred, loss of life is possible and/or

loss of property could be significant. For a minor design, lives are not in

jeopardy and the potential loss of property is relatively insignificant.

Major drainage design involves application of the more rigorous analysis pro

cedures that provide reasonable quantitative results. Conversely, minor

drainage design can often De completed using silnplified conce;:>ts, rules of

thumb, minifllum criteria, etc. The following sections briefly discuss sOlne of

the specific applications of information in Chapters I to V to both major and

minor engineering design work.

6.2 Bank/Levee Height

The total bank/levee height required will be the bank/levee height neces

sary to contain the design flood plus any freeboard. Tile minimulil guidelines

discussed in Section 4.6.5 (2.0 ft in rectangular, 2.5 ft in concrete trape

zoidal, riprap or soil cement channels, and 3.0 for earthen levees) provide a

means of checking the results of Equations 4.28a and 4.28b. These guidelines

are often adequate for direct application to minor structure design. For

major or minor designs with Froude numbers near one, an additional factor of

safety may be appropriate due to the potential for standing waves and other

flow instabilities, if such phenomena cannot be directly quantified.
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6.3 Bank/L~vee Toedown

Toedown is the distance bank re'/etment mus~ be t)uried to pr::'1ent under

mining as the bed elevation fluctuates. Equation 5.28 of Section 5.3.15 pro

vides the total cumulative channel adjust:nent possible from six components

(degradation, iocal scour, general scour, bend scour, 10'."1' riol'l incisement and

bed forms). Local conditions will establish which of these components must be

accounted for.

Selection of a safety factor is dependent upon acceptable risk, construc

tion costs, available data and sophistication of analysis, i.e. Level I, II or

III. As stated in Section 5.3.15, safety factors will probabiy range from 1.0

to 1.5. Due to the nature of sediment transport ca 1cui a ti ons and the impor

tance and expense of bank revetment, engineering judgment should a1'liays be

applied.

6.4 Lateral Migration

One important application of lateral migration analysis (Section 5.3.9)

in design work is for establishing a buffer zone for erosion and flooding in

which development woul d not be consi dered prudent. In thi s context, the

operational definition of the term "prudent" is related to the concepts of

hydroiogic uncertainty, that is, the acceptable degree of riSK established by

the r=turn period (recurrence inter'lal) of a hydrologic event. The National

Flood Insurance Program establ i shes as a precedent that when consi deri ng

hydrologic events in urban areas it ;s generally not considered an exercise of

sound judgment to accept a degree of ri sk any greater than that associ ated

wi th the lOO-year event. Wi th reference to the cal cui ated ri sk di agram

(Fiill.tr~ .:: l-~, using the lOG-year event as a basi:s for the definition of

"prudent" implies that there is a 90 percent certainty that the event will not

occur in a 10-year period and about 78 percent certainty that i t~ill not

occur in 25 years. Conversely, this means acceptance of a calculated risk of

10 percent ina lO-year peri od and 22 percent ina 25-year peri od if boun

daries of the buffer zone are based on the erosion and flooding potential of a

lOO-year flood. Asking a property O'o,mer to accept a greater risk than this

would not appear to be prudent.

While damages due to flooding are generally associated with a single,

short-term event, the impacts of erosion (la:eral migration) can also be cumu

lative over the long term. Consequently, one must assess the erosion poten-
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tial not only of a single event, such as a lOO-ye.3.r flood, but also the

cumulativ,= impact of a series of smaller flc·.... s. Cne a!Jproach to enluating

long-term erosion impacts is to develop a llrepresentat;ve:l annual storm and

the~ to extrapolate in time the effect of this storm. This concept is similar

to tIle practice in hydrology of adopting the two-year flood as being represen

tative of the annual event; however, for purposes of long-teriil erosion analy

sis the representative annual event can be more accurately defined by a proba

bi 1 i ty wei ghti n9 of the erosi on resul ti ng from several si ngi e storms (see

Section 3.4). \,~ith this approach the long-term analysis of o::rosion potential

accounts for the probabi 1i ty of occurrence of vari ous flooel events duri ng any

one year.

After establishing the representative annual storm for evaluating long

term erosion (lateral migration) potential, the duration in years defining the

"long teriTl" must be determined. For example, based on both the limitations of

the probability weighting approach and the single-event probability of

occurrence of a lOO-year flood in a 25-year period (22 percent), a reasonable

definition of the "long term" for an urban area .might be 25 years. Thus the

boundaries of an erosion and flooding buffer zone could represent the envelope

established by the reach-by-reach calculation of the erosion and flooding

pctential of either the lOO-year flood (short term) or ~he c'Jmulati';€ erosiorl

impact of a seri es of small er events over a 25-year peri od (long t2r:n) ,

whichever is greater.

The buffer zone is then plotted by consideration of the controll ing fac

tor (lOO-year flooding, 100-year erosion, or long-term erosion) for each cross

section used in the analysi s. The boundary of the buffer zone bet\'ieen cross

secti ons can be drawn as a SioJoot:, curve or as a seri es of tangent 1i nes that

can be easily referenced to ex i sti ng survey data and readily compared with

exi sti ng survey pl ats. The buffer zone so defi ned goes one step furtller than

the conventional lOa-year flood plain boundary by considering potential

changes in channel confi gurati on from 1ateral m; grati on. The se1 ecti on of

this definition of the buffer zone is s~pported by the legal and policy prece

dents of the National Flood Insurance Program, the short- and long-term degree

of risk associated with the laO-year return period event, and ~le accuracy of

the methodology used for estimating long-term erosion impacts [; .e. by

l~rniting the extrapolation to re~sonable length in t~me (e.g., 25 years)].

For detailed discussion of the methodology and its application the reader is

referred to Lagasse, et al. (1984).
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6.5 Grade-Control Structures

Grade-control structures are effective channel stabilization measures

that may be used singly or as an integral part of a stabilization plan

i nvol vi ng bed and bank revetment, etc. The primary functi on of a grade

control structure is to decrease the gradient of a channel to either create a

condition of equilibrium (sediment inflow equal to sediment outflow), or to

reduce the protection required from other stabilization measures. For

exampl e, a grade-control structure can be used to decrease the channel slope

so that smaller riprap can be used for stabil ization. If sufficient coarse

material exists in the natural alluvium, it may be possible to use grade

control structures to assi st in devel opi ng an armor 1ayer and avoi d the need

for all or part of the bed or bank revebnent.

Grade-control structures can range in compl exi ty from si mpl e rock ri prap

or soi l-cernent drop structures to 1arge concrete structures wi th baffl ed

aprons and stilling basins. For many applications in the Southwest a series

of smaller soil-cement drop structures may be more effective and economical

than a single concrete structure of larger dimensions.

The design of grade-control structures to create equilibrium conditions

is based on the equilibrium slope (Section 5.3.7). The design of grade

control structures to be used in combination with riprap is based on the inci

pient motion slope, as defined by the Shields relation (Section 5.3.4). After

establ i shi ng the requi red desi gn slope, the number and spaci ng of the struc

tures must be determined. The vertical height that must be controlled for a

given reach to achieve the required slope can be evaluated from

(6.1)

.'

where e.H is the total hei ght requl rl ng structural control wi thi n the reach,

So is the original channel slope, S is the estimated design slope, and e.x
is the length of channel to be controlled. The number of drop structures

required depends on the maximum allowable height of each structure (H ),
mdX

whi ch is a functi on of the type of structure uti 1i zed. Rul es of thumb for

conservative design are three feet for riprap drop structures and five feet

for soil cement. The number of structures required (N) to control the total

vertical height within a reach is
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N =~
Hmax

and the spacing L of the drop structures is

6.6 Common Bank Protection Methods

(6.2)

(6.3 )

Numerous types of bank protection are available, including '1egetaticn,

jcck ri prap (dumped, hand-placed, wi re-enel osed and grouted), soi 1 cement and

concrete, mattresses (concrete, br~ck, 'Hillow and asphalt), jacks and jetties,

dikes (rock-filled, earth-filled and timber), automobile bedies, and many

others. t1any pub1 i cati ons on channel stabi 1~ Bti on have been preparEd by

various government agencies and others detailing the design and application of

different techniques. It is not intended that an exhaustive coverage cf the

various channel stabilization measures ce made in this section, but rather to

briefly review those methods that are most appropriate to, and have proven

successful in, the Southwest. In particular the use of dumped rock riprap,

wire-enclosed riprap and soil cement will be considered.

Rock riprap is usually the most econofllical material for bank protection

when available in sufficient size and quantify within a reasonable haul

distance. Rock riprap protection is fiex~ble and local damase is easiiy

repa~red. Construction must be accomplished in a prescribed manner, but is

not complicated. Although riprap must be placed to the proper levei in the

bed, there are no foundation problems. Appearance of rock riprap is natural

and after a peri od of time vegetati on wi 11 grow betwe-en the rocks. ;~ave runup

on rock slopes is usually less than on other types of slopes. Finally, 'tJhen

the usefulness of the protection is finished, the rock is salvageable.

Important factors to be considered in designing rock riprap protection

are:

1. Durability of the rock.

2. Density of the rock.

3. Velocity (both magnitude and direction) of the flew in the vicinity of
the rock.

4. Slope of the bed or bank line being protected.
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5. Angl e of repose for the rock.

6. Size of the rock.

7. Shape and angularity of the rock.

A good discussion of many of these factors is provided by the Corps of

Engineers (1970). In this CaE publication the size of rock required is based

on the tractive force approach, generally considered to be a more physically

based and more accurate method than those based on the permi ssibl e velocity

approach.

A tractive force approach that provides the entire channel design

(geometry and riprap size), given the design discharge and slope, is detailed
by Anderson, et a1. (1970). A more involved tractive force approach that

generally provides a more precise riprap size through detailed consideration

of lift and drag forces is the safety factor approach, presented in Simons and

Senturk (1977). Ano.ther tractive force approach that considers in detail the

lift and drag forces is the probability methodology presented by Li and Simons

(1979). This methodology defines the failure probability of riprap and provi

des a less subjective estimate of riprap stability than that provided by the

safety factor approach. For example, Li and Simons de~onstrate that for an

assumed set of flow and geometry conditions (conditions that are in the range

of many practical design situations) a riprap safety factor of 1.0 has a pro

bability of failure of 0.5. Similarly, a safety factor of 1.5 has a probabi

lity of failure of about 0.1 and not until a safety factor of about 1.9 is the

fail ure probabil i ty equal to zero.

In contrast to the relative complexity of factor of safety and failure

probability designs, is a permissible velocity approach __ that has found accep

tance due to its ease of app1i cati on. The method is deta il ed by the Denver

Urban Drainage and Flood Control District (1982) and is useful as a check on

riprap designs developed from more complex procedures or as the primary design

method, particularly for minor structure design. The method is limited to

Froude numbers less than 0.8 and due to its simplicity is anticipated to pro

vide conservative design, a consideration that may be of importance if larger

rock sizes are not readily available or if budget constraints exist.

After evaluating the required median riprap size, the riprap gradation

and filter requirements must be established. Riprap gradation should follow a

smooth particle size distribution with a ratio of the maximum size and the

6.7



median size of about ~~o and the ratio of the median size and the 20 ~erC2n~

S,'7"'_ ;::'150 0"'0'out 1"',"0. 1Jl'th::; rlu,'ctrib"i"::>d s';j?O ',"naa "'''''0 int;:>"'st i ,-.",.. ::or""~Q' 'QV~ _L ..... _ ..... "." .... 1..... ......v I \..1'-'..... __ c;, .,'-, l,.d,. jl ........ 1 .... i ...... .=:;, 1\ llie '..,

larger stones are filled with smaller sizes in an int.erlocking f3shion, ~re

venting formation of open pockets. Riprap consisting of angular stones is

;nore suitable than that consisting of rounded stones. Control of the grada

tion of the riprap is almost always made by visual inspection.
Filters underneath the riprap are recommended to protect the fine embank

ment or ri verbank materi al from wash; ng out through the ri prap. Two types of

filters are commonly ~sed: gravel filters and plastic filter cloths.

Detailed filter design is provided by the CDE (1970), Anderson, et al. (1970),
Simons, Li & Associates, Inc. (1981), and others.

When adequately sized riprap is not available, rocks of cobble sizes may

be placed in wire mesh baskets and used for a variety of channel stabilization

problems. The baskets are constructed into various gec;netric shaces depending
on the application. For channel lining applications mattresses are commonly

used, which as :he name implies are relatively broad and flat (typically less

than 12 inches thick). Rectangular baskets (gabions) of more symmetrical pro

portion are often used as building blocks for check dams, drop structures,

bank protection, etc. Modern gabions and mattresses are made of a thick steel

wi re mesh, woven 'Nith a tri p1e twi st at the intersect; ons. Heavy 'Hire is

sometimes added or woven into the mesh before or after fill; ng to increase

stability and durability. The wire mesh can be galvanized or coated with PVC
if used under highly corrosive conditions.

The strength and flexibility of the steel :,'Iire mesh allO\'I's gabions and

mattresses to change shape wi thou! fa i lure if undermi ned. They are a1 so per

meable, which minimizes hydraulic lift forces, allows vegetation to grow and

provides some trapping efficiency. It should be noted than when gabions or

mattresses are used in streams transporting cobbles or rocks, the wire baskets

can be damaged or broken, reducing or destroying the protection near the bed.

Gabi ons 'and mattresses are sl..:ppl i ed to the job si te as fol ded mesh and
tied in pairs. They are unfolded, placed in position like brick, tied

together and filled with durable rock. The mesh containers can also be filled

first and placed by hand or by crane to areas difficult to access (e.g. under

water).
After an extensive literature revie'N, Sifiions, et al. (1983) concluded

that there was 1i ttl e i nformati on on the desi gn of mattresses for channel
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lining, consequently, from model and prototype studies, design guidelines were

formulated. The major findings of the model and prototype studies where

(1) that hydraulic conditions in a mattress channel are the same as those in a

gravel-cobble channel, (2) the roughness of the mattresses is mainly caused by

the filling rocks, with an insignificant effect from the wire mesh, and

(3) flow velocity and shear stress causing incipient motion of the filling

rock with; n the mattress compartment are approximately twi ce as 1arge as the

same si ze of unbound rock. For steep slope channel s of hi gh vel oci ty, rocks

wi thi n mattress compartments were found to propagate downstream, causi ng a

ripple deformation of the mattress surface. Additionally, because of relati

vely large velocities at the mattress-to-bed interface, filter requirements

and design are critical to successful steep slope application. Follo~.. ing the

desi gn procedure suggested by Simons, et al. provi des a mattress thi ckness

that is 1.5 to 3.0 times less than the required thickness of dumped riprap.

Consequently, significant economies of cost are often possible v;ith mattress

linings since less rock is required, the required size is smaller and excava

tion requirements are less.

In areas where any type of riprap is scarce, use of in-place soil com

bined \... ith cement provides a practical alternative. The resulting mixture,

soil cement, has been successfully used as bank protection in many areas of

the Southwest. A stai rstep constructi on is typi cally used, wi th each i i ft

about 12 inches thick before compaction and about 6 to 8 inches after compac

tion. The lifts are usually about 8 feet wide to easily accommodate construc

tion equipment. Unlike other types of bank revetment, where milder side

slopes are desirable, soil cement in a stairstep construction can be used on

steeper slopes (i .e. typically one to one), which redu~es channel excavation

costs. For many applications, soil cement is also more aesthetically pleasing

than other types of revet~ent.

For use in soil cement, soils should be easily pulverized and contain at

least 5 percent, but no more than 35 percent, silt and clay (material passing

the No. 200 sieve). Finer textured soils usually are difficult to pulverize

and requi re more cement, as do 100 percent granul ar soi 1s, whi ch have no

material passing the No. 200 sieve. In construction, special care should be

exerci sed to prevent raw soil seams bet'....een successive 1ayers of soil cement.

If uncompleted embankments are left at the end of the day, a sheepsfoot roller

should be used on the last layer to provide an interlock for the next layer.
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The completed soil ce~ent instailation must be protected from drying out for a
s2'/en-cay hydrati on f:2ri ad. Procedures for cons:ructi n9 soi 1 cement slope

protection by the stairstep method can be found in "Suggested Specifications

for Soil-Cement Slope Protection for ~mbankments (Central-Plant Mixing

~1ethod," Portland Cement Association Publication IS052~).

When velocities exceed six to 2ight feet per second and the flow carries

sufficient bed Joad to be abrasive, special precautions are advisable for soil

cement design. The aggregates in this case should contain at least 30 percent

gravel particles retained on a No.4 (4.75 mm) sieve.
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VII. COMPREHENSIVE DESIGN EXAMPLE-------------------
7.1 Proj_ect De s_<:!J.pti on

Sportsman's Haven is a small, resort-oriented community located along

Pinto Creek in Gila County, Arizona. Due to its location \'/ithin the 100-year

flood plain, the community is subjected to flood dalilage when flows on Pinto

Creek exceed the 10-year event of about 16,500 cfs. Attempts have been made

locally to provide some degree of flood protection by constructing a levee

embankment around the community. Due to the cohesionless nature of the

embankment material, which was obtained from the bed of Pinto Creek, the levee

is vulnerable to the erosive forces of the floodwaters. Additionally, the

levee was not constructed to a sufficient height to prevent overtopping by the

100-year flood (46,785 cfs).

Under the authority of the Flood Control Planning Program, the Arizona

Department of Water Resources undertook a reconnai ssance 1evel eval uati on of

this problem and prepared a preliminary levee system design which \'/ould pro

vide the community \vHh protection frolil the lOO-year flood. This levee design

project was selected to illustrate the application of several of the analyti

cal tools presented in this mar.ual. The following pages present a Level I and

Level II analysis of the Pinto Creek levee system. Figure 7.1 presents a plan

view of the study area and the proposed levee alignment.

7.2 Level I

General (qualitative) characteristics of Pinto Creek can be determined

from a review of historical waterstled data and an application of some empiri

cal relationships involving slope, discharge, sinuosity ratio, etc. The

amount of information to be derived from this type of a0alysis will vary from

project to project since the amount of available data will vary from site to

site.

The Level I analysis for the Pinto Creek Project will address the

following items:

1. Sinuosity

2. Geomorphic relationships

a. Lane

b. Leopold and Wolman

3. Historical aerial photographs
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4. Historical bed profile comparison

5. Visual geological investigation

A detailed discussion on each item follows.

1. Sinuosity - Leopold, Wolman and i~il1er adopted the sinuosity ratio,
which'ls-defined as the thalweg length divided by the valley length,
as a criterion which could be used to classify river patterns.
Through the observation of several natural riv~r systems, they
concluded that systems with a sinuosity ratio equal to or greater
than 1.5 would be classified as meandering while those less than 1.5
would be braided or straight.
The si nuosi ty of tIle study reach is computed as follows:

sinousity ratio - thalweg length
- -d own v-a-ll eT dis tan-ce

_ 8925 _
sinuousity ratio - 81175 - 1.1

This low value indicates that this reach of Pinto Creek is straight
or braided. Additional analyses will next be conducted to confirm
thi s fact. General concl usi ons wi 11 then be drawn regardi ng channel
pattern classification .

2. Geomorphic Relationships - Figure 5.5 will be used to exaifiine the
relationship between slope, discharge and channel pattern. This ana
lysis 'Nill be based on the premise that the dominant discharge will
be most influential in determining the channel pattern. For the
Pinto Creek Project, the average bed slope through the entire study
reach is 0.0089 and the dominant discharge is 16,514 cfs. Applying
these values to Figure 5.5 SllOWS that the channel plots well into the
braided region, using both Leopold and Wolman's criteria as well as
Lane's. When using Figure 5.5 the engineer should remember that
these relationships were derived from data on perennial channels,
rather than ephemeral washes which are more common in Arizona.
Accordingly, their strict application in the soUthwest United States
should be with caution and knowledge of their derivation.

3. Historical Aerial Photographs - Three sets of historical photos \.,.ere
TOCated for thfsreachof-PTnto Creek. These photos were taken in
1947,1967, and 1981. Examination of these pictures indicates a
braided channel pattern has exis~ed during the last 38 years (see
.fi..9ffie~..7''U...:._ Overall, the brai ded channel segments appear narrower
in t e T9"47 and 1967 photos than in the 1981 photo. Th ismay be in
response to constructi on of the Pi nto Creek bri dge on Hi ghway 88 in
1972. The approach embankments to this bridge partially obstruct the
floodplain and cause the flow to be concentrated in a smaller width
than existed prior to bridge construction. The widening of the main
channel for about two miles downstream of the bridge may be the result
of thi s local concentrati on of hi gh velocity of flow whi ch Ilas
cleared out a wider, cleaner channel section. This localized
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response diini ni shes beyond tile two-mi 1e do ...mstrearn 1imi t where the
channel assumes a more consistent pattern in all three photo sets.

Historical Bed Profile Comparison - USGS quadrangle maps were pre
pared for thTsarea in-both-1949- and 1964. Unfortunately, the 1949
map is a IS-minute quad while the 1964 edition is a 7.S-minute quad.
This non-uniformity of scale presented a problem since this reach of
Pi nto Creek is on the edge of the maps and meanders back and forth
between them, making it impossible to measure the entire study reach
on either map. The third bed profile was taken from a 1981
topographic map (1" = 200,2' C.l.) prepared especially for this
project.

Taking topographic measurements from these maps, superimposed bed
profiles were plotted at a scale of I" = 1,000' horizontal, I" = 20'
verti cal (see Fig.ur,e._z...:D. Through the study reach, thi s plot shov!s
a fairly consi-stent drop (about 3.0') in bed elevation from 1949 to
1964 and a varying amount of aggradation (about 0' to 1') from 1964
to 1981.

There is no evidence of any significant manmade disturbance to the
watershed that would readily explain the drop in bed elevation bet
ween 1949 and 1964, nor the aggradation that has occurred since 1964.
Si nee Pi nto Creek di scharges into Roosevel t Lake, fl uctuati ng 1ake
levels could influence the bed profile to a certain degree but is
doubtful that such i nfl uences .voul d propagate ttli s far (three mil es)
upstream from the lake. Further investigation into this possibility
could be pursured by revie'fling historical reservoir level data from
the Salt River Project and correlating this infor~ation with histori
cal hydrologic/hydraulic data for the watershed to see if significant
flooding may have occurred during periods of low lake levels.

Due to the scale discrepancies on the two quad maps and possible sur
vey datum inconsistencies between the USGS maps and the 1981 base
map, this bed profile comparison may not be totally accurate and,
therefore, shoul d be interpreted wi th cauti on. For these reasons,
the historic bed profile evaluation for Pinto Creek will not be con
sidered a reliable tool for the Level I analysis.

•

5. Visual Geological Investigation - A field visit 't/as made to the pro
ject site in order- toldentify any geologic formations that might
control either horizontal or vertical channel movement. This visit
also provided an opportunity for a ground level inspection of the
channel geometry, channel pattern, and bed material composition.
No natural or artifical bed controls were located within the study
reach whi ch coul d be used for pivot poi nts in an equi 1i bri um slope
analysis.

The west bank through Reach 2 was found to consist of rock which will
restrict lateral channel migration at this location. This is
veri fi ed through a cross check wi th the hi stori c photos ''Ihi ch sho\~s

no westward bank movement through Reach 2 since 1947 .
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Visual inspection of the channel through all four reaches revealed a
wide, braided pattern with poorly defined banks that were 2' to 3' in
hei ght. The channel bed was composed primari ly of sand and sandy
gravel \'/ith the intermittent presence of small cobbl es. Isl and and
bar format; ons \'/ere evi dent throughout the study reach. Except for
the rock formati on noted in Reach 2, all other porti ons of the chan
nel banks consisted of erodible alluvium.

All aspects of thi s Level I ana1ysi s confi ron the exi stence of a brai ded

channel pattern. Brai ded channel s are generally wi de, have unstabl e, poorly

define~ banks and consist of two or more main channels that cross one another

giving the riverbed a braided appearance at low flow. These channels have'

s i nuos ity rati as 1ess than 1. 5 and exhi bit steeper slopes than meanderi ng

channels.

Braiding is believed to result primarily from random deposition of

materials (sediment) transported during high flows in quantities or sizes too

great for conti nued transport duri ng low f1 m'is. Accardi ngly, as the stream

discharge is reduced, larger sediment particles begin to drop to the bed as

the stream "sorts" or leaves behind ttlOse sizes of the load which it is unable

to transport. The accumul ati on of these parti cl es on the channel bed i ni

tiates the formation of a bar which serves to trap even more sediment par

ticles. Although the depth of flow over the growing bar is gradually

decreased, velocity over the bar tends to remain undiminished or even to

increase so that some particles moving along the bar are deposited beyond the

downstream end where a significant decrease in velocity is associated with the

marked increase in depth of flow. Thus, the bar grows by successive addition

of sediment particles at its downstream end and some additional growth along

its sides. •
The growth of the bar wi 11 eventually reach a size that wi 11 si gnifi-

cantly al ter the channel capaci ty, at whi ch time the channel wi 11 seek a ne\'/

equilibrium condition by eroding and widening its banks. Additional bars will

then be propagated through the same process described above until the channel

obtains its characteristic braided pattern.

Because deposition is essential to the formation of the braided pattern,

it is obvious that sediment transport is essential to braiding. Also, the

channel banks must be sufficiently erodible so that they, rather than the

newly formed bar, give way as ttle channel cross section is increased to pro

vide the required flow capacity. Therefore, sediment transport and erodible
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banks provide the essential conditions of braiding. Ho,I/eler, rapidly fluc-

tuating changes in stage contribute t8 th~ instabilitj of the sediment

transport regime as ','lel1 as to erosion of the ba.nks, so this factor should

also be considered as a contribut8ry cause of braiding. Studies by Leopold,

1.~olli1an and j"'iiller also indicate tiiat he7..2rogeneity of the oed material filay

create irregularities in the movement of sediment, and thus, may also contri

bute to braiding.

7.3 Leve1'II

The Level II analysis will provide the technical refinements necessary tJ

establish dimensions and specifications for the actual levee design. The end

product of this analysis will be:

;....

2.

4.

levee crest profile

determine requir:ments for bank stabilization

maximum estimated depth of bed filovement adjacent to ail portions of
the levee

estimated distance of lateral channel migration opposite the leveed
reach of the stream

r:,i gure 7.4 presents a b1 ad di agram SI10\'''; ng the major componerlts of the

Level II analysis. A technical discussion and ana.lysis of each of t!lese COr!1

ponents follows.

7.3.1 Levee EmDankmen~leight

The Corps of Engineers HEC-2 program was used to establish the water sur

face pr'ofile for the lOa-year design flood of 46,785 cfs. Tilis program 'das

initially run in the 5ubcritical mode using channel "n" values shown in Table

4.2, "For Depth and Flood Control". Since it was anticipated that the large

flow associated with tile lOO-year event \"Quld produce flow velocities suf

ficiently high to create antidunes, a channel "n" value of 0.030 was sel2cted

from Table 4.2. This "n" value, coupled ,lith the subcritical assumption for

HEC-2, should produce a design water-surface profile that reflects "~"orst

case" type cond; ti ons. The reader shoul d remember, however, tha': the "n"

values selected for overbank areas should be based on the best estimate of

actual roughness in these areas rather than Ta~le ~.2. Overbank areas typi-
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cally exhiJa dense vegeta':~on or other obstructions to flew and :;"us ne.ve

different hydraulic characteristics than t~e Inain channel. Overban:< ":1"

values for the Pinto C;eek anaiysis ranged fro~ 0.045 to 0.085.
A revie','! of t~le subcritical ~EC-2 run using t~e "1" values listed above,

indicated that critical death was assumed at several cross sections. This

leads one to suspect that the stream 'Hill probably be flowing at critical, or

even supercritical at the peak of the design flood, which in turn lends credi

bility to the assumption of antidune formations in selecting a channel "n"

value for the levee height analysis.

Once the design \'4a ter surface profi 1e is es tab 1 i shed under the cr~ teri a

outlined above, the levee crest elevation is simply equal to the water sur

face elevation plus a freeboard dimension.

The freeboard dimension for this project is computed through appl ication

of only Equation 4.28b, since a soil-cement lining will be placed to the top

of the levee embankment.

Freeboard for Earth Levee and Soil-Cement Linin~

F.B· TOT G1B/B.L. = 1/2 ha + t:.Y se + i.J.Y s .;. ~Yd';' ~Yagg

Due to the absence of channel bends along the levee, t:.Yse
are both zero. Referring to Section 7.3.2.2.6, the reader ~ill

that ha varies from reach to reach.

and
no te

Of the t.'iO remai ni ng terms, ~Yd is zero due to the absence of a Jri dge
pier along the levee, '",hile t:.Yaaa \'iill have to be assumed si:lce tne
1ae!< of pivot poi nts prevented a~¥quanti tati 'Ie assessment of long-tef;;l
aggradation (see Section 7.3.2.2.2). A value of t\.o feet '<'/ill 012

assigned to ::'Yag9' The freeboard is now calculated as follows:
--

1- Reach 2 : F.B· TOT
= 1/2 (3.5 ) + 2.:0 = 3.75 feet

Eiv18/B. L.
,., Reach 3: F.B· TOT

= 1/2 (4.3) + 2.0 = 1.15 .cOQ -
t:. •

t~~B!B . L.
I __ I..

3. Re=.ch 4: F.8· TOT
= 1/2 (2.1) .;. 2.0 = 3. ~5 feetEi1B/B. L.

The freeboard dimension for both the levee and soil-cement lining is

measured from the water- surface pfofi 1e generated by t!le su~~Ci ti c_a_l HEC-2

analysis, since that condition will give the maximum expected flood elevation

for the design event.
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The freeboard dilnension for the upstream segment uf levee that extends

through the ri ght overbank to hi gh ground wi 11 be based on both vel oci ty head

and FEr1A requirelilents. The freeboard for this se~lnent of levee \~ill initially

be estimated as tw'i ce the vel oci ty head for the over::Jank at cross secti on

1409. Accordingly, the freeboard is calculated to be:

2 ~ 972
F.BTOT Ei'lIB/B.L.= 2 (~y) = 2 (~4-:-4) = 0.49 ft.

Due to the low value for velocity heaa and the potential for \~ave run-up

in this area, the overbank levee (including bank linin~) \~ill be assigned a

freeboard dimension equal to minimum Ft}IA stalldards of 3.0 feet.

7.3.2 Levee Embankment Stabilization

7.3.2.1 . Erosion of Embankment Material

The results of the subcritical HEC-2 analysis used to establish the levee

height revealed channel velocities of 10 to 14 fps could be expected adjacent

to the levee. If sUlJercritical conditions were to occur as anticipated, the

velocities would be even higher. Since the levee embankment should be

designed to withstand the worst conditions expected during the design event, a

supercritical HEC-2 run was made to establish an upper lir.lit for a velocity

profile through the project reach. Again, referring to Table 4.2, a channel

"n" value of 0.025 was selected for the supercritical analysis used in tIle

bank stability investigation. The end result of the lower "n" value and

supercriti cal Hf.C-2 run was an average increase of about 1 fps ; n vel oci ty at

each cross section.

In this particular project, the supercritical analysis 'das somewhat aCd

demic in that the 10 to 14 fps velocities associated wfen tile sUbcritical ri.Jn

already indicate that some form of bank protection will be needed to prevent

erosion. This velocity range;s well above that reco,nmended for edrtrl embank

ments in such publications as Hydraulic Design of Flood Control Channels,

Corps of Engi neers, 1970 and Open Channel Hydraul i cs , Chow, 1959. Cases may

be encountered, however, where a subcritica1 water-surface profile may yield

mean velocities that are low enough to be considered non-erosive. In these

cases, the possibility of supercritical flow should be considered as a worst

case condi ti on for elobankment erosion if there is a reasonable chance of it

occurring. The abil ity of the levee or channel bank to withstand erosion
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shoul d then be :lased en 5U;Jercr1tica~ '/2! 0 cit i 2 s . 2;c~iJilitj o~ ':':1

earth e:nbankment cail be deterni ned by us i ng metllOds SUC!l as the "ali o'ic.ol e

velocitj" approach pr2sent2d in Jesign of Open Channels, Tecnnical ~,eleas2

(10. 25, October, 1':377, LJ.S.D.A., SCS.

detailed eX3.I;lples of tllis procedure.

ihe reader is referred to TI~-25 for

7.3.2.2 Toe-Down Requir2li1e!1ts For Stabiliza-cicn Systerll

Since the water-surface profile analysis indicited erosi'12 vellJCities

.iould exist during the desi'jn event, provisions 1I1US~ De lilade to fJrotect .tile

levee er.1bankment. Soil cement 'Nas selected as one of the ,nest econoJoical and

durable alternatives.

One of the most important aspects in desisning tne soil cel.~e!1t system ',jas

to determine t:,e depth bel 01'1 tr:e channel invert that tile soil CEfiient :nust Jt::

extended in order t·J pr::ven:. undercutting by verticai adjusT.;l1ents t8 tne chan

nel bed. Phenomena :nat fiiust be considered in this analysis include:

1. armor potential
2. long-term degradation
3. low flow inc;sement
4. local scour
5. general scour
6. bend scour
i. sand wave troughs

The analysis of each of these phenomena (excluding bend scour) lS

discussed in detail in the follo\"ing sub-sections. Bend scour ·",as omi-::ted due

to the absence of bends along the levee.

7.3.2.2.1 Armor Patent;dl

The first step ill analyzing the vertical adJustl:lent of d crldn:lel ced

should focus on the potential for armoring tJ occur during t:le cesign event.

If annoriilg were to uccur, it. may act as a control for tile i:lajority of t:le

channel bed and prevent further do~mward l:laVement except at dreas of localized

disturbance such as bridge piers or· along the nose of a s}Jur dike. If it can

be guaranteed that armoring will unifomally occur across the C~lallflel duriny

the design flow, the toe-do',m depth for a oan:< staDili:ation systeln may be

reduced from that \"hic11 i:1ay be required for a nen-armored cllannel. If this

condition (armoring) It'ere to occur, the e!iloan:cnent stabilizat~on system should

be keyed into the armor layer by extending t:1e toe-do~m 2' tJ 3' bela',,, the top

of the predictea armor layer elevation.
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• For purposes of this example, the armor calculations will be based on the

hydraulic characteristics of Reach 2. Similiar procedures would be applied to

Reaches 3 and 4 to see if channel armoring is probable at those locations.

1. The hydraulic parameters used in the armor analysis of Keach 2 are
listed as follows:

0100 = 46,785 cfs (supercritical HEC-2 run)

Channel topwiath = 559 feet

Channel area = 2,859 feet2

Energy slope = 0.0087 feet/feet

2. Using Shield's relationship (Sec. 5.3.4), compute tne i,lc:ipient
motion particle size for the design event (100 year flood).

1"
Dc = 0.047 (y _ y)

s

Dc = sediment particle size (ft) at incipient lnotion

Ys = specific weight of sediment (assume 165 lb/ft3)

y = specific weight of water (62.4 lb/ft3 )•
1" = shear stress on channel bottom (lb/ft2)

Shear stress will be computed

width/depth ratio to see if yds

using procedures

approaches yRS:

in Section 4.3. Check

hydraulic depth A= T
- 2859 = 5.11 feet- 559

width/depth ratio - b - 559 - 109 (D=T)-(j-S.ll-

Since ~ > 10, yds can De assumed equivalent to yRS ana Figure 4.4

can be used to compute the maxi mum silear stress or tracti ve force on tne Cflan
nel bottom.

•
From Figure 4.4b:

1"

max

yds
1.0
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T

"tidY. = 'rds = (62.4) (3.11) (0.0087)

Substituting in ~q. 5.5: 0c
2.77= 0.847 (loS 62.4j

Dc = 0.57 ft or 175mm

3. Refer .. i ng to Fi gure 7.5, \'ihi Cll is an average gr<icdti Oil CJrve for tile
bed Inaterial in Pinto Creek, it can be seen tl1ere are 10 par-:icle sizes in the
bed as large as 175 mm. Therefore, it can be c'JncludeJ ttldt all bea particles
will J2 moving during the peak of tl:e lOO-year event anC thdt ar~f1oring will
not occur.

7.3.2.2.2 Long-Term Aggradation/Degradation

A review of the Level i historical aerial photographs of Pi:1to C,eek

indicates the channel alignment through tile study reach has not been stable.

The observed 1ateral movement of the river has probably been accol:1pani ed by

slope changes in the bed profile. An equilibrium slope analysis will be per

formed to esti:nate the long terr.1 response of the channel bed adjacent to tIle

proposed levee.

Far purposes of this example, an assumes stable sedil.len~ supply sect1un

was located approximately one f;lile upstreaill of tile pro;JoseJ levee. it!

locating a supply section, the engineer sho~ld look for a stabl~ align~ent on

historical photos, a staDle elevation on historicdl bed profiles, and field

evidence of the river's impact on vegetation in t.1e cha.nnel (eXposed root

systems, buried tree trunks, etc.).

It should be noted that the Hignway a8 bridge lies oetween the selected

equilibrium sediment supply section and the propoied levee ali:jnment. If

possible, it is preferable to not have any man-made obstr:.lctions \~ithin :ildt

reach of the channel bet'rleen the equiliorium sup~Jly sec~ion dnd tile reacn of

channel for which the hydraulic conditions that could restrict the uli10unt of

sediment being supplied to the study reac:, from the upstreal;l supply section.

Far thi s desi gn examp1 e, the bri age \vas a.ssumed to he'le no il;lpact in

controlling the sediment supply to the leveed reaCll of Pinto Creek. T:l;S
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assu~ption 'was based on the fac:. tha~ t:le bri jge o;Jenl n:; ,.;as y:::'i:~Y' :/l,:tn t12

effective channel 'tl1dtn at ttle u~St;2J.I:l supply section and t.ne fact ~hd: t1E

cha.nnel bed slopes Jnd n values at bob locations ','/ere coout equal. Jnder

these conditions, the bridge oiJening should be e.bi2 ~o [JeSS the incomi,ly sedi-

'ment supply from the lO-year event ~ithaut causing any reduction in transport

capaci ty.

Pinto Creek was divided into three reaches along the proposed leve~

alignment. The reach boundaries \~ere selected to prO'/ice seg,llents of similiar

hydraul i c characteri 5 ti cs. An equilibriuin slope \.ill oe computed fvr each

reach. A set of detailed calculations.·lill Gilly l)e silO\-m tfJr r;~each 2, 'tile

same procedures would be applied to the other t~o reaches.

1. Dominant discharge = 16,514 cfs. This value \'Ias selected on be
results of a rlEC-2 ana ljs is for Re::.ch 2 wni cn sho',~ed tr~e DanK full
di scharge was about 16,620 cfs. ~i nee ttle lO-year event ilad a
di scharge of 16,514 cfs, i t \,~as sel ected as t~le domi I1dnt di sC:1arse for
use in the equilibrium slope analysis.

2. Compute sediment supply.

a. Equati on 5 .8b \~i 11 ::Je used to compute the tiansport ca.paci ty for
the upstream supply section. A gradation coefficient and D50 par
~icle size must be determined for use in this equation.

b. A sieve analysis of bed material at the upstream supply section
provided the fallowing information:

050 = 1.19mm

015.9 = O.J7rnm

D84.1 = 4.67mm

1 ("34 0 1 0--_ \Gradation cvefficient '" .L :JJ= I.J = 2 u- O 0° 5 ojj .L • J

G
1 ( 4.67 + 1.19)= 2 1.19 0.37

G = 3.57

c. A cross section plot of tne upstrealil supply section is shown in
Figure 7.6. Although tllis section was judged to have a constant
"n" value of 0.025, it is recommendea th'2 section be analyzed as

7.16



••• having a main cllannel and an overbank. Even trlough tile "n" value
is constant, the Ilydraulic calculations for velocity ana deptn ,.;ill
differ if the entire section is considered to De "channel" versus
analyzing the section as a cllannel with "overbank". The sUbdi'/i
sion of the section into a channel and overbank sl10uld yield l,lore
accurate results si nce the velocity and hydraul i c deptll cornpu td
tions for each subdivision I'"ill be based on tfle calculated con
veyance within each subdivision. This procedure eliminates the
"weighted" velocity and hydraulic depth that would result frofil
basing such calculations on the total conveyance for the entire
cross secti on. In a I benc!led I cross secti on, such as shown in
Figure 7.6, this procedure allows computation of seperate sediment
transport rates for the channel and overbank. ~hen using a power
relation such as Equation 5.8b, which is dependent upon velocity
and hydraulic depth, it is prudent to consider this approach to
insure that the vel oci ty and depth parameters are truly represen
tative of that portion of the cross section to which they are being
applied.

Through a seri es of convergi ng i terati ons '.-Ii th fllanni ng 's Equati on,
the following hydraulic parameters were determined for the supply
section:

Q = 16,514 cfs
S = 0.0097
n = 0.025 (Channel and overbank)• Depth = 6.50 feet

QCH = 14,497 cfs
YCH = 19.50 fps
ACH = 743.3 ft. 2

~08 = 2,017 cfs
VO tl = 9.71 fp s
AUB = 2U7.6 ft. 2

d. Substitute data from b. and c. into Eq. 5.8b:

qs = 0.0064
n1. 77 V4.32 GO. 45

Y 0.30 D 0.61
h 50

For the "channel" section:

average flow llidth = 117 feet

_ A _ 743.3
therefore; Yh - W- -rrr-

Yh = 6.35 ft

•
q = 0.0064

sCH

7.17



Figure 7.6. CROSS SECTION GEOMETRY FOR UPSTREAM
SEDIMENT SUPPLY SECTION USED IN

EQUILIBRIUM SLOPE ANALYSIS

SCALE: I" = 30' HOHIZONTAL

I U = 3' VERTICAL
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• qSCH = 3.20 cfs/ft

For a width of 117 ft;

Q = (3.20) (l17)
sCH

Q = 374.5 cfs
sCH

For the overbank section:

average flow width = 97 feet

t herefore', Y - 207.6h - ----gr-

Yh = 2.14 ft

[
(0.025)1.77 (9.71)4.32 (3.57) 0.45J-

q = 0 0064 -- ---- -
sOB' (2.14)0.30 (1.19)0.61

q = 0.218 cfs/ft
sOB• For a width of 97 feet, Q = (0.218) (97)

sOB

Q = 21.2 cfs
sOB

•

Total sediment transport = Q Q + Q
sTOT sCrl sOB

Q = 374.5 + 21.2
sTOT

Q = 395.7 cfs
sTOT

This value (395.7 cfs) will be used as the sedifilent supply for all
downstream reaches for which the equilibrium slope analysis is per
formed.

3. Compute equilibrium slope. An iteration procedure is nO\v employed to
compute the sediment transport capacity for a cross section typical of
Reach 2. Manning's Equation is used to compute V and Yh, while
Equation 5.8b is used to compute transport capacity. The bed slope
value is adjusted between iterations until the transport rate equals
the supply rate (395.7 cfs). All cal cUI ati ons are based on the

7.19



foil J'.'Ii IlS do. to.:

Q = 16,514 c l: ~,:>

n = 0.025
°50 = 1. 91r.lm

G = 3.74
',.J = 552 feet

qs computed using Eq. 5.8b

A series of iterations resulting in an equilibrium slope of 0.0187 is
presented in Tab'''' 7,L

The same procedures outlined in Steps 1 through 3 are also ap~lied to the

equilibrium slope analysis for Reaches 3 and:1. ,; Sl.Hilmary of the ;)redicted

equilibrium slopes for ail three reaches adjacent to the proposed levee is

shown below:

ExistinS ::qu i1 ill ri urn
Reach SlaDe Slooe-- -------

2 0.0103 0.0187
3 0.0082 0.0195
4 0.0083 0.0310

The existing slope of Reach 2 is 0.0103 ft/ft. A review of the calcuia

tions in Table 7.1 indicates the existing sediment-trans~ort rate for Reach 2

is considerably less than the incoming supply (395.7 cfs). The existing

transport rates for Reaches 3 and 4, 112.9 cfs and 60.8 cfs, respective y, are

also considerably less than the estimated sediment supply of 395.7 cfs. Due

to this relatively large difference between the transport capacities of

Reaches 2, 3, and 4 compared to the upstream supply reac~, the engineer ~ight

suspect that the chosen equilibrium supply section is 110t really in

equilibrium. Unless there have been significant ~an-Gade cnanges in the rive .•system during recent years (refer to Level I historical data), it is unliKely

that such 1arge di fferences ''1oul d e~ i st bet'tJeen sediment transport rates for

river cross sections that are within a mile of each other.

In consideration of the results obtained frolll ttle previous equilibrium

slope calculations, the engineer should re-evaluate his selection of an

equilibrium slope cross section to insure that it has truly been a long term,

stable cross section. ;',dditional field inspections might reveal the existance

of a better supply section for the equilibrium siope analysis.

7.20



•
Table 7.1. Equilibrium Slope Calculations For Reach 2.

Slope V Yh qs \~ Os
ft/ft Ups) ( ft) (cfs/ft) (ft) (cfs)

0.0103 11.38 2.63 0.3115 552 171. 9

0.0170 13.26 2.24 0.63 552 352.3

0.0190 13.69 2.18 0.732 552 404.2

• 0.0187 13.63 2.19 0.717 552 396.0

Since 396.0 cfs is approximately equal to the supply rate of
395.7 cfs, the calculations are terminated at this point and
0.0187 is accepted as the equilibrium slope.

•
7.21
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For pur~oses of completing this example, it will be assumed that the ori

ginal equilibrium slope calculations are valid. Accordingly, one could expect

sediment deposits will besin to occur in the upstream portion of ~each 2 in an

effort to steepen the bed slope -:00.0187 ft/ft for tile re!11aining dc·..mstr2af;]

portion of this reach.

Unfortunately, inspections of this area failed to reve::l any natural or

manmade control s whi ch caul d be used as a pivot poi nt for the computed

eqUilibrium slopes. Under these circumstances, the equilibrium slope analysis

can only be applied in a qualitative S2nse, i.e., Reaches 2, 3 and 4 should

aggrade over the long term. Response to such aggradation might be lateral

migration, channel braiding, channel .·lidening, or a combination of tilese plle

nomena.

7.3.2.2.3 Low Flow Incisement

Fi el d i nspecti ons of the study reach provi ded an oppor-tuni ty to checl< tile

stream for low flow incisement. A low flow channel on the order of 2' to 2.5'

was observed during this visit.

The proposed levee improvements do not include any modifications to the

channel bed which would eliminate the existing 10\" flow channel. In the

absence of channel improvements, the invert of t~e existing 10.-1 flo ....' channel

will be used as a base elevation from ."hich all scour, degradation, etc.

dimensions ."nl be measured. This decision is justified on the probability

that the existing low fiow channel ·.'Jill migrate across t:,e stream bed and

ultimately be in contact with any point along the levee toe.

Had channel i zati on been part of t:le proposed pi an, it '",oul d have been

prudent to add 2' to the toe-down depth for the soil cement si nce a

flow channel waul d probably re-form through the channel i zed reach

stream. ~his low flow depth can usually be based on the dimensions

flow channels observed prio~ to construction of channel improvements.

break in grade with the natural channel invert at the upstrea:D and downstrealn

end of the channelized reach should also be considered.

7.22



•

•

7.3.2.2.4 Local Scour

Potential for local scour occurs at the upstream end of the proposed

levee where the alignment turns easterly to tie into high ground and becomes

nearly perpendicular to the d'irection of flmv. This will obstruct tf1e right

overbank flow and divert it westerly where it will merge into the main channel

at the upstream corner of the levee. As the overbank flow passes the levee

corner and ,re-enters the main channel, the velocity will increase and generate

a scour pocket around the levee toe. The approximate dimensions of this scour

hole must be considered in determining the soil cement toe down depth at this

1ocati on.

5i nce the soi 1 cement embankment wi 11 have sl opi ng sides) ei ther Equati on

5.17b or 5.18 will be used, the final selection being determined by the ratio

a The analysis proceeds as follows:
:f

1. Cross secti on 1409 (see Ei gu re_7 .1.1_'(/i 11 be used to determi ne the
hydraulic data needed for this analysis. This cross section is cho
sen because it represents average ri ght overbank flow condi ti ons
prior to being intercepted by the levee.

2. From the supercri ti cal HEC-2 run for the 100-year t:vent, the
following data is obtained:

XSEC

1409

VROB
(fps)

3.97

ARCB
(ft2)

1232

HidthROB
( ft)

560 2.20

•

3. Compute;. The embankment length, a, will be measured by taking

the projected length of the right overbank levee perpendicular to
flow (see Figure 7.7). In this particular case, "a" is equal to
the width of the right overbank at cross section 1409. "Y" will be
computed as the hydraul i c depth of the ri ght overbank at cross sec
tion 1409. Using the above definitions:

a = 560 feet

Y
h

= 2.20 feet
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• therefore; a
y

= 560 - 254
2.20 -

aSince
y

is greater than 25, Equation 5.18 will De used.

4. Compute embankment scour.

!J. Zls_ 0 334 Fr .-y- -

Vwhere Fr = ---

Fr = 0.47

3.97
= -------

1(32.2) (2.20)

•

•

th f Z 4 ~rO.33y
I ere ore; !J. 1s I

!J. Zls = 6.86 ft

This vertical scour depth will be assumed to extend 50 feet on eitner
side of the levee corner. Assumin~ the bed material at this lucation
has an angl e of repose of 30° (typ i ca1 fo r sands and gra "e1s), tne
sides of tne scour hole will be dssuilled to slope along the levee toe
at an dngle of 15°. This procedure provides a safety factor of 2.0
as discussed in Section 5.3.10.

The remainder of the ri~ht uverbank levee se~lilent Silould also incorporate sOlne

toe down for the soil cement to prevent possible erosion that may occur as the

overbank flow impinges on the levee and is diverted westerly. On the basis of

engineering judgement, tne remainder of this segment of the overbank levee

\vill be toed down a distance slightly greater than the hydraulic depth (2.20

feet) at cross section 1409. A toe-down depth of 3.0 feet was chosen.

7.3.2.2.5 General Scour

Since the river cross section geometry is not constant through the three

reaches along the proposed levee alignment, the sediment transport charac

teri s ti cs wi 11 vary from reach to reach. These vari ab 1e transport charac

teri sti cs wi 11 i nfl uence the amount of sedi Inent bei nj del i vered from reach to

reach for a ::Jiven flood event. Any di fferenccs bet,'1een sedi I.lent supply to a

7.25



scour or deposi~icn during t:ie flo',..j e'len~ Jcin9 i,loceiea. Ii ese S;10r:-t~r:11 bed

changes can be evaluated using tne prillCi~le of sedil:1efl'.. conti:i;Jitj. Any

lo...,ering of tile bed that occurs as a result of ttlis pnenoi,ienWi1 is considered a

tjpe of ~eneral scour and needs 'to De considered in tile a2sign of t,le ievee

toe-down dimension.

General scour of t~is type is most dccurately analyzed at ~evel III LJsing

a moveable bed ccmput.2r mouel suCll as ntC-2~~. ~owever, a Level r: dpproxilfla

tion can be achieved using rigid-Ded llyc!raul ic 03na sedir~2nc-transport -o.lold

tions to estimate the imbalance bt:::":.ween sedilllent-transport Ci:l!Jacit.y ana

sediment supply between adjacent reaches. 'The net ilnbalance 'di:ilin a reach

can be converted to a volume '.vhich in turn is converted to a c:-Jannel bed dep~il

adjus~ment.

Since the 100-year flood is -:::12 (1es~gn standard for :!lis le'iee pnject,

this eve!1t was used in the foilewing analysis. The da-:a l'~qui r2filents and

calculation sequence follows.

1. Discretize the 100-year flood ilydrograph at : flour intervals (see
Figure 7.3).

2. Develop sediment transport rating curves for eacn of the four reaches.
The hydraulic oata required hr these calculations can be tJ.:<en frJ:;i
the :-tEC- 2 runs fer tne 2-, 5-, 10-, 25-, 50-, and lOO-year peak
discharge values. Since only one rating curve is developed for eac:'1
reach, average hydraulic paraf;1eters .-/'lic;, are characceristic of each
reach must be used. For purposes of t;,is exa::1ple, tne velocity, area,
and top\<ii dths frO!ll the t-iEC-2 analyses were averaged for d 11 tile cross
sections in each reach. These avera~e values were se;regated by chan
nel and overbank partitions in orGer that sediment transport calcula
tions could be performed witnin eacll of tilese partitions. T':le total
transport rate for each reach (for a given dj~charge) is the sum of the
transport rate for the channel plus t~e transport rate for the
overJank(s) .

The end product of t:lis step is a curve representiny a ;:Jlot of <..is'/s . ..)
for the range of '",ater discharge values being evaluated. Figure 7.9
illustrates the rating curve developed for Reach 2.

3. Route des i gn hydrograph through the study reach. The purpose of ttl is
step is to determine the amount of sedir:1ent trdnsport2d through each
reach duri ng the passage of a given ilydrograph. Tni sis accornp 1i shed
in a tabular format as illustrated in Table 7.2. The sediment
transport for each step of the i1ydrografJh is read frOiD the sedi ment
transport rating curve for ea<:h reach. The transport rates for each
time interval are then sUr:lmed to get d total transport rate for each

7.2i)
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Table 7.2. General Scour Analysis Using Sediment Continuity, 100-year Event.

Qs (cfs)
Time Q

(Hours) (cfs) Reach 1 Reach 2 Reach 3 Reach 4

10.96 - 11.96 2,080 12 15 12 14
11.96 - 12.96 22,932 215 271 338 225
12.96 - 13.96 35,412 372 456 694 172
13.96 - 14.96 43,576 484 585 954 462
14.96 - 15.96 23,504 222 280 355 232
15.96 - 16.96 12,688 99 126 114 121
16.96 - 17.96 8,580 61 78 71 80
17.96 - 18.96 6,968 48 61 54 62
18.96 - 19.96 5,200 33 41 36 42

e· 19.96 - 20.96 5,356 34 43 37 43
20.96 - 21.96 4,784 29 37 31 37
21.96 - 22.96 4,316 26 31 26 31
22.96 - 23.96 4,056 23 29 24 28
23.96 - 24.96 3,640 21 25 21 25
24.96 - 25.96 2,600 15 18 15 18
25.96 - 26.96 1,300 7 9 7 9

TOTAL: 1,702 2,104 2,790 1,804

DIFFERENCE: -402 -686 986

e
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reach for the dur,3. ci on of ~he hydroSjraph. ;1e 01 TT-:rence in :r3:1s;Jor:'
rates bet';jee'l acjacen: reaches represents the se'Jil~ent i~r,Dal3.nce tn2-::
must be satisfied throu~h scour or deposition.

4. The transport rate imbalance between reaches must be converted to sedi
ment vol urnes before channel bed adjust;nents can be compu:~d. ihe
volume conversion and sediment distribution through each reach is most
easily accomplished in a tabular format. The following infor:nation is
needed for this step:

a. Difference in sediment transport rates (~Os) between adjacent
reaches.

b. Time interval for the discr-etized hydrograph (i:.t).

c. Channel and overbank reach lengths.

d. Channel a~d overbank widths.

e. Channel and overbank conv~yance values.

f. Sediment porosi ty.

The procedure consi sts of converti ng the u Os val ues to vol urnes by
muitiplying u Os (cfs) by tlle discretization interval, ~t (hr) and a
seconds to hours conversion factor (3,600). This calculation yields an
unbulked sediment volume in cubic feet. This volume is then distri
buted through the channel and Qverbanks in proportion to the conveyance
ratios for each of these parti~ions. The proportioned volume for each
partition is then uniformally distributed by dividing the volume ~y the
preduct of the parti ti on 1ength and wi ath. The resul tant anSiofer 'Ni 11
represent vertical bed movement :n terms of Ijnbulked sediment. To
correct for sediment bulking, this anS\'I'er must be divided by (1-n),
where n is sediment porosity.

The general scour calculations, using the sediment continuity principie

and rigicGbed hydraulics, are summarized in Table 7.3. This analysis predicts

approximately 3 to 5 feet of general scour for R.eaches 2 and 3 but nearly 6

feet of aggradation for Reach 4. This illustrates the dynaloic changes that

can occur in a riverbed during a :najor flood. The engineer must rel:lember

that these are net changes that would be expected at the end of the

hydrograph: Transport imbal ances may occur ~ri ~9. the hydrograph that produce

temporary scour that is more severe than the ne~ change observed at the end of

the flood. At Level II, this additional scour potential is accounted for by

applying a factor of safety to the sum of all scour components.

7.30
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Table 7.3. Pinto Creek 100-year Sediment Continuity Analysis.

•

(1) (2 ) (3 ) (4) (5 ) (6) (7) (8) (9 ) (10)
Verti cal I~ovement

(feet)
~Qs tit Length Width Kp n = 0.4

Reach (cfs) (hr) Partition (feet) (feet) KpARTITION KTOTAL Kf Unb-ti-l'[e-d--- --[3uTk-e-d

- - _._--- ~._----_.- ---------- ----- ------_. --------- -~--------_.__._._._._----- -- --- _.----_._-- --_._--- -_ .. _.- . --_._-- -- ---- -

LOB 1,190 54 12,759 0.025 -0.56 -0.93
2 -402 1.0 CH 1,190 547 505,858 518,613 0.975 -2.17 -3.62

ROB N/A 0 0 0 0 0
-....J

w
LOB 1,170 427 105,289 0.256 -1.27 -2.12......

3 -686 1.0 CH 1,190 484 306,275 411 ,569 0.744 -3.19 -5.32
ROB N/A 0 ° 0 ° 0

LOB 1,320 672 206,149 0.437 1. 75 2.92
4 986 1.0 CH 1,190 487 266,009 472,158 0.563 3.45 5.75

ROB N/A 0 0 0 0 0

or/ col. 10 = co1. 2 x col. 3 x 3600 .. [ (co'l. 5) x (col. 6)] x col. 9

l':.t = time interval for di screti zed hydrograph

K = conveyance



7.3.2.2.6 Sand Wave Troughs

The results of the nEC-2 hydnulic enalysis for tilis project ino·cate

tllat supercritical flow wili probably occur in Pinto Creek during the ~OO-yea.r

flood. This ccndition will leae to th2 for;nation of antidunes in a sand bed

channel. Altnough the supercritical flow needed for the formation of antidu

nes dunes ''1oul d normally be expected to occur near the center of tile channel

c,oss section, the formation of sand or gravel bars may create a meandering

filament of high '/elocity flO'.'i. If this filament ·Here to be diverted across

the channel and begin flowing nex".: to the levee, anti dunes could for;n alon1

the levee tao. Under these conditions, the troughs created by these bed forms

could undercut the soil-cement emban~ment and cause a levee failure. To pro

tect agai nst· thi s type of fail ure, the soil cement shoul d be extended a suf

ficient distance below the channel bed to prevent undercutting by antidunes.

The estimated depth of antidune t7"oughs is computed by using Equation

4.25:

The computed value of h represents the distance from the crest to thea
trough of an antidune (see Figure 4.7). ;'.ccordingly, h

a
must:"e divided by

two to get the trough depth below the original bed elevation. ~hen using this

equation, the engineer must remember that, in reality, h
a

can never exceed

the actual depth of flow (yo). Therefore, the trough depth calculations must

be compared to the actual depths of flow expected ina cilannel. If the

computed value of h exceeds Ya 0'
The pr~per value to use for V

h
a

should be assumed equal to Yo

in Equation 4.25 is the l;]aximum velocity

expect2d withi n the channel cross secti on, rather tilan a ','iei ghted channel

average of the velocity. This may entail subdividing a channel section into

verti ca I stri ps and computi ng conveyance va I ues for each, ',;in; cn can then be

combined with knovln energy slopes from a HEC-2 analysis to derive a velocity

for each strip.

If there is a 'Hide variation in maximum velocity from one cross section

to the next, the engineer should consider seperate antidune calculations for

different reaches of the river. The squared velocity term in equation ·+.25

makes this calculation very sensitive to changes in this parameter.
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• For this project, average maximum velocities (based on the maximum velo-

city at each cross section within a reach) were determined for Reaches 2,3,

and 4 and trough depth cal cul ati ons \"ere performed for each reach. These

calculations, which employed Equation 4.25, are summarized in Table 7.4.-"---_..

7.3.3 Lateral Migration

Changes to the boundaries

tion as well as the vertical.

aggravated by the constructi on

In the case of the Pi nto Creek

of river systems occur in the horizontal direc

Quite often, horizontal movement is induced or

of man-made improvements within a floodplain.

project, the installation of an armored levee

•

•

along the east bank of the river may accelerate erosion along the west bank.

The soil cement embankment will eliminate a ;:Jotential sediment source along

the east bank that may have historically been required to help satisfy defi

cits between upstream supply and transport capacity within a given reach.

Analysis of lateral migration potential is perhaps most accurately deter

mined through a Level I review of historical aerial photographs of the river"

system. The proposed installation of an armored levee, however, introduces a

variable that is not reflected in the channel movement observed in historical

photos.

As discussed in Section 5.3.9, quantification of lateral migration in a

disturbed river system can be pursued through the application of the sediment

continuity concept. If a sediment deficit is found to exist within a given

reach as the result of routing the design hydrograph through the reach, a

worst case condi ti on can be establ i shed by assumi ng the sediment defi ci tis

satsified by using one bank of the reach as the sole, local sediment supply.

The sediment deficit could either be uniformly distrib:uted along the entire

bank line or be concentrated in a location .vhere a bend might form or is

already in existence. The following analysis for Pinto Creek 'dill illustrate

both cases.

1. Use sediment continuity and assume all sediment deficits will be
satisfied by erosion of material from the west bank. The analysis
will use data from the general scour analysis (Section 7.3.2.2.5) for
the lOO-year flood .
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Table 7.4. Calculation of Antidune Trough Depths.

Average ~lax i mum
(feet) 1

Trough Depth (feet)
Reach 'Ie 1oc ity (fps) ha (1/2 x h _)

c:

2 15.18 7.07 3.5

3 17.92 8.67 4.3

4 12.56 4.26 2.1

1ha = 0.027 V2 (Equation 4.25) .

•
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• 2. Reach 2 - This redch will be armored along tIle east ::Jank, as a r<=sult
of the proposed soi l-cenlent levee, and presently consi sts of natural
rock along the ~~est bank. As a result, no lateral channel moverl1ent
is expected to occur in this reach.

3. Reach 3 - Frolil the sediment continuity analysis, this reach has a
total sediment supply deficit of 686 cfs (see Table 7.2). This value
is converted to a volume as follows:

Vol. = ~Qs x ~t x 3,600 sec./hr.

Vol. = (686) (l hour) (3,600)

Vol. = 2,469,600 feet3

Correct for bulking (assuming a porosity of n = 0.4),

Vol. = 2'6~~,600 = 4,116,000 feet3

The average west bank height (H) through Reach 3 is six feet, while
the Dank length is 1,170 feet. Assuming uniform erosion, the lateral
bank movement is cOlilputed as fo 11 ows:

t.W Volume Sed. Def
= HWB x LWB

• u\4 =
4,116,000

(6 ) 0,17U)

t.W = 586 feet

An alternative to the uniform erosion approach is to assume the ero
sion will occur as a semi-circular bend. The volume of erosion is
computed as:

1 r2VolumeBank = 2 TI H

Assuming the volume of bank erosion equals the volume of sediment
deficit (i.e., bed and bank materials are similar); or

VolumeBank = VolumeSed . Def

we can solve for the radius of the semi-circle as follows:

•
(

1/2
= Vol· sed . oed.)

r 1/2 TI H
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r =

r =

[ 11/24., 115,000
T:""S)(;r)(H) J

661 feet

The semi-circular erosion pattern gives a ;'iorst-case condition for
thi s reach. 5el ecti on of the dimensi ons fora-n eros-fOnourfer- zone
along the west bank is a matter of experience and engineering judge
ment, and should not be based solely on the results of a quantitative
analysi s such as that presented above. Cases ~ay ari se wHere it
would be more economical to construct scme type of structural measure
to prevent erosion, rather than purchasing the right-of-Ivay for an
erosion buffer zone.

For thi s project, an erosi on Durrer zone was sel ected as the pre
ferred alternative for the 'Nest bank. The west bank is undeveloped
property and can be purchased at a low cost. Based on the results of
the quantitat~ve lateral migration analys~s, a review of historical
photos dating back to 1947, and the topography along the west bank, a
variable width buffer zone was recommended for the west bank through
Reach 3.

Due to the reconnaissance level nature of the Oepart.llent of \~ater

Resource study, subsurface geological data was not available for the
stream bank opposite the proposed levee. However, a rock formation
is vi si b1e along the west bank through the maj ority of ?-each 2. The
topography along the west bank suggests that this rock formation con
tinues under the surface and probably constitutes the steep ridgeline
along the west bank of Reach 3. On thi s assumpti on, the buffer zone
for Reach 3 will be taken as that area from the Ivest edge of the
lOO-year floodplain to the base of the st2ep ridge (see Figure 7.1).
This width will vary from 200' to 300', and is 'IvHhin the limits
derived from the quantitative analysis. Obviously, the geological
assumptions used in this analysis wculd have to be verified prior to
a final delineation and acquisition of the buffer zone.

4. Reach 4 - The sediment continuity analysis ..indicates this reach will
receive more sediment than it is capdble of transporting. As a
resul t, bank erosion due to insuffi ci~nt sediment supply shoul d not
occur. However, as the bed aggrades, the chann::: 1 geometry caul d
change and cause the main channel to shift '""esterly and possibly
attack the western bank with high velocity flow. This is a very
dynamic process which is difficult to quantify. Estilnating the
amount of lateral erosion in aggrading reaches is a matter of engi
neering judgement. Again, as for Reach 3, top09raphic features and
historical photos were used in establishing a real'stic buffer zon~

through Reach 4. This zone is an extension of the one through ;<each
3 and essentially follows the base of another steep ridgel ine 'tJhich
is suspected to be overlying rock along the nor~hern half of the
reach (see Figure 7.1 for buffer zone limits).
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Al though Fi gure 7.1 does not extend far enough downstrealil to sho'",
this feature, Pinto Creek makes about a 45° bend to the east after
leaving Reach 4. In the absence of any visible topographic or geolo
gic erosion resistant features in this downstream area, there is a
good chance that sOlne accelerated erosion could occur on the outside
of this bend. This erosion process may be further accelerated as d

result of the straightened aligmnent of the river from the High\'Iay 88
bri dge through Reach 4. The proposed 1evee tends to concentrate the
flood water in a straight line that is directed into this bend.
Prior to construction of the proposed levee, the water spread out
through Sportsman's Haven and did not launch such a concentrated
attack at the entrance to the bend.

As part of the final design phase of this project, it would be recom
mended that a detailed analysis be made of this problem in order that
mitigation measures might be taken if the damage potential was found
to be severe and di rectly rel ated to constructi on of the upstream
levee system.

The quanti tati '.Ie assessment of 1ateral mi grati on presented in thi s sec

tion is based on a single flood event. Realizing that lateral migration is a

continual process over a long period of time, some safety factor, say 2.0,

cou_l.i be applied to the quantitative calculations to establish a long-term

limit. It must be emphasized, however, that quantitative calculations should

only be used with considerable engineering judgement and an appreciation of

historical events and physical constraints such as topography and geology.

7.4 Summary a~d C~nc)usions

Based on the precedi ng analyses, we are now prepared to establ ish the

critical design dimensions for the proposed levee system.

1. Levee Crest Profile
The crest of the levee' will parallel the subcrHical water-surface
profile for the lOO-year flood. As shown below, the top of the
levee embankment and the soil-cement bank protection will be elevated
an equal distance above this water-surface profile. These freeboard
dimensions are minimum values and may be increased slightly during
design to eliminate numerous grade breaks during actual levee
construction .
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Reach

Freeboard Di st3nc: ,2.bQ'Ie Cesi (.1r1 '..:ater'
Surface Profile (feet)-

Levee CresT--------So rr:'Cement-LTriTn-g

------_.- - -----_._-----------

Upstream
Right Overbank

2
3
4

3.0
3.8
4.2

3.0
3.8
4.2
3. _

2. Requirements For Bank Stabilization
Thei1eed for bank stabilization to-pr~ven~ erosion of the earth lev~e

',."as discussed in Section 7.3.2.1. Fer this project, a soil-cenent
blanket is ~roposed along the stre::m-si:::!= race of the 1eve,= tJ ;Jre
'/ e!1 t er0 S ion.

3. Toe-Down Require~ents For Soil-Ce~ent Embankment
The soi 1 cement iilust be extended far enoughbe1 O'H ex;:; ti ng ground
elevation so as to prevent undermining by the multiple scouring pro
cesses that occur on both a short and long-term basis. This toe-down
dimension is determined as the sum of all the vertical channel
adjustments that ,,,ere analyzed in Section 7.3.2.2. A summary of the
recommended toe-down depths for specific reaches of the levee is pre
sented in Table 7.5.

4. Lateral Channel Migration
Armori ng of t::e proposed east bank levee tnrJugh an app I i cat; on of
soil cement may accelerate erosion along t;le cpposite bank of tne
stream. As a precautionary measure, an erosion buffer zone is recom
mended along the west bank of Pi nto Creek. The bufT<2r z'Jne dimen
sions are summarized as follows:

Reach

2
3
4

Buffer Zone (feet)

o (natural r'Jck)
200 - 3CO
130 - 350

For this project, the buffer zone wi11 be measured from the west edge
of the lOO-year flood plain. Unique circumstances on other projects
might dictate that such buffer zones ~e measured from different
reference points.
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Table 7.5. Summary of Soil-Cement Toe-Down Dimensions.

Tota1 4
Long-Term Low Flow Local General Ant i dune Calculated

Degradat i on Incisement Scour Scour Troughs Safety Toe-Down
Reach (feet) (feet) (feet) (feet) (feet) Factor (feet)

Upstream
Right

01 N/A2 2.23Overbank 0 0 1.3 2.9

Upstream
Levee
Corner 01 N/A2 6.9 3.6 3.5 1.3 18.2

2 01 N/A2 0 3.6 3.5 1.3 9.2

3 01 N/ A2 a 5.3 4.3 1.3 12.5

• 4 01 N/A2 0 01 2.1 1.3 2.7

1The equilibrium slope or general scour analysis predict aggradation or depo
sition, respectively, at these locations. As a conservative approach,
aggradation or desposition is not algebraicly added into the toe-down depth,
a zero bed adjustment is assumed for these cases.

2The invert of the existing low flow channel will be used as a base elevation
from which all other bed profile adjustments will be measured .

•30n the basis of engineering judgement, the hydraulic depth in the right over-
bank was selected as being representative of this type of scour.

4These are minimum values and may be increased slightly during design to eli
minate numerous grade breaks during construction .

•
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This concludes the design example. 7he in-:ent of this sect~on was t.)

il1us"'::",ate the application of analytical CJnCe;HS presented in this manual to

an actual project study. ,.l.s can be seen from the above analysis, Ilreal ,.;orld ll

problems do not ah/ays confct'm to the ideal conditions often used to describe

the theory of a technical ;Jrocedure. For instance, in this prablc!i1 1000e found

no controls in the char.ne 1 bed that coul d be used as pi vot poi nts for an

equilibrium slope analysis. A problem was also susp,=cted in the S2 ection of

a. sediment supply section for the equi1ibr~um slope analysis. The lateral

migration analysis der:ionstrated tile need for considerable engineering judge

ment in selecting an erosion buffer zone.

Very seldom will projects involving fluvidl systems be encountered that

lend themselves to an ideal or t2xtbook solution. All the quantitative proce

dures outl i ned in thi s manual shoul d onl y be used as gui del i nes. ,4.5 empha

sized throughout this design manual, the final solution to a specific probl.:m

must be based on engineering judgement and experience.
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Note:

APPENDIX A

PACIFIC SOUTHWEST INTER-AGENCY COMMITTEE (PSIAC)

METHOD FOR PREDICTING WATERSHED SOIL LOSS

The information presented in APPENDIX A is from the following source:

"Pacific Southwest Inter-Agency Committee, Report of the Water

Management Subcommittee on Factors Affecting Sediment Yield in the

Pacific Southwest Area and Selection and Evaluation of Heasures for

Reduction of Erosion and Sediment Yield," October, 1968.

Introduction

•

••

The material that follows is suggested for use in the evaluation of sedi

ment yield in the Pacific Southwest. It is intended as an aid to the estima

tion of sediment yield for the variety of conditions encountered in this area.

The classifications and companion guide material are intended for broad

planning purposes only, rather than for specific projects where more intensive

investigations of sediment yield would be required. For these purposes it is

recommended that map delineations be for areas no smaller than 10 square

mil es.

It is suggested that actual measurements of sediment yield be used to the

fullest extent possible. This descriptive material and tile related numerical

evaluation system would best serve its purpose as a means of delineating boun

daries between sediment yield areas and in extrapolation of existing data to

areas where none is available.

This may involve a plotting of knOl'in sediment yield data on work maps.

Prepared materials such as geologic and soil maps, ~opographic, climatic,

vegetati ve type and other references woul d be used as ai ds in del i neati on of

boundaries separating yield classifications. A study of the general rela

tionships between known sediment yield rates and the watershed conditions that

produce them would be of substantial benefit in projecting data to areas

without information .
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Sediment Yield ClassiFicat~on

It is recommended that sediment yields in the Pacific South"'Jest arEa be

divided into five classes of average annual yield in acre-feet per square

mile. These are as follows:

acre-feet/square mileCl ass ifi cati on 1 > 3.0

2 1.0 - 3.0

3 0.5 1.0

4 0.2 0.5

5 < 0.2

"

"

"

"

"

Nine factors are recommended for consideration in determining the sedi-

ground cover, land use,

ment yield

topography,

cl ass i fi cati on. These are geology, soils, cl~mat2, runoff,

up I and eros ion, and channel eros i en and

sediment transport.

Characteri sti cs of each of the ni ne factors ·whi ch give that factor hi gn,

moderate, or low sediment yield level are shown on Table A-l. The sediment

yield characteristic of each factor is assigned a numerical value representing

its relative significance in the yield rating. The yield rating is the sum of

values for the appropriate characteristics for each of the nine factors.

Conversion to yield cla~ses should be as follows:

Rati ng

:> 100

75 - 100

50 - 75

25 - 50

a - 25

C1 ass

1

2

3 ---

4

5

Guidelines which accompany the table are an integral part of the proce-

dure. They describe the characteristics of factors 'Nhich influence sediment

yield and these- are summarized in the space provided on the table.

The factors are generally described, for purposes of avoiding complexity,

as independently influencing the amount of sediment yield. The variable impact

of anyone factor is the resul t of i nfl uence by the others. To account rJr

this variable influence in anyone area would require much more intensive

investigational procedures than are available fer broad planning purposes.
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To briefly indicate the interdependence of the factors discussed separa
tely, ground cover is used as an example. If there is no vegetation, litter

or rock fragments protecting the surface, the rock, soil, and topography

express their uniqueness on erosion and sediment yield. If the surface is

very well protected by cover, the characteri sti cs of the other factors are

obscured by this circumstance. In similar vein, an arid region has a high

potential for erosion and sediment yield because of little or no ground cover,
sensitive soils and rugged topography. Given very low intensity rainfall and

rare intervals of runoff, the sediment yield could be quite low.
Each of the 9 factors shown on Table A-l are paired influences with the

exception of topography. That is, geology and soils are directly related as
are climate and runoff, ground cover and land use, and upland and channel ero

s ion. Ground cover and 1and use have a negati ve i nfl uence under average or
better conditions. Their impact on sediment yield is therefore indicated as a

negative influence when affording better protection than this average.
It is recommended that the observer follow a feedback process whereby he

checks the sum of the values on the ~able from A through G with the sum of H
and 1. In most instances high values in the former should correspond to high

values in the latter. If they do not, either special erosion conditions exist

or the A through G factors should be re-evaluated.

Although only the high, moderate and low sediment yield levels are shown
on the attached table, interpolation between these levels may be made.

Surface Geology

Over much of the southwest area, the effect of surface geology on erosion

is readily apparent. The weaker and softer rocks are ['flare easily eroded and

generally yield more sediment than do the harder more resistant types.

Sandstones and simi 1ar coarse-textured rocks that di si ntegrate to form per
meable soils erode less than shales and related mudstones and siltstones under

the same conditi ons of preci pitati on. On the other hand, because of the
absence of cementing agents in some soils derived from sandstone, large storms

may produce some of the highest sediment yields known.
The widely distributed marine shales, such as the Mancos and shale mem

bers of the Moenkopi Formation, constitute a group of highly erodible for

mati ons. The very 1arge area" extent of the shal es and thei r outwash deposi ts
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gives them a rank of special importance in relation to er:Jsion. Fe'N of the

shale areas are free from erosion. Occasionally, becaL:se of slope or cever

co~ditions, metamorphic reeks and highly fractured and deeply ~eath€red grani

tes and granodiorites produce high sediment yield. Lir.1est:me and volcanic

outcrop areas are among the most stabl e found wi thi n the western 1ands. The

pri nci pal reason for thi s appears to be the excell ent i nfi 1trati on charac

teristics, which allow most precipitation to percolate into the underlying

rocks.

In some areas, all geologic formations ar'? covered 'Nith alluvial cr

colluvial material which may have no relation to tIle underlying geology. In

such areas the geologic factor would have no influence and should be assigned

a value of 0 in the rating.

Soils

Soil formation in the Pacific Southwest generally has not had cl imatic

conditions conducive to rapid development. Ther2fore, the soils are in an

immature stage of development and consist essentially of physically weathered

rock r.:aterials. The presence of sodium carbonate (blae!< alkali) in a soil

tends to calise the soi 1 parti cl es to di sperse and rerlders such a soi 1 susce~

tible to erosion.

There ate essenti ally three i norgani c properti es--sand, si 1t, and cl ay-

\vhich may in any combination give soil its physical characteristics. Organic

substances plus clay provide the binding material which tends to hold the soil

separates together and form aggregates. Aggregate formati on and stabil i ty of

these aggregates are the resistant properties of soil against erosion.

Unstable aggregates or single grain soil materials ~an be very erodible.

Climate and living organisms acting on parent material, as conditioned by

rel i ef or topography over a peri od of ti me, are the essenti a1 factors for soi 1

development. Anyone of these factors may overshadow or depress another in a

given area and cause a difference in soil formation. For instance, climate

determines what type of vegetation and animal population will be present in an

area, and thi s '.vi 11 have a defi nite i nfl uence or determi ne the type of soil

that evolves. As an example, soils developing under a for2st canopy are much

different from soils developing in a grassland community.

The raw, shaley type areas (marine shales) ~f the Pacific Southwest have

very little, if any, solid development. Colluvial-alluvial fan type areas are
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usually present at the lower extremi ti es of the steeper sl opi ng shale areas.

Infiltration and percolation are l.Jsually minimal on these areas due to the

fine textured nature of the soil material. This material is easily dispersed

and probably has a high shrink-swell capacity. Vegetation is generally

sparse, and consists of a salt desert shrub type.

There are areas that contain soils with definite profile development, and

also, stony soils that contain few fines, which constitutes an improved physi

cal condition for infiltration and plant growth over the fine textured shaley

areas. These areas usually occur at hi gher and more moi st el evati ons where

bare, hard crystalline rocks provide the soil parent material. Vegetation and

other ground cover, under these ci rcumstances, provi de adequate protecti on

against the erosive forces and thus low sediment yield results.

In ari d and semi -ari d areas, an accumul ati on of rock fragments (desert

pavement) or calcareous material (caliche) is not uncommon. These layers can

offer substantial resistance to erosion processes.

The two extreme conditions of sediment yield areas have been described.

Intermediate situations would contain some features of the two extremes. One

such situation might be an area of predominately good soil development that

contains small areas of badlands. This combination would possibly result in

an intermediate classification.

Climate and Runoff

Climatic factors are param~unt in soil and vegetal development and deter

mi ne the quanti ty and di scharge rate of runoff. The same factors consti tute

the forces that cause erosion and the resul tant sediment yi el d. Li kewi se,

temperature, precipitation, and particularly the distribtition of precipitation

duri ng the growi ng season, affect the quanti ty and qual i ty of the ground

cover as well as soil development. The quantity and intensity of preci pita

tion determine the amount and discharge rates of runoff and resultant detach

ment of soil and the transport media for sediment yield. The intensity of

prevailing and seasonal winds affects precipitation pattern, snow accumulation

and evaporation rate.

Snow appears to have a minor effect on upland slope erosion since

raindrop impact is absent and runoff associated with snow melt is generally in

resistant mountain systems.
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Frontal storms in which periods of mcderate to high intensitj ~recipit.3.

tion occur can produce the nighest sediment yields within the Scu~hwest. In

humid and subhumid areas the impact of frontal stcrms on sediment may be

greatest on upland slopes and unstable geologic areas where slides dnd oth2r
downhi 11 soi 1 movement can readi ly occur.

Convecti'/e thunderstorm activity in the Southwest :,as its greatest

influence on eroison and sedifiJEntation in /~rizona and New nexico and portions

of the adjoining states. High rainfall intensities en low densHy COYEr or

easi ly di spersed soi 1s produces hi gh sediment yi el ds. The d'/c'"age annual

sediment yield is usually kept within moderate bounds by infrequent occurrence
of thunderstorms in anyone locality.

High runoff of rare frequency may cause an impact on average annual s2ai

ment yield for a long period of time in a watersn2d that is sensitive tQ erc

sicn, 0, it may have little effec· in an insensitive ~ate;shec. For example,

sediment that has been tollecting in the bottom of a canyon and on sice slopes

for many years of low and moderate flows may be s.."ept cut duri ng the rare

event, creating a large change in the indicated sediment yield rate for the

period of record.

In some areas the action of freezing and thawing becomes important in the

erosion process. Impermeable ice usuaily fonns in areas of fine texture':

soils 'I'fhere a supply of moisture is a'di"ldole :)efore the adven: of cold

weather. Under these conditions the ice often persists throughout the winter

and is still present when the spring thaw occurs. In some instanc~s water

tends to run over the surface of the iCE ana not Q~tacn 5011 pcrticles, D~t It

is pass 10 i e for the ice ina surface 1ayer to thaw dur; ng a Ivarm peri ad and
• create a very erodible situation. Spring rains wit~ ice at shallow depth may

wash away the loose material on the surface.

In some areas of the Pacific South'flest, particular y those underlain by

mari ne shal e, freezi og and thawi ng al ters the texture of soi 1 near tile sur

face, and thus changes the infiltration characteristics. .These areas

generally do not receive enough snow or have cold encugh temperatures to build

a snow pack for spring melt. Later in the year soil in a loosened condition is
able to absorb a large part of the early rainfall. As rains occur during the

summer, the soi 1 becomes compacted on the surface, thus all QI.~" ng more "Nat2r to

run off and affording a greater chance for erosion.
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relief, floodplain development, drainage patterns,

are basic items to consider in connection with

their influence is closely associated ,'lith geology,

e

e'

e-

Watershed slopes,

orientation and size

topography. However,

soils, and cover.

Generally, steep slopes result in rapid runoff. The rimrock and

badlands, common in portions of the Pacific Southwest, consist of steep slopes

of soft shales usually r.taintained by the-presence of overlying cap rock. As

the soft material is eroded, the cap rock is undercut and falls, exposing more

soft shales to be carried a,vay in a continuing process. Howe-ver, high sedi

ment yields from these areas are often modified by the temporary deposition of

sediment on the intermediate floodplains.

The hi gh mountai n ranges, al though havi n9 steep slopes, produce varyi ng

quantities of sediment depending upon the type of parent materials, soil deve

lopment, and cover which directly affect the erosion processes.

Southerly exposed slopes generally erode more rapidly than do the

northerly exposed s10pes due to greater fl uctuati on of ai rand soi 1 tem

peratures, more frequent freezing and thawing cycles, and usually less ground

cover.

The size of the watershed mayor may not materially affect the sediment

yield per unit area. Generally, the sediment yield is inversely related to

the watershed size because the larger areas usually have less overall slope,

small er proporti ons of upl and sediment sources, and more opportuni ty for the

deposition of upstream derived sediments on floodplains and fans. In addi

tion, large watersheds are less affected by small convective type storms.

However, under other conditi ons, the sediment yi el d may not decrease as the

watershed size increases. There is little change in mountainous areas of

relatively uniform terrain. There may be an increase of sediment yield as the

watershed size increases if downstream watersheds or channels are more suscep

tlble to erosion than upstream areas.

Ground Cover

Ground cover is descri bed as anyth i ng on or above the surface of the

ground which alters the effect of precipitation on the soil surface and pro

file. Included in this factor are vegetation, litter, and rock fragments. A
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good ground cover dissipates the energy of rainfall befGre i~ str~kes the

soil surface, del ~vers water to the soil at a relati-lelj un17or:71 rate, impedes

the flo'''' of water, and promotes infiltration by the action of roots ',vitilin tile

soil. Conversely, the absence of ground cover, whether through natural growth

habits or the effect of overgrazing or fire, leave the land surface open to the

worst effects of storms.

In certain areas, small rocks or rock fragments may be so nU8erous on the

surface of the ground th~t they afford excellent protection for any underlying

fine material. These rocks absorb the energy of falling rain and are

resistant enough to prevent cutting by flowing water.

The Pacific Southwest is made up of land with all classes of ground

cover. The high mountaiR areas generally have the most vegetation, while many

areas in the desert regions have practically none. The abundance of vegeta

tion is related in a large degree to ;:;recipitation. If '1e~etJtive ground

cover is destroyed in areas where precipitation is high, abnormally high ero

sion rates may be experienced.

Differences in vegetative type have a variable effect on erosion and

sediment yield, even though percentages of total ground cover may be the same.

For instance, in areas of pinyon-juniper forest having the same percentage of

ground cover as an area of grass, the absence of understory in some of tile

pinyon-juniper stands would allow a higher erosion rate than ~n the area of

grass.

Land Use

The use of land has a widely variable impact on_sediment yield, depending

largely on the susceptibility of the soil and rock~to erosion, the amount of

stress exerted by climatic factors and the type and intensity of use. Factors

other than the latter have been discussed in appropriate places in this guide.

In almost all instances, use ei ther removes or reduces the amount of

natural vegetati ve cover whi ch ref1 ects the vari ed rel ati onshi ps wi thi n the

environment. Activities which remove all vegetation for parts of each year

for several years, or permanently, are cul ti vati on, urban development, and

road construction. Grazing, logging, mining, and fir2s artifically induce

permanent or temporary reduction in cover density.

High erosion hazard sites, because of the geology, soils, climat2, etc.,

are also of high hazard from the standpoint of type and intensity of use. For
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example, any use which reduces cover density on a steep slope Ivittl erodible

soils and severe climatic conditions will strongly affect sediment yield. The

extent of this effect will depend on the area and intensity of use relative to

the availability of sediment from other causes. Construction of road or urban

development with numerous cut and fill slopes through a large area of

widespread sheet or gully erosion will probably not cause a change in sediment

yie'ld classification. Similar contruction and continued disturbance in an

area of good vegetative response to a favorable climate can raise yield by one

or more classifications.

'Use of the land has its greatest potential impact on sediment yield where

a delicate balance exists under natural conditions. Alluvial valleys of fine,

easily di spersed soil s from shal es and sandstones are hi ghly vul nerabl e to

erosion where intensive grazing and trailing by livestock have occurred.

Valley trenching has developed in many of these valleys and provides a large

part of the sediment in high yield classes from these areas.

A decl ine in vegetative density is not the only effect of 1ivestock on

erosion and sediment yield. Studies at Badger Wash, Colorado, which is

underlain by t~ancos shale, have indicated that sediment yield from ungrazed

watersheds is appreciably less than from those that are grazed. This dif

ference is attributed to the absence of soil trampling in the ungrazed areas,

since the density of vegetation has not noticeably changed since exclusion

began.

Areas in the arid and semi-arid portions of the Southwest that are sur

faced by desert pavement are much 1ess sensiti ve to grazi ng and other use,

since the pavement affords a substitute for vegetative cover.

In certain instances the loss or deterioration of vegetative cover may

have little noticeable on-site impact but may increase off-site erosion by

accel erati on of runoff. Thi s coul d be parti cul arly evi dent below urbani zed

areas where accelerated runoff from pavement and rooftops has increased the

stress on downstream channels. Widespread destruction of cover by poor

logging practices or by brush and timber fires frequently increases channel

erosion as well as that on the directly affected watershed slopes. On the

other hand, cover disturbances under favorable conditions, such as a cool,

moist climate, frequently result in a healing of erosion sources within a few

years .
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This erosio;'] form occurs on slopinj 'r'iat:=rsll:?d lands beyond the confines

of valleys. Sheet erosion, ~hich involves the removal of a thin lay~r of soil

over an extensive area, is usually not visible to the eye. This erosion for~

is evi denced by the formati on of rill s. Experi ence i nc!i cates tha t soil loss

from ri 11 erosi on can be seen if it amounts to about 5 tons or more per acre.

This is equivalent in volume per square mile to aproximately 2 acre-feet.

Wind erosion f~om upland slopes and the deposition of the eroded Material

in stream channels may be a significant factor. "The inaterial 50 Geposited in

channel sis readi ly moved by subsequent runoff.

Downslope soil movement due to creep can be an important factor in sedi

ment yield on steep slopes underlain by unstable geologic forma~ion5.

Significant gully erosion as a sediment contributor is evidenced by the

presence of numerous raw cuts along the hili slopes. Deep soils on moderately

steep to steep slopes usually provide an environment for gully development.

Processes of slope erosion must be consider2d in. the 1ight of factors

which contribute to its development. These have been discussed in previous

sec:i OriS.

Channel Erosion and Sediment l!allS~ort

If a stream is ephemeral, runoff that tnverses the dry all uVl a1 bed may

be drastically reduced by transmission losses (aosor;Jtioll by channel

alluvium). This decrease in the volume of flow results in a decreased poten

tial to move sediment. Sediment may be deposited in the streambed from one or

a series of relatively small flows only to be picked~up and moved on in a sub

sequent larger flow. Sediment concentrations, determined from field measure

ments at consecutive stations, have generally been shown to ;ncredse many fold

for instances of no tributary inflow. -hus, although water yield per unit

area will decrease with increasing drainage area, the sediment yield per unit

area may remain nearly constant or may even increase with increasing drainage

area.

In instances of convective precipitation in a watershed wit:, perennial

flow, the role of transmission losses is not as significant as in watersheds

with ephemeral flow, but other channel factors, such as the shape of the chan

nel, may be important.
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For frontal storm runoff, the flo'tl durations are generally much longer

than for convecti ve storms, and runoff is often generated from the enti re

basin. In such instances, sediment removed from the land surfaces is

generally carri ed out of the area by the runoff. Stream channel degradati on

and/or aggradation must be considered in such cases, as well as bank scour.

Because many of the stream beds in the Pacific Southwest are composed of fine

grained alluvium in well defined channels, the potential for sediment

transport is limited only by the amount and duration of runoff. Large volumes

of sediment may thus be moved by these frontal storms because of the longer

flow durations.

The' combination of frontal storms of long duration with high intensity

and limited areal-extent convective activity will generally be in the highest

class for sediment movement in the channels. Storms of this type generally

produce both the high peak flows and the long durations necessary for maximufil

sediment transport.

Sediment yi el d may be substanti ally affected by the de91~ee of channel

development in a watershed. This development can be described by the channel

cross sections, as well as by geomorphic parameters such as drainage density,

channel gradients and width-depth ratio. The effect of these geomorphic para

meters is diff; cult to eval uat2, primarily because of the scarcity of sediment

transport data in the Pacific Southwest.

If the cross secti on of a stream is such as to keep the f1 ow wi thi n

defined banks, then the sediment from an upstream point is generally

transported to a downstream poi nt wi thout si gni fi cant losses. Confi nernent of 

the flow within alluvial banks can result in a high erosional capability of a

flood flow, especially th~ flows with long return periods. In most channels

with wide floodplains, deposition on the floodplain during floods is often

significant, and the transport is thus less than that for a \~ithin bank flow ..

The effect of thi s transport capabi 1i ty can be expl ai ned in terms of tracti ve

force whi ch si gni fi es the hydrau1 i c stress exerted by the flow on the bed of

the stream. This average bed-shear stress is obtained as the product of the

specific weight of the fluid, hydraulic radius, and energy gradient slope.

Thus, greater depth results in a greater bed shear and a greater potential for

moving sediment. By the same reasoning, steep slopes (the energy slope and

bed slope are assumed to be equivalent) also result in high bed-shear stress .

The boundary between sediment yield classifications in much of the

Pacific Southwest may be at the mountain front, with the highest yield
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designation on the al1uviai plain if there is ex,:erls;'1e channel erosion. In

contrast, many iTIounta in streams emerge from canyon reaches and the:l spread

over fans or vall ey fl ats. Here ,'later depths can decrease from many feet to

only a few inches in short di stances ,vi th a resu1 tant loss of the capaci ty to

transport sediment. Sediment yield of the highest classification can thus

drop to the lowest in such a transition from a confined channel to one that

has no definition.

Channel bank and bed composition may greatly influence the sediment yield

of a ',.jatershed. In lTIany areas 'I~ithin the Pacific Southwest, the channels in

valleys dissect unconsolidated material which may contribute significantly to

the stream sediment load. Bank sloughing during periods of flow, as \~el1 as

during dry periods, piping, and bank scour generally add greatly to the sedi

ment lead of the stream and often change upward the sediment yield ~lassifica

tion of the watershed. Field examination for areas of head cu~ting,

aggradation or degradation, and bank cutting are generally necessary prior to

classification of the transport expectancy of a stream. Geology plays a

significant role in such an evaluation. Geologic controls in channels can

greatly affect the stream regimen by limiting degradation and headcuts. Thus,

the transport capacity may be present, but the supply of sediment from thi s

source is limited.

i~an-made structures can also greatly affect the transport characteristics

of the stream. For example, channel strai']htening can temporari:y upset the

channel equi 1 i bri um and cause an increase in channel gradi ent and an increase

in the stream velocity and the shear stress. Thus, the sediment transpor:

capaci ty of the stream may be .emporari 1y increased. Structures such as

debris dams, lined channels, drop spillways, and de-tention dams may drasti

cally reduce the sediment transport.
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AN EXPLANATION OF THE USE OF THE RATING CHART (TABLE A-l) FOR

EVALUATING FACTORS AFFECTING SEDIMENT YIELD IN THE PACIFIC SOUTHWEST FOLLOWS
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Table A.I. Factors Affecting Sediment Yield in the Pacific SOlJth~'Jest.
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• Use of the Rating Chart of Factors Affecting
Sediment Yield in the Pacific Southwest

The following is a summary of the sediment yield classification presented
for this methodology.

Sediment Yield
Cl assi fi cati on Rating _ .A-f/.?.9..:_~:-

1 > 100 3.0
2 75 - 100 1.0 - 3.0
3 50 - 75 0 ..5 - 1.0
4 25 - 50 0.2 - 0.5
5 0 - 25 < 0.2

In most instances, high values for the A through G factors should
correspond to high values for the H and/or I factors.

An example of the use of the rating chart is as follows:

A watershed of 15 square miles in western Colorado has the following
characteristics and sediment yield levels:

• A
B

c

D
E
F
G
H

I

Factors

Surface geology
Soi 1s

Cl imate

Runoff
Topography
Ground cover
Land use
Upland erosion

Channel erosion

Sediment Yield Levels

j'1arine Shales
Easily dispersed, high

shrink-swell characteristics
Infrequent convective

storms, freeze-thaw occurrence
High peak flows; low volumes
t~oderate slopes
Sparse, little or no litter
Intensively grazed
More than 50% rill and gully

erosion
Occasi onally erodi ng banks: and

bed but short flow duration

TOTAL

Rati ng

10

10

7
5

10
10
10

25

5

92

•

This total rating of 92 would indicate that the sediment yield is in
Classification 2. This compares with a sediment yield of 1.96 acre-feet per
square mile as the average of a number of measurements in this area .
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APPENDIX B

MODIFIED UNIVERSAL SOIL LOSS EQUATION

FOR PREDICTING WATERSHED SOIL LOSS

The ~10dified Universal Soil Loss Equation (j~USLE) described by \~illiams

(1975) is an empirically derived methodology for predicting waterslled sedirllent

yield on a per-storm basis. The MUSLE is

where Ys is sediment yield in tons for the storm event, Rw is a storm

runoff energy factor, K is the soil erodibility factor, LS is the topo-

graphi c factor represent; ng the combi nati on of slope 1ength and slope gra

dient, C is th ecover and management factor and P is the erosion control

practice factor. Factors K, LS, C and P are as defined for the Uni

versal Soil Loss Equation (USLE), as reviewed in later paragraphs (Smith and

Wi schmei er, 1975, Wi schmei er, 1960, and Wi schmei er and Smith, 1978, provi de

detailed descriptions of the USLE factors and their values) ..

The storm runoff energy factor Rw in Equation B.1 represents the modi-

fication of the USLE where R is given by
w

(B.2)

e

In Equati on B. 2, Vis the storm event runoff volume in acre-feet, qp is

the storm event peak Jlow rate in cfs, and CL and pare coeffi ci ents.

Util i zati on of a storm runoff factor makes the r~USLE appl i cabl e to selni ari d

regions of the West where short-duration, high-intensity storms are cominant.

For watersheds having measured sediment data, values for the coefficients CL

and ~ can be derived through calibration. Williams and Berndt (1972) deter

mi ned val ues for CL and ~ of 95 and 0.56, respecti vely, for experimental

watersheds in Texas and Nebraska.

Soil erodibil ity factor K was found by Wischmeier et al. (1971) to be a

function of percent of silt, percent of coarse sand, soil structure, per

meabil i ty~ of soil, and percent of organi c matter. The soil erodi bil i ty

nomograph is shown in Figure B.1.

Wischmeier (1972) presented a method including graphical aids for deter

mining the cover and management factor (cropping-management factor C). The

B.l
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Figu-te B.1. ." Soil erodibility nomograph used_to deter
mine factor K for specific tapsoils or
subsoil horizons. Solutions are in tens/
acre (from Wischmeier et a1., 1971).
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cropping-management factor can be divided into three distinct types of effects

as follows: Type I -effects of canopy cover (C
I
), Type II - effects of mulch

or close-growing vegetation in direct contact with the soil surface (C II ), and

Type III - tillage and residual effects of the land use (C III ). The cover and

management factor is defined as the product of these factors:

(B.3)

e··

e

Type I - Canopy Cover. Leaves and branches that do not directly contact

the soil are effecti ve on1 y as canopy cover. A canopy can intercept fall i ng

raindrops, but waterdrops falling from the canopy may regain an appreciable

velocity, although not the terminal velocities of free-falling raindrops.

Therefore, canopy cover reduces rai nfall erosi vity by reduci ng impact energy

at the soil surface. The amount of reduction depends on height and density of

the canopy. Fi gure B. 2 S110WS the canopy factor as a functi on of hei ght and

densi ty of the canopy. Canopy factors for vari ous percentages of cover at

heights of 0.5, 1.0, 2.0 and 4.0 meters may be obtained directly from this

graph.

Type II - Mulch and Close-Growing Vegetation. A mulch at the soil-

atmosphere interface is much more effective than an equivalent percentage of

canopy cover. Because intercepted raindrops have no remaining fall-height to

the ground, their impact on the soil surface is e1 iminated. A mulch that

makes a good contact with the ground a1 so reduces runoff vel oci ty, whi ch

greatly reduces the potential of runoff to detach and transport soil material.

Substantial rainfall simulator data are now available on erosion-reducing

effecti veness of vari ous amounts .and types of mu1 ches used on crop1 and and

construction sites. Extrapolation of these .data to other mu1cbes and close

covers such as those associ ated with range or woodland is facil i tated by

expressing them on the basis of percent surface cover~ rather than tons per

acre. This conversion and a preliminary summarization of data are reflected

in the relationship curve shown in Figure B.3.~

Type III - Residual Effects of Land Use. This category includes residual

effects of 1and use on soi 1 structure, organi c matter content and soi 1 den

sity, effects of tillage or lack of tillage on surface roughness and porosity,

roots and subsurface stems, biological effects, and other factors. This. fac

tor can be evaluated from Figure 8.4 by knowing the percent of root network in

the topsoil relative to a good rotation meadow. This percent of root network

B.3
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Figure B.2. Influence of vegetal canopy on effective
EI (after Wischmeier, 1972).
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• is often a difficult value to estimate. The overall C factor can be eval

uated by the product of three subfactors, i.e., Type I, II and III subfactors.

The topographic factor LS is defined as the ratio of soil loss from any

slope and length to soil loss from a 72.6-foot plot length at a nine percent

slope, with all other conditions the same. Slope length is defined as the

dis tance from the poi nt of overl and flow ori gi n to the poi nt where ei ther

slope decreases to the extent that deposition begins or runoff water enters a

well-defined channel (Smith and Wischmeier, 1957). tJfect of slope length on

soil loss is primarily a result of increased potential due to gredter accumu

lation of runoff on tne longer slopes. Based on data for slopes between three

and 20 percent and with lengths up to 400 feet, Wischrneier and Smith (1965)

proposed the topographic factor be cumputed as

L5 : (~)n (0.065 + 0.0454 5 + 0.0065 52 (8.4 )

•

•

where A is slope 1ength, 5 is percent slope, and n is an eXjJonent

depending upon slope. The exponent n is given by

n : 0.3 for slope ~ 3 percent

n : 0.4 for slope: 4 percent

n : 0.5 for slope> 5 percent

Eros ion-control practi ce factor P accounts for the effect of conser-

vation practices such as contouring, strip cropping, and terracing on erosion.

It is defined as the ratio of soil loss using one of these practices to the

loss using straight row farming up and down the slope. Terracing is ge~erally

tile most effective conservation practice for decreasing soil erosion. This

factor has no significance for wildland areas and can be set at 1.0.

When estimati ng sediment yi el d usi ng tne I"'U~LE, a:useful computati on is

to express sediment yield in terms of an average concentration (ppm) based on

the total water and sediment yields. This value can be compared with measured

stream data in the area, if available. Annual sediment yield from tile land

surface can be estimated usi ng the MUSLE in combi nati on wi th the probabi 1i ty

weighting procedure described in Section 3.4. Application of the r·1USLE to

estimate watershed soil loss is illustrated in the foll owi ng exalnpl e.

Example:

Watershed area: 25.3 mi 2

Annual rainfall = 10.0 in .

8.7



Average runoff = 1.5 percent of rainfall = 0.15 in.

Watershed soil: 43 percent silt and very fine sand

40 percent sand

1 percent organic matter

Fine granular structure

Moderate permeability

Average watershed slope = 14 percent

Average slope length = 280 ft

Canopy cover density = 10 percent

Average fall height = 1.5 ft

Close-growing vegetation density = 15 percent

Koot network in topsoil (weeds) = 20 percent

For purposes of illustration, assume a = 95 and a = 0.56.

Step 1: Determine Factor Values

({ Factorw
See Table B.l.

K Factor

K factor nomograph (Figure B.1) K = 0.26

C Factor

From Figure B.2 for 10 percent canopy cover C = 0.90I
From Figure B.3 for 15 percent ground cover CII = 0.67

FrcTi1 Figure 8.4 for 20 percent root network eIlI = 0.42

C = CI Clr CrrI = 0.25

LS Factor

Applying Equation 8.4,

LS = (280 )0.5 [0.065 + 0.0454 (14) + 0.00ti5 (14 2)J = 3.9
72.6

P Factor
No supporting practices, tnerefore P = 1.0

Step 2: Apply Equation S.l

Y
s

= K
W

(0.26) (3.9) (0.25) (1.0)

Results are given in Table B.2.
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Table B.l. Factor R Calculation.w

--------_._------

Return Period Runoff Volume Peak Runoff
(years) (ac-ft) (cfs) Rw

------------------

2 123 340 37,800

5 320 900 108,400

10 595 1,650 215,400

25 915 2,540 349,000.- 50 1,200 3,330 472,800

100 1,510 4,190 611,500

e·
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Table B.2. MUSLE Sediment Yield Estimate.

Return Period
(years)

Hashload
(tons)

2 37,800 9,000

5 108,400 27,000

10 215,400 54,000

25 349,000 87,000

50 472,800 118,000

100 611 ,500 153,000
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