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LECTURE 1: Multi-Level Analysis Approach

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 emphasis of the lecture focused upon the first 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.

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 solution approach presented here is composed of three
general Tlevels 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 levels 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. These
components have been 1labeled as "levels" of analysis, and are
described as follows:

Level I - A qualitative analysis, based upon general geomorphic
concepts

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

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

While each ascending level of analysis requires an increased commit-
ment of resources, it also produces meaningful results in its own
right. Therefore, when applied as an itegrated approach, this multi-
level approach constitutes a powerful methodology for the solution to
complex fluvial-system problems, especially when evaluating short-term
and/or long-term responses of watershed and river systems.
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AT
. II. LEVEL I - QUALITATIVE GEOMORPHIC ANALYSIS / 2 . / //‘/
A. Use of General Relationships ;ﬂA"//iﬁ/? |
o Well-Known Relationships (See Figures) 2
- Lane
- Leopold and Wolman
- Henderson
= Schumm
B. Use of Classification Systems
° Straight
° Meandering
° Braided
° 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
III. LEVEL II - QUANTITATIVE GEOMORPHIC AND BASIC ENGINEERING w’ﬂ;}
ANALYSIS I / / 2
A. Hydrologic Analysis //#” L -
e Changes in Hydrologic Processes // s ﬁi. 14

W ,//"'
/L// ///Nv //ﬂ

° Changes in Flow Regime
° Changes in Sediment Yield and Transport Rate
° Design Discharge
° Dominant Discharge

B. Hydraulic Analysis

o Water-Surface Profiles
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- Flow Distribution 41

- Depth ///u
/L/’ ‘\
= Ve]OCity L,/ Ng’ |
° Distribution of Bed and Bank Sediments [}UWV /I7~ ‘,{f
. ) Y/ L / ' N
- Sieve Analyses (See Figures) arl na b b / /
- PI and UCS Tests, if required . VA
i
- Visual Analysis (Pebble Count, Grid Photography) 42 }s /
o Estimate Sediment-Transport Rate /%/‘
ﬂ’ ‘1

- From Actual Measurements
- From Transport Equations(s)
°© Compute Equilibrium Slope
- Using Simplified Transport Relationships
- Applying Principle of Sediment Continuity
° Predict Aggredation/Degradation Trends of Fluvial System

I\
° Predict Lateral Migration/Meandering Trends of Fluvial

Systems | ¥
y i/
[/ A _u7
LEVEL III - MATHEMATICAL MODELING ‘N Yoo
,Z”ﬁ [~
7 M
A. Definition //("ﬂ¢é“

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. Benefits

° Can Play "What-If" Games
o Economical to Run Multiple Alternatives, Once Calibrated

© Can Evaluate Uncertainties of Assumptions and Decisions
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C. Costs

°© More Complex Models Require Added Data and Generate
Increased Cost

° 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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LECTURE 2: Hydrologic and Hydraulic Analyses

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.

I. GENERAL INTRODUCTION

The semi-arid climate 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.

IT. HYDROLOGIC ANALYSES ;

A. Relation to Other Analyses A /7.Tr
/1.1 W
o "First Step" il P 5/ ['ﬁf
— €7 f V4 ;
° Rainfall | ' ‘/,4 e
\ §J 4&/ ¢%IJ
- Spatial \ ‘/
Temporal ;/ﬂ”

° Runoff P '
- Peak v 4 /nﬂw:////i
- Volume 2 Py »

B. Sources of Data . /’;ﬂ
° United States Geological Survey
- District Office of Water Resource Division (Tucson)

- National Headquarters (Reston, Virginia)




13 SLA, INC.

° United States Department of Agriculture
- Soil Conservation Service

- Agricultural Research Service (Southwest Watershed
Rangeland Research Center)

° National Weather Service

o Corps of Engineers (L.A. District)

° Bureau of Reclamation (Denver, Colorado)

° United States Forest Service

° United States Bureau of Land Management

° Federal Emergency Management Agency

e State Department of Water Resources

°© State Department of Transportation

e County Flood Control Districts

° County Highway Departments

° City Engineering Departments

e Irrigation Districts

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

° Public and Private Universities

o State Climatologist

e Private Individuals

2 Meavs prI#

Peak-Discharge Determination

° At-Gage Statistical Analyses (See Figures)
- Extreme Value, Log Normal, Log Extreme Value, Gumble
- Log-Pearson Type III

° Regional Methods (See Figures)

- United States Geological Survey Flood-Frequency Analysis
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Table 1.--Regression equations for flood magnitudes at
selected recurrence intervals and corresponding
standard error of estimate—Continued

Equatio Standard error of estimate,
quatian in percent

REGION 3—CENTRAL MOUNTAIN AREA (87 STATIONS)

Qy = 5.660-673¢=0.605p1.03 81
05 = 31.6A0-650g-0.868,0.987 S (v
! ,Lt"‘ v

- 74.7p0-638¢-1.0050.971 58 - AR
Q10 Y4
st = 186A0.626E-1.14p0.944 58 V’r‘ \L"

/‘VU i
Qsp = 329A0-617¢-1.2250.933 T y
V
Q10 = 553A0-610g=1.30p0.915 ” %
Qggy = 1,530A0-595g-1.45p0.886 78
REGION HE—HIGH-ELEVATION REGION (16 STATIONS)

Q, = 8.78A0-853 43

) 0.826 ’
Q5 = 19.9A )O/L/ 33

) 0.816 1"
Q19 = 29.6A J 33
Qps = 44.9A0-805 My 38

4 1 |

i 0.799 . J a4y ,
050 = 58.2A W s / 42 |

. 0.795 o~
Q509 = 1138777 55 Y4

=
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- Other Regional Methods ./~ 1 A

o SCS TR-55 Method ~__ 7 Lo

o ADOT Methods i [~

° Pima County/City of Tucson Methods ! }
o Rational Method (See Figures) /ﬂh ‘{”;
D. Flood-Hydrograph Determination (T tt
o Rainfall/Runoff Models a [‘ﬂ:‘ o ﬁ&'
’f; ) ¥ /'i (/'
- HEC-1 (USACE) [ A4 Ty
[ ‘/\, N ) M
- TR-20 (SCS) \ / Wy
- Penn State Urban Runoff f([AL* f“’

Others / N /
° Rainfall/Runoff Processes

Storm Characteristics (Depth, Spatial and Temporal
Characteristics)

Runoff Volume (Interception/Infiltration)

ple~)

Overland Flow (&mt™™

Collector Flow

Channel Flow

E. Selection of Design Event
o Size of Watershed
o Seasonal Impacts
° Risk
° Long-term vs. Short-term Impacts (Dominant Discharge)

Sy proded E gL f ///M |
</ F
A. Resistance to Flow y. 7

Z// // e
o Darch-Weisbach Friction Factor "f" /////7L/////

I1I. HYDRAULIC ANALYSES e
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Commercial Areas 0.90
Resid‘éntial— Areas (Average lot zoning) 0.45
Townhouses 0.55
Apart:_ments and Condominiums : “:\ 0.65

= ¥ \ /
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° Chezy Resistance Factor "C"

°© Manning Roughness Coefficient "n
° Inter-relationships

- C = (8g/f)1/2

0.0926R1/6¢1/2

-n
o n-values for Rigid-Boundary Conditions (See Figures)
° n-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?)
° n-values for Cobble-bed and Boulder-bed Channels
- Drag Forces
- Porous-Media Flow
- Complex Resistance Equation (Bathurst)
Boundary Shear Stress
o Basic Relationship, t = YRS (Alternate, t = 1/85fV2)
° Distribution Along the Boundary
- Variation in a Trapezoidal Cross Section (See Figures)

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

° Shear Stress in a Bend
- Distribution (See Figures)
- Variation (See Figures)
- Downstream Impacts

° Permissible Shear Stress
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TaBLE 5-6. VALUES oF THE RouGHNESS COEFFICIENT n (continued)

Type of channel and description Minimum | Normal | Maximum

C. ExcavaTED OR DREDGED
a. Earth, straight and uniform

1. Clean, recently completed 0.016 0.018 0.020

2. Clean, after weathering 0.018 0.022 0.025

3. Gravel, uniform section, clean 0.022 0.025 0.030

4. With short grass, few weeds 0.022 0.027 0.033
b. Earth, winding and sluggish

1. No vegetation 0.023 0.025 0.030

2. Grass, some weeds 0.025 0.030 0.033

3. Dense weeds or aquatic plants in 0.030 0.035 0.040

deep channels

4. Earth bottom and rubble sides 0.028 0.030 0.035

5. Stony bottom and weedy banks 0.025 0.035 0.040

6. Cobble bottom and clean sides 0.030 0.040 0.050
¢. Dragline-excavated or dredged

1. No vegetation 0.025 0.028 0.033

2. Light brush on banks 0.035 0.050 0.060
d. Rock cuts

1. Smooth and uniform 0.025 0.035 0.040

2. Jagged and irregular 0.035 0.040 0.050
e. Channels not maintained, weeds and

brush uncut

1. Dense weeds, high as flow depth 0.050 0.080 0.120

2. Clean bottom, brush on sides 0.040 0.050 0.080

3. Same, highest stage of flow 0.045 0.070 0.110

4. Dense brush, high stage 0.080 0.100 0.140

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 0.025 0.030 0.033

deep pools

2. Same as above, but more stones and 0.030 0.035 0.040
weeds

3. Clean, winding, some pools and 0.033 0.040 0.045
shoals

4. Same as above, but some weeds and 0.035 0.045 0.050
stones

5. Same as above, lower stages, more 0.040 0.048 0.055
ineffective slopes and sections

6. Same as 4, but more stones 0.045 0.050 0.060
7. Sluggish reaches, weedy, deep pools 0.050 0.070 ¢ 080
8. Very weedy reaches, deep pools, or 0.075 0.100 0.150

floodways with heavy stand of tim-
ber and underbrush
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;_m I< tc RIPPLES DUNES TRANSITION PLAIN BED | STANDING WAVES & ANTIDUNES
S
2
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228
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LOWER REGIME TRANSITION UPPER REGIME A ;
STREAM POWER, (TV) by}/ v
FROUDE NUMBER,(V / /g3 ) ) ”ﬁ
VELOCITY,(V) Mr J
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LF Q»A ¥
AT, Lﬂ
" |
W » 4
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/ I of
)
Recommended
Recommended Value for
Bed Typical 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
Transition 0.014-0.025 0.030 0.025
Plane 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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F1G. 7-6. Distribution of tractive force in a trapezoidal channel section.
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Shear Stress Distribution in a Channel Bend
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Cohesive Materials

Non-cohesive Materials

Impacts of Vegetation

Impacts of Cementation

Typical Values (See Figures)
° Shear Stress as Related to Flow Velocity
- Maximum Versus Mean Shear Stress/Velocity

- Permissible Velocity as a Function of Permissible Shear
Stress

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

[}

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

(]

Supercritical Flow (Less than Critical Depth)

- Control is Upstream

]

Water-Surface Profiles
- Gradually-varied Flow
- HEC-2 (USAéE)

- HY-7 (USGS)

Additional Influences Upon Flow Depth
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o Bed Forms

- Dunes (1/2 Y, bed)

- Antidunes (0.027v2, bed or surface, but no greater than
172 ¥

o Superelevation in Bends
- Rectangular Channels
- Trapezoidal Channels

- Formula (See Figures) ’{/42//////}—/AL
High-Velocity Flow Separation in Sharp Bends _{ %/”

/

#
/71 ”/

o

- A Y = 0.25V2/2g
- Applies When W/r:>0.33

(]

Debris Accumulation

- At Bridge Crossings

= At Culvert Crossings

- At Fences and/or Other Barriers
° Long-term Aggradation

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

Total Freeboard Requirement

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

© Channel Wall Height, Use A1l Five Components Described
Under III. D.

° Formulas
- F"BBL = 1/2ha * AYse + AYS
- <’ 4‘#(/’ 1 s P v \/)
ha = Antidune Height -t J
AYge = Superelevation
AYs = Flow Separation (Bank Lining Only)
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- F.BTOT = F.BBL = AYd + AYagg

Debris Accumulation

AYd

AYagg = Long-term Aggradation
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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.

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
possible to understand even a short reach of an alluvial 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. Plan form analysis.
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 techniques 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.

II. DATA REQUIREMENTS
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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River Geometry

1. Channel cross-sectional characteristics
2. Channel gradient

3. Valley gradient and channel sinuosity
4., Radius of channel bends

Historic Data

. Flood history

. Gage record (changes in datum)

. Channel alignment history ( from aerial photos)
. Land-use changes

. Records of cross-sectional changes

PP WN =

Hydrologic Data

Frequency and duration of floods
Estimation of bankfull discharge
Dominant discharge

Watershed area

Response time for rainfall/runoff
Soil type

Vegetative cover

Infiltration characteristics

ONOOT P WMN —
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Sediment Characteristics

. Channel bed and bank material characteristics
. Sediment sources in the watershed

. Measurements of sediment yield

Deposition in reservoirs or detention ponds

. Measured sediment concentration in the river

Data Sources

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.

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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Basin and project reports
Environmental reports

Personal interviews
Paleohydrologic evidence
Dairies and inspection records
Field investigation

Other Important Factors to Consider

1.
20
3s

A1l

Movable versus fixed boundaries; concept and approach
Alluvial channels
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

Important sedimentation process

Erosion, land surface, stream channel and banks
Entrainment

Transportation

Deposition

Compaction

of these Processes are Equilibrium Seeking and are Time

Dependent

10

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)

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

Major flood (hours to several days)

° Changes in plan form and Channe1 geometry, meander,
bar movement

Instantaneous (hours)

° Changes in river discharge and sediment Tloads
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IIT. PLAN FORM ANALYSIS

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
river reach, then, may exhibit both braiding and meandering, as the
alteration of controlling parameters changes the character of a given
river plan form.

Rivers can be classified broadly in terms of channel pattern, that is,
the configuration of the river as viewed on a map or from the air.
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
relatively straight banks, the thalweg, or path of greatest depth
along the channel, is usually sinuous (Figure 1.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 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, Wolman and
Miller (1964) took a sinuosity of 1.85as 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
1.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 1l.a).
Braiding was studied by Leopold and Wolman (1957) in a Tlaboratory
flume. They concluded that braiding is one of many patterns which can
maintain quasi-equilibrium among the variables of discharge, sediment
load, and transporting ability. Lane (1957) concluded 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, which produce a wide,
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 1l.c).
More precisely, Lane (1957) concluded that a meandering stream is one
whose channel alignment consists principally of pronounced bends, the
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a) Braided b) Straight ¢) Meandering

(2]
1o,
j o

Figure 1. River channel patterns.
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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
shallow crossings in the short straight reach connecting the bends.
The thalweg flows from a pool through a crossing to the next pool
forming the typical S curve of a single meander Tloop.

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 1in 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)

Channel width

Hydrologic regime

Bed material

Valley setting

Flood plain

Degree of sinuosity

Degree of braiding

Degree of anabranching

. Variability of width and development of bars
10. Apparent incision

11. Cut banks

12. Bank material

13. Vegetative and tree cover on banks

OO WN
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Figure 2. Example illustrating qualitative information derived from
time sequence analysis of aerial photographs.
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Figure 3. Stream properties for classification stability analysis.




43 SLA, INC.

B. 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. Figure 4 sum-
marizes the various results, which in general can be fitted
by equations of the form

SQg*=K

where S 1is the channel slope, Q 1is the discharge, o is
a coefficient and K 1is a constant. The data used to deve-
lop these relationships included both laboratory results and
field measurements for predominantly sand-bed channels.

1. 501/4 = 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

C. 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 a 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
result of a number of interdependent factors. On the average, it
represents a balance 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 Tload. 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 7. Adjustments in Tongitudinal profile
(Morisawa, 1968).
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Time-Sequenced Thalweg Profiles

1. Developed from available mapping

2. Or, from historic profile or cross-sectional measurements
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 to stream
power and concentration of wash load, and inversely
proportional to the fall velocity of the bed
material

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

(V) WC .

Is. Ds0

where Tt = shear stress on the channel bed
V= average channel velocity an
Cf = wash load concentration ‘ TLVV*[
W = channel top width [ o
Dsg = mean sediment grain size Y
Qs = sediment discharge , j}y

3. Lane simplified this relation to obtain: [‘[A
0S @ QD /,M
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C. Application of Lane's Relation (summarized in Figure 8)

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 Tlow, 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
stabilized.

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.

A. Choice of Channel

The choices of channels available to the designer are almost
infinite, depending only wupon 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 1lined channel for higher velocities, a grassed
channel, or a natural channel already existing.

The actual choice must be made upon a variety of multi-
disciplinary factors and complex consideration which include,
among others:
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EXAMPLES:

GENERAL SEDIMENT TRANSPORT EFFECTS
‘DEVELO?ING WATER SURFACE ELEVATIONS
USUALL:.RIGID BOUNDARY ASSUMPTION

BED CHANGES DURING THE YEAR

TIMES OF MEASUREMENT

RISING/FALLING FLOWS

.y FALLING
4

~ r 4 RISING

=CHANNELIZATION

SHORTEN, DEEPEN, WIDEN CHANNEL
STREAM WILL RESEEK EQUILIBRIUM
TRIBUTARY EFFECTS

=-CHANNELIZATION CAN CAUSE:

A/ 'm/ﬁvf UPSTREAM

' D(J,,,s f/gv” IN IMPROVED REACH AND DOWNSTREAM
v

Figure 9.
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EXAMPLES (continued)

-RESERVO;RS

s * DSO’:tQ_*_Sf

' = ' / L ) (2
A RESERVOIR CAN CAUSE: | K;; R 4 Q €5

* IN POOL

* DOWNSTREAM ' 4

®*HOW FAR DOWNSTREAM?

CHANGED FLOW REGIME CAUSES: L5
Y
*INCREASED TRANSPORT ///?

/ {
*DECREASED TRANSPORT :
*BOTH

*TRIBUTARY EFFECTS

USUAL EFFECTS: IMMEDIATE DEGRADATION

DOWNSTREAM, THEN DEPOSITION IN LOWER
REACHES

Figure 10.
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EXAMPLES (continued).

-A LEVEE CAN CAUSE:

UPSTREAM

IN LEVEED REACH

DOWNSTREAM

-LEVEE AND BYPASS

—

DIVERT FLOW THAT WOULD HAVE GONE INTO OVERBANK STORAGE

DIFFICULT TO PREDICT SCOUR-DEPOSITION

=BYPASS

Figure 11.
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Aggradation Original Equilibrium Grade

Degradation at Dam

Base Level
A

Figure 12a. Channel response above and below a dam.

Clear Water

Release at Dam t
é Original Bed o
o °
‘§~~.~\\ 2]

Scour & ‘Channel \ Finol Bed
Degradation
Mean Discharge —=
fa (b)

Figure 12b. Clear water release below a dam.
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Sinuosity —

(a) (b)

Slopo —

Mean Discharge —

(c)

Figure 13. Straightening of a reach by cutoffs.
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Headcut
- : Drop in Base Level

Main Channal

Lowering of base level for tributary stream.

SLA, INC.
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deraulic

Slope of thalweg

Right of way

Capacity 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

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.

Summary of Design Procedure

1. Estimate the design flow based on hydrologic
computations.

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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issues.

Estimate or look up in published tables, an appropriate
Manning's n value.

Determine the hydraulic regime for the design flow by
computing yc and yp.

Determine channel stability 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
11ne?, riprap, gabions, soil cement, drop structures,
etc . L]

Assess river bends, channel ‘crossings, local scour,
superelevations, wave action, and freeboard problems
separately.

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.

Make sure your design will function equally well for Tow
flows and high flows.
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LECTURE 4: Workshop 1, Qualitative Analysis

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

I. GENERAL INTRODUCTION

This workshop consists of a series of exercises that will acquaint
the user with various data used in fluvial analysis 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

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

° Describe major channel features of the Santa Cruz river in
1985, '

o What changed?

o What stayed the same?

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

° 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 using the
photo overlay that are less obvious without the overlay?

°© 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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° Could you quantify the change in alignment?

III. PLAN FORM VARIABLES
A. Sinuosity
o Ratio of river length to valley length
°© Measurement of sinuosity
B. Channel width and depth
° Measurement of channel shape

°© Width to depth ratio

IV. BED AND BANK MATERIAL INFORMATION
A. Size
° What are the median particle sizes?
o What are the largest sizes?
- Are there gravel and cobbles
° What is the smallest size?
- Are there silt and clay?

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

B. Gradation
° How are the sediment sizes distributed?
° 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.
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B. Note the changes and discuss channel stability.

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

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
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by Simons, L1 & %ssoc1afes, Inc., 1982)
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QUANTITATIVE SEDIMENT ANALYSES

Lecture 5 {7//

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

Lecture Qutline

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

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 movab]e bgd models

2 Sediment sources in a river reach

Input Data Requirements for Typical Sediment-Transport Model

117 Geometric data

A. Cross sections

B. Distance between cross sections
C. N-values

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. Hydrologic data
A. The water discharge hydrograph

B. The downstream boundary condition
C. Water temperature

.Theoretical Basis

¥y )
Se= S My _ M(V©/2q)

G ')MY g Conservation of Energy
Q = VA J | Continuity of Water Volume
7
J Me +B Mys =0 Continuity of Sediment Volume
Mx o OMT

G=f &Qc y, grain size distribution, Transport Function
where the transport function may be

A. Toffaleti

B. Madden modification of Laursen
C. Yang = stream power

D. Einstein bed-load function

E. User supplied

(1)
(2)

(4)
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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.

2'

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

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

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

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

Read data for next event.

Go to 1.

Model Limitations

1.
2.
3.
4.

One-dimensional approximation
Quasi-steady
Sensitivity to inflowing load data

Lack of objective measures of model performance (calibration data)
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Teopography
of River
Valley

[. X-Sections
2.Recch Lengths

) Hydraulics
Sediment Load of Flow
|. depth
{. Suspended load 2. width
| 2. Bed load ' 3. velocity
;(:‘l' 4. slope
Hydraulic
Roughness
(n-Values)
|. Bed forms:
a.ripples
b. dunes
c. flat beds
d. anti—-dunes
2. Size of Grains

Fig. 6.03. MOVABLE BED MODEL
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@

Classification System
Based on Based on
mechanism of transport particle size
Wash load Wash load
-
3
= Suspended
g load
& Suspended
_E - - .
.% bed-material Bed-material
< load
o oa lccd
Bed lcad Bed load

Figure 8. Comparison of lacation cf suspended load, wash load,

and bed load carried im chanmel flow from USDA-SCS, NEH, Section
3 (1971).



TOTAL LOAD
MODI- AVATLABILITY METHOD
OF [N oF
TRANSPORT STREAMBED QUANTIFYING
SUSPEMDED WASH LOAD MEASURED LOAD

+ BLD 1OAD

TOTAL LOAD

+ BED MATERTAL LOAD

TOTAL LOAD

+ UNMEASURED |.OAD
TOTAL LOAD

9L

"ONI *V1S



77

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.0. Box 2712
Tucson, Arizona 85702

July 1986



78 SLA, INC.

LECTURE 6: An Overview of Sediment-Transport Phenomena Based Upon
Arizona Case Histories (S1ide Presentation)

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 five 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
classes are:
A. Lateral Migration (Bank Erosion)
° Meandering
° Widening
B. Scour (Bed Erosion)
o Local
° General
C. Fill (Sedimentation)
° Braiding

o Avulsion
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LECTURE 7: AQuantitative Engineering Analysis, Bed Adjustment
Mechanisms

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 Jjust 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 1is 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 system's watercourses. In
natural, undisturbed watersheds, these changes may take place very
slowly (hundreds or thousands of years), but when man-made urbaniza-
tion disrupts such watersheds, large magnitude changes can occur very
rapidly.

The vertical changes that occur to the cross-sectional geometry of a
river-bed are a complex interaction of several different phenomena.
As suggested previously, some of these phenomena occur over 1long
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:

. long-term degradation/aggradation ) 2V
. general scour ST | \
. local scour / [
. bend scour L Vel

. low-flow incisement B
. influence of bedforms

O HWN =

Depending on site specific parameters such as bed-material gradation,
channel shape, hydraulic controls (dams, grade controls, 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
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river system.

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, since runoff must occur in the drainage 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.n = 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 Qg; ..

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
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. than that capable of being transported by the river, 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 illustration of these two cases.

B. Factors to be Evaluated in Determining Equilibrium Slope

An equilibrium slope analysis requires an investigation of many
watershed characteristics. The analysis should include an
investigation of the watershed history, channel hydraulic and
sediment transport charcteristics, and the identification of any
natural or man-made controls in the river system. The following
1ist presents an orderly sequence of issues that should be con-
sidered during an equilibrium slope analysis.

1. Examine historic bed profiles

- Determine reasons for observed historic changes

&Aﬁw%f“’

dt ,//?/‘/// v 4 { g |
#;A//\ TVEA w |
£ D ars
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 10-year event

- bankfull discharge may be good indicator of dominant
flow
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AGGRADATION s I

In this case, the sediment supply exceeds the sediment transport
capacity of the reach. Under this conditicn, the bed slope must
increase in order to increase the transpcrt rate to match the
supply rate. The initial excess of sediment supply will cause
aggradation at the upstream end of the reach until the down-
stream portion of the bed slope is steep enouqgh to transport all
the incoming sediment.

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 t¢ reduce the transport
capacity to the point that it matches the incoming sediment supply.

Figure 1 - Schematic of Tong-term degradation/aggradation
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Sediment supply

# Locate undisturbed upstream supply reach that exhibits
stability, i.e., no recent evidence of 1arge sca]g Lec

erosion. o, p(, /5 fislore platy & pre N
) A F f Vg 4 ® a f
+ Check for no recent changes in upstream watershed con-
ditions and no major tributary inflows downstream of
supply reach.
+ Supply will be equal to transport capacity of supply
section.
Sediment transport capacity
- Can be computed using applicable sediment transport
equations for all downstream reaches
£ 5’;}
Calculation procedure is usually iterative.
- Slopes are adjusted until transport capacity equals
supply rate. X h
b Lot £ of d o+ vl

Le= ﬂ' 7Y &

/ /
, Ao gt o

/ , G
” 051/1 r £V Z( Mrwfuzc_ t‘)"/*‘,v?m 1 ’“'/ .

Locate control points for slope pivot.
- rock outcroppings

- man-made controls
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. 8. Engineering judgement must be used to interpret results.

- Some sites may only be evaluated from a qualitative
standpoint rather than quantitative.

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

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 contractions and expansions cause an increase or
decrease, respectively, in channel velocity, which creates a similar
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 Tlong-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. Although such intervals are too short for equilib-
rium to be established, they are used to analyze the transitory
bed changes that may be encountered simultaneously with, and
beyond the point of, achieving long-term equilibrium. By
applying this concept to a specific river reach, the bed profile
changes can be related to different segments of the hydrograph.
Such an analysis may show a given reach of the river 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:

. . e B e e s el T4 upii gl
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- = _AVol
Osip = Qsout —ATime

QSin = incoming sediment supply rate

Qsoyt = Sediment transport capacity through a specific
channel reach

AVol = change in sediment volume that occurs during a
AT 1me given time interval

This is the same equation previously used to define the
equilibrium slope concept, with the stipulation that the AVol
ATime

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 applies
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 intervals. The
average discharge for each time interval is used to com-
pute hydraulic and sediment transport properties for
each river segment. Figure 3 illustrates a discretized
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 should be emphasized that this is 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.

Sediment transport capacity

Transport capacity can be computed by any applicable
methods that have been discussed in previous lectures.
As with the sediment supply, the transport capacity must
be recomputed for each time interval of the hydrograph.

Comparison of sediment supply with transport capacity
A reach by reach comparison of sediment supply to
transport capacity will yield a value of AVol 1in the
ATime
sediment continuity equation. Knowing the time interval
( ATime) and the length and width of a given subreach,
the AVol term can be converted to a vertical dimension
AT ime
which represents the vertical adjustment to the river-
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.

Correction of sediment volumes for porosity

Most sediment transport equations yield sediment
transport rates in terms of unbulked volume per unit
time. However, in its natural state, sediment has a
certain degree of porosity. Accordingly, the sediment
volumes derived from the transport equations 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:

Ve = S
t= T
where Vi = bulked sediment volume
Vg = sediment volume computed by transport
equations
n = porosity of sediment

/
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. 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.

The analysis can be carried a step further by computing
‘ the AVol term in the continuity equation and applying
| ATime
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
1 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
3 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.

IV. LOCAL SCOUR

i 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 results 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 1ittle or no field verification.

R o e
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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

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
scouring action decreases on the falling T1imb 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.

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
vertical angle of the pier, 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.

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. SterTing Jones. A copy of this paper 1s 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 6 EFFECT OF VERTICAL PIER ANGLE ON SCOUR DEPTH
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No. 1, the conditions under which the equations 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 summary of the data
envelope used to develop pier scour equations.

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
relating scour depth to the horizontal distribution and depth of
flow, as well as to a velocity parameter.

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

These model studies employed simple, rectangular 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:

Ao =1.1] a P'4 o33 ( a_ . 25)
b

: ad

and AZq. . 0.33
— s =4 Fy H}-izs

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

where AZjg

Y = upstream depth of flow
a = embankment length
Fy = upstream Froude Number

Application of these equations to field situations can be
complicated when trying to define the location at which the
variables should be measured. Suggested guidelines for
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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.

CASE 2
Bridge Embankment

Upstream depth of flow,
Y, and Froude number
should be based on hyd-
raulic conditions for main
channel flow when using
a; and overbank flow
when using as. A
comparison of scour
calculations using these
two definitions of
embankment length is
recommended.

Definition sketch of embankment length "a".
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measuring these parameters are presented on Figure 7. These
are only suggestions and should be tempered with engineering
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 this scouring mechanism 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. It is at these downstream locations 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 investigated through Tlaboratory 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:

0.8 . 2 >
7 = 0.0685 YV 2.1 (8in©20.2_)
bs Y0°4 S0.3 ot Cos «a
h e
bend scour component of total scour depth (feet)

where Lhs
mean velocity of upstream flow (fps)

Y = maximum depth of upstream flow (feet)
Yh = hydrauTic depth of upstream flow (feet)
Se = upstream energy slope (bed slope for uniform

flow conditions, feet/feet)

o = 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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Figure 9 - Laboratory Measurements of Bend Scour

Reference: Flow Of Water In Bends Of Open Channels,
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Figure 10 - Illustration of terminology for bend scour calculations.
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. following relationship exists between o and the ratio of radius of
curvature to channel topwidth.
i - COS o
W4 sin®(3)
where r. = radius of curvature to centerline of channel (feet)

W = 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
this procedure, there would be a different value of o deter-
mined for each segment of the compound curve. A scour depth
would then be computed for each segment of the curve using the
o 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 =23 (L )y éﬁﬁ/ﬁ./?/é
V9 74

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/second?)
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
/j;5§§;77(P.C.) and extending a distance X downstream of the point of
| tangency (P.T.). Engineering judgement should be wused in
electing to deviate from this generalized recommendation.
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FIGURE 11 USE OF COMPOUND CURVES FOR BEND SCOUR ANALYSIS
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VI. LOW-FLOW INCISEMENT

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 illustrates this 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
channelization or other changes result in conditions favorable for
low-flow channel development (i.e., 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 Tow-
flow channel already forms the invert of the channel cross-section, it
is appropriate to reference all other scour calculations to this
existing Tow-flow invert. Obviously, under this condition an addi-
tional allowance for Tlow-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 irregularities in the bed profile. These irregu-
larities are often referred to as bed forms or sand waves. Sand waves
may be somewhat of a misnomer since 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 flumes. This research has shown that there is
an orderly progression of changes to bed forms as velocity 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. Ripples
2. Dunes

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 1length 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 antidune height hy from crest to trough (see
Figure 13) can be estimated utiTizing the reTation

2
_ 2V~ _ 2
h, = 0.14 =9 0.027 V

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

B. Dunes

Lower regime flow also produces bed forms which should 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 could 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

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 result in overly conservative estima-
tes. Engineering judgement must be used in such cases. Figure
14 presents experimental data, developed by Simons and
Richardson, showing the relationship among stream power, median
fall diameter, and bed form. For practical purposes, the median
fall diameter can be approximated as the Dsg 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 flowing water) are left 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, "armoring" is said to have occurred.

The formation of an armor Tlayer does not mean that all particles
beneath the armor layer are large enough to resist 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 which the channel is armored, the armor layer would be disrupted
(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 flowing water and more material would be swept until a new,
larger-particle, armor 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
existing at a project site capable of producing an armor layer under
the anticipated design conditions.

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:

AZy =Yg (L1 = 1)
Pc
where AZ = degradation depth required to establish an armor layer
Ya = thickness of the armor layer
Pc = decimal fraction of material courser than the armoring

size (Da)

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

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

b Do "
Da = .—!'-___. U/(/" A il -
0.047 (vov) 7 o
where Dy = diameter of particle size for the condition of incipient
motion (on the verge of movement)
t = boundary shear stress
% = 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 Tlocated in a floodplain environment.
Failure to do so may lead to the pre-nature destruction of such impro-
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vements.

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 five. Under this concept, the total vertical bed move-
ment would be equal to the sum of the six bed-adjustment components.

Mathematically, this is expressed as follows:

Mtot = Olagg/deg *+ Olgs/d * AIs + Alps + AZj + 1Rhg

where AZ¢ot = total vertical adjustment in bed elevation

0Z3gg/deg = adjustment due to Tong-term aggradation/degradation
Ang/d = adjustment due to general scour/deposition
//AZ1S = adjustment due to local scour
Apg = adjustment due to bend scour
3 AZj = adjustment due to low-flow incisement
& lphy = adjustment due to bed-form troughs (dunes, antidunes)

If site specific calculations indicate aggradation or deposition will
accompany the AZagg/deg Or A4Zgs/d terms, it is recommended, as a
conservative practice, %hat thesé 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 Tlocation. 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 ( AZ¢ot) 1is very Jjudgmental,
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-
bility or risk that such an event might occur, the construction cost
associated with applying a safety factor, and the reliability of the
data that were used in the channel adjustment calculations. Depending
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. 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.

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 Tlong-term channel profile
response is conducted next using the equilibrium slope method. The
workshop is based on data collected 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
Qsjn - Qsgut = dVol/dt
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

I11. 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 detailed case study is presented for the Agua Fria
River that covers the design of three major types of hydraulic struc-
tures: bridge crossing, channelization, and grade control. Back-
ground on the initial qualitative analysis phase of the project is
also given.

I. GENERAL INTRODUCTION

Project objectives and scope determine the type of analysis and Tlevel
of effort necessary. Through proper selection and application of the
methodologies presented, the engineer or designer can complete a logi-
cal sequence of analysis that provides a comprehensive understanding
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
unlikely and property damage is small if the structure fails. Major
structures require a rigorous analysis in order to reduce the uncer-
tainty about the performance characteristics of the structure under
severe conditions. It may be preferable with major structures to
establish risk based criteria where the objective is to minimize the
combined cost associated with construction of the project and the
associated risk cost. The uncertainty associated 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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°© Bed Elevation Changes at Abutments and Piers
- Cumulative long-term changes
- Changes due to severe events
- Local scour

B. Protection Criteria

° 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

e Control of lateral migration

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

° Low chord criteria
- Freeboard sufficient to pass debris
- Allowance for potential aggradation

- Allowance for waves due to antidunes

ITI. CHANNELIZATION

A. Hazards for Channelization
° Bank protection failure
° Excessive scour
° Inadequate freeboard
° Lateral migration

B. Protection Criteria
° Toe down to scour depth

o Bank/levee height

SLA, INC.
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° Lateral migration
- Bank protection methods

- Buffer Zone

IV. GRADE CONTROL STRUCTURES
A. Use of Grade Control Structures
° Stabilization of river profile
° Reduce the need for other types of bank stabilization
° Assist in the development of armoring
B. Types of Grade Control Structures
° Small riprap drops
°© Sheet piling
o Soil;cement
° Concrete with baffled apron and stilling basin
C. Spacing of Grade Controls

° Function of drop height and existing and final design chan-
nel gradients

° Number of structures to control a total reach
D. Hazards at Grade Controls

° Lateral migration

° Geotechnical failure (soil piping, uplift)

° Scour

Y. MAJOR STRUCTURE DESIGN ON THE AGUA FRIA RIVER
A. General Introduction

SLA has conducted a number of design projects on the Agua Fria
River that have involved 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 1is 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 Maricopa County to help solve a number of the river stability
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 Engineers on the Agua Fria that extended from
Waddell Dam to the confluence with the Gila River.
B. Background Information
° Agua Fria watershed
° Hydrology
- Flood history
- Design floods
° Hydraulic characteristics
° Geomorphic characteristics
o Man's influence on the Agua Fria River
o River stability problems near Indian School Road
C. Analysis of Bridge Crossings
o Factors considered in low chord evaluation
- Aggradation, wave height, superelevation, debris blockage
° Factors considered in pier and abutment evaluation

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

D. Design of Bridge Protection Measures
° Guide bank and spur dike system
° Riprap protection of bridge piers
°© Burial depths of piers

E. Design of Agua Fria Channelization

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

° 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




126 SLA, INC.

o
%

QJ:QRIA RIVER

A= / .
i
» \

- R \// <
WATERSHED

PRESCOIT ;¢~’ \m{sg ) 4 )‘L"’VI
‘.gv 7 \E S

SR
\"“.‘
o
X
,} «5
o
o
d\ :
n
M

- 9 ji 4
g V“«l, ‘ il T pmsTREAM GacE

¢ (JAN 1940-0ATE)

AGUA FRIA RIVER
®mes REACH COVERED BY THIS REPORT : WATERSHED

[3] MILES ABOVE MOUTH OF RIVER

5 0 5 20
= == a—— == MILES

Agua Fria River Watershed.




y
. ___f{é::“]: Range of depths and Froude
Flow near critical depth = numbers where waves are common
Waves common Ye \
E
) - N\
Ye

° s e
0:8qY 6 R T
R RN P EARR RO AR Aoy O
; Lo Ptin

Sand-Gravel Bed <

Az = Potential Degradation

Structure permits degradation without
changing the effectiveness of the drop structure

Drop Structure Design That Allows for Degradation

L21

"ONI “V1S



Standing Waves
or Weak Jump

Local Aggradation * Yo 1 Ya

!
l

With degradation structure may fail

FOR STABILITY

I) Must stabilize upstream of drop structure
2) Transport approaching drop structure must equal transport
downstream of drop — difficult!

"ONI “V1S

Definition Sketch of Drop Structure Flow Conditions



NOT TO SCALE

Gravel Pit

) o
2?):.?260. Bridge Gravel Pit
BE 35' deep, 1000'x 1000’

[4
I_?_ﬁ:;rvmrs \ Control
Sediment
P
Gravel Pit -
25' deep, PLAN 4
300'x 30'

No major tributaries downstream of reservoir

With continued sand and gravel mining, how can
bridges be designed ? .

/ Failure of Bridge

PROFILE Potentiél Gravel Mining Impacts
on a Bridge

"ONI ‘V1S

Sand and Gravel Pits




Natural Braided Channel

Degradation
_\ / Natural Profile
_ L—J]

Water Surface Profile Increased Water Level

and Potential Flooding-

v

Major Channel Change may
occur

0€T

P00, % So

Deposition of Sediment eroded
from Channelized Reach.

Pipe 554
Line Headcut
Channelized Profile
Stabilized Banks
__,4"—“‘~\\_—’_,/"“‘~Jt** ///
— Channelized Reach of
% . the Natural River

Y Et I W S
<

’_"\/

S

(éé\
*INI ‘VY1S

Definition Sketch of the Flow Conditions Through a Channelized

Reach



High Flow:
Thalweg

L~
e

A<—1

Low Flow

g \ - Thalweg

5 -

—

Section A-A

High Flow
X-section

Low Flow
X-section

Definition Sketch of the Low and High Flow Channels
at a Bridge Crossing.

I€1

"ONI “Y1S



DISCHARGE, Q (cfs)

45,000

30, 000

i5, 000

1

February 1980 Fiood m
—-——— January i979 Flood
—_—— December 1978 Filood

DAYS

Eydrographs for 1978, 1979 and 1980 flood events on the Agua Fria.

¢€l

"ONI ‘YIS



DISCHARGE (cfs)

. ‘ ] ‘

100,000

1

T

80, 000

T

60, 000

40,000

20,000

T

0 1 i 1 i 1 i i 1 1

0 i0 20 30 40 50 60 70 80 90 100
TIME (hours)

100-year flood on the Agua Fria below the New River confluence
as computed by Los Angeles Corps of Engineers, 3/2/81.

€€T

110

"ONI ‘V1S



134 SLA, INC.

Pertinent Data of Existing Bridges.

N Camelback RID I1-10 SPRR Buckeye Road
Road ISRB Flume Bridge Bridge Bridge
Pier width or 4! 1t ge 4! 3r4m 6'8" 3t
diameter ? :
Pier length * 60" 15 * 27" 70"
Bottom of pier 947.4" 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 50 309 Qe 50 100 10° |
piers to flow
direction
Low chord 1,031.7" 1,014.4" 1,008.7' 991.0" 965.7" 968.1"

*Circular piers.




Average Flow Velocity, Hydraulic Depth, Effective Width, and Discharge for the 10-Year Flood Event.

Left Flood Plain Main Channel Right Flood Plain
Hydraulic Effective Water Hydraulic Effective Water Hydraulic Effective Water
Velocity Depth Width Discharge Velocity Depth Width Discharge Velocity Depth Width Discharge
Reach (fps) (ft) (ft) (cfs) (fps) (ft) (ft) (cfs) (fps) (ft) (ft) (cfs)
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 D15 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
7 0 0 0 0 5.63 4.78 1,041 28,000 0 0 0 0
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 Y. 11 1,248 2,267 5.04 3.86 1,271 24,731 0.36 0.31 15 2
10 1.16 0.77 847 756 5.26 4,07 1,225 26,244 0 0 0 0
Reach Glendale Avenue to Confluence with New River.
Reach Confluence with New River to Indian School Road Bridge.
Reach Indian School Road Bridge to the Roosevelt Irrigation District Flume.
Reach Roosevelt Irrigation District Flume to Thomas Road.

Reach
Reach
Reach
Reach
Reach

1,500 feet upstream of I-10 to Van Buren.
Van Buren to Buckeye Road.
Buckeye Road to Lower Buckeye Road.
Lower Buckeye Road to Broadway Road.
0 Broadway Road to the Confluence with the Gila River.

1
2
3
4
Reach 5 Thomas Road to 1,500 feet upstream of I-10.
6
1
8
9
1

GET
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Average Flow Velocity, Hydraulic Depth, Effective Width, and Discharge for the 100-Year Flood Event.

Left Flood Plain Main Channel Right Flood Plain
Hydraulic Effective Water Hydraulic Effective Water Hydraulic Effective Water
Velocity Depth Width Discharge Velocity Depth Width Discharge Velocity Depth Width Discharge
Reach (fps) (ft) (ft) (cfs) (fps) (ft) (ft) (cfs) (fps) (ft) (ft) (cfs)
1 2.18 1.58 987 3,399 5.52 4.55 2,135 53,630 3.51 3.45 2,123 32,970
2 2,53 2.40 896 5,442 6.36 6.44 2,016 82,587 2.52 2.39 956 5,758
3 2.68 2.23 1,349 8,065 9.56 10.20 687 67,031 3.57 3.41 1,478 17,989
4 3.48 2.96 1,618 16,671 8.03 9.61 835 64,417 2.31 2.09 2,468 11,913
5 2.33 2.44 659 3,749 7.24 8,27 907 54,324 3.15 3.03 3,539 33,779
6 2.78 3.12 1,167 10,119 8.15 8.23 1,192 79,952 1.52 1.38 149 313
7 2.36 2.58 2,167 13,193 7.60 9.25 1,073 75,448 1.86 2.02 362 1,360
8 2.75 3.02 1,045 8,675 7.50 7.18 1,244 66,982 3.99 3.88 913 14,129
9 3.81 3.56 2,053 27,846 7.20 6.60 1,284 61,029 1.02 1.09 113 126
10 3.29 2.39 2,606 20,491 7.37 6.87 1,254 63,488 2.52 1.04 1,916 5,021
Reach 1 Glendale Avenue to Confluence with New River.
Reach 2 Confluence with New River te 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 upstream of I-10.
Reach 6 1,500 feet upstream of I-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.

gt1
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Gravel layer below the river bed of Agua
Fria River approximately 800 feet down-
Stream of Indian School Road Bridge.
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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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COMPARISON OF 1972 AND 1983 THALWEG ELEVATIONS IN THE LOWER AGUA FRIA




143 SLA, INC.

1964 aerial photo of the Agua 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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APPLICATION OF THE MULTI-LEVEL ANALYSIS APPROACH

(Case History)

LECTURE 10

MICHAEL E. ZELLER, P.E.

Simons, Li & Associates, Inc.
120 West Broadway, Suite 120
P.0. Box 2712
Tucson, Arizona 85702

July 1986
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LECTURE 10: Application of the Multi-Level Analysis Approach (Case
History)

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 man's 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 Erosion 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"
Conditions During the Passage of a Single-Event, 100-Year
Flood Through the Study Area

E. Formulate and Recommend Alternative Flood-Control Plans
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F. Through Hydraulic Analyses, Compare Improved Conditions to
“As-I1s" Conditions for the Various Alternatives

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

LEVEL I - QUALITATIVE ANALYSIS
A. Flood History (Since 1950)
o Limited Flood Information
- Earliest Recorded Flood in 1950

- Largest Recorded Flood Also in 1950

(]

Data on Flood History Available From USGS (see Figure)

- "Statistical Summaries of Arizona Streamflow"

(<]

Sources of Flooding
- Canada del Oro Wash (Includes Big Wash)

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

(-]

Observations of Flooding
- Significant Sediment Transport
- High Degree of Erosion and Sedimentation

- Attenuation of Flood Peaks Due to Overbank Storage of
Floodwaters

° 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 1950
12,000%* 1 Sept 1961
8,000* , 10 Sept 1964
2,290 22 Dec 1965
13,900 20 Dec 1967
4,200 17 Aug 1971
3,750 19 oct 1972
7,700 20‘July 1974
.J 2,220 5 Sept 1976
4,500 9 Aug 1977
11,000** 19 July 1980

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

** Measured on Big Wash tributary upstream of
Oro Valley.
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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
° Flood-Peak Estimates (see Figure)
- Canada del Oro, Modified USGS/FEMA
- Tributaries, Pima County Hydrology Method
° Hydrographs (see Figure)

- Pima County Synthetic Hydrograph Procedure Modified by
SLA

B. Hydraulics (Existing Conditions)

° 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)

° 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

SLA, INC.

Drainage Area Recurrence Inte;val (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
Stealn 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
b1
A= aid 103 2:19 50.3 2.44 18.29 2,992
bz
P = azd 399 0.833 90.7 1.52 1468 0.2496
—
(S3]
b ($2]
T = a3d 3 399 0.833 90.6 1.52 1467 0.2496
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Hydraulic Parameters
(Q = 33,000 cfs)

Upstream of

Parameter Oro Valley Oro Valley Channel
dn (£t) 55 6 6.5
dc (£t) 5.2 ST 6.2
Vn (£ps) 7.6 13 d 6.6
Fn 0.82 0.94 0.80
TV (1b/ft.sec) 11.60 16.5 8.17
v

n

where Fn = w/;§:
%

BT,
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- Stream Power at Normal Depth (as a Check on Manning's n),
Upper Regime Flow

°o HEC-2 Analyses for Existing Conditions (see Figure)
- Supercritical Flow Predominates
- Constriction of Flow Can Lead to "Chokes"
C. Erosion/Sedimentation (Existing Conditions)

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

(Qg = 1.21 x 10-5 y,0.376 y3.70 y)

° Estimation of Upstream Sediment Supply for Various
Discharges, and Computation of Existing Qg and Equilibrium
Qg 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 1is 0.0064, Based Upon Q2 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

Water Discharge Sediment Discharge
(cfs) (cfs)
25-year 7,200 2.0
S0-year 11,000 ‘ 3.7
100-year 17,000 8.2
500~-year 31,000 20.7
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Equilibrium Slopes, Oro Valley Reach

Discharge Upstream Sediment Existing Sediment Equilibrium
(cfs) Supply (cfs) Discharge (cfs) Slope
3,300 3.5 5.1 0.0064
10,000 18.8 24.3 ‘ 0.0072
20,000 54.0 64.3 7 0.0078
33,000 120.0 134.0 0.0083
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° Model Was Especially Calibrated to Deal With a Mix of
Subcritical and Supercritical Flow Conditions Along the
Study Reach

B. Model Application (Existing Conditions)
° Both Subcritical and Supercritical HEC-2 Runs Were Made,
and the Most Appropriate Water-Surface Profile Selected for
Use in the Model

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

C. Model Results (Existing Conditions)

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

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

DEVELOPMENT OF ALTERNATIVE PLANS

A. Problem Statement (Canada del Oro Wash)

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

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

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

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

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

© Main Channel of Wash Conveys Approximately a 10-Year Flood,
Well Below Q100
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Problem Statement (Tributaries)

° 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

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

Alternatives Considered (see Figure)

° #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

° #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
Tributary Flows

° #3 - 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 #4 - 400-Foot Wide Channelization 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 - 800-Foot Wide Total Channelization of the Canada del
Oro Wash Along Oro; Plus Bank Protection Along Both the
North and South Banks; Plus the Construction of a Side-
Drainage System to Accommodate Tributary Flows

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

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

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

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

°© Assumption is That Banks are Rigid When Computing
Equilibrium Slopes




Elements of Improvement for Each Alternative Considered

Element #1 2 #3 #4 #5
1« Repair of Existing So‘uth

Bank Levee 5200 ft. 5200 ft. 5200 ft. 5200 ft.
2, N;w Levee on South Bank | 1000 ft. 1000 ft. 1000 ft, 1000 ft,
3. Repair of Existing North

Bank Levee =S 2760 ft. 2760 ft.
4. New Levee on North Bank — 1700 ft. 1700 ft. =

3]

5, 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 e 400 ft, 400 ft. 400 ft, 800 ft.
8. Grade Control Structures —_— 5 ea 5 ea,
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Hydraulic Parameters Low=flow (3,300 cfs)
2=Near Reak Dis charge

SLA, INC.

Effective
Velocity Depth Width
(ft.) (ft.) (ft.)
As-is 6.8 1.7 285
Altérnative 1 6.8 1.7 285
Alternative 2 6.8 p Py 285
Alternative 3 6.6 1.24 401
Alternative Y 6.6 1.24 401
Alternative 5 5.1 0.84 773
Hydraulic Parameters, 100-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 73 321 ’ 1.1 1o3b
Alternative 2 16.0 8.0 258 3.0 2.00
alternative 3 13.2 5.5 455 0.2 -0.50
Alternative Y 4.0 5.9 400 1.0 -0.10
Alternative 5 12.7 3.3 785 -0.3 -0.70
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Equilibrium Slopes:

SLA, INC.

Dominant Flow (3,300 cfs)

Sediment
Upstream Transport Existing Equilibrium
Supply Capacity Slope Slope
(cfs) (cfs)
As—-is Condition 3.5 5.1 0.0093 0.0064
Alternative 1 Se] 0.0064
Alternative 2 Se1 0.0057
Alternative 3 S5+7 0.0064
Alternative Y 5.7 0.0057
Alternative 5 3.6 0.0090
Equilibrium Slopes: 100-Year Flood (33,000 cfs)
Sediment
Upstream Transport Existing Equilibrium
Supply Capacity Slope Slope
(cfs) (cfs)
As-is Condition 120 234 ‘0.0093 0.0083
Alternative 1 147 0.0076
Alternative 2, 195 0.0057
Alternative 3 145 0.0077
Alternative 4 164 0.0068
Alternative 5 181 0.0062
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° 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)

Selection of Recommended Plan (Plan #3)
° 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

HEC-2 Analysis of 100-Year Flood for Recommended Plan (see
Figure)

Sediment-Routing Analysis (Bed-Profile Change) of 100-Year
Flood for Recommended Plan (see Figure)

° 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

Flood Damages to Oro Valley Result From Flood Waters From the
Canada del Oro Wash and its Tributary Channels (Stream Pump
Rooney, and North Pusch Washes)

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

Sediment-Transport Capacity was Enhanced, Exacerbating
Channel Instability

Flows Greater Than a 10-Year Flood Would Enter into the Town
of Oro Valley

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

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

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; Plus the Construction of a Side-Drainage System
to Accommodate Tributary Flows

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

The Benefit/Cost Ratio for the Recommended Plan was 1.02

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

The Construction of the Recommended Plan Will Have Negligible
Impact Upon the Fluvial Environment Upstream of, an
Downstream From, the Study Reach of the Canada del Oro Wash

The Construction of any Bank-Protection 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. STERLING JONES

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 1Iowa, those of the
Colorado State University, and those based
on foreign 1literature. The similarities
among the pier scour equations and the range
of data on which they are based are shown.
FHWA sponsored several studies during the
19708 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 (1l).
Years of research have been devoted to resolving the
problem of scour at bridges; yet in spite of the
magnitude of the damages attributed to scour, FHWA
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 (2) and 54 (3) 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 lateral 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 primary 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 and 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 (6,7), the Chang model (7),
or the Simons-Li model (7). 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 gquidance given for selecting
the right prediction equation was to check the back=-
ground of each equation amd 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 confidehce 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 (9) rearranged the equations to make
them as similar in format as possible sc as to fa-
cilitate an analytical comparison. He recommended
that some large-scale laboratory studies be con-
ducted to complement the field data, especially 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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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
(10) 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

The pier scour equations can be grouped into three
basic categories for comparison. One category is
the group based on foreign research, primarily 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
more 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 primary developer,
are shown in the following paragraphs.

Pier Scour Pormulas Based on Foreign Research

Ahmad [Pakistan 1962 (11)]

dg/b =yo/b (4.77F2/3 — 1) ’ ¢))
Bruesers [Netherlands 1964 (12)]

d/b=14 ' 2
Chitale [India 1962 (13j]

dg/b =ygo/b (=5.49F? + 6.65F - 0.51) 3)
Inglis [India 1949 (14)]

dy/b =4.05 (yo/b)*/* [F* - (yo/b)] @
where

d. = depth of scour measured from the mean
bed elevation,
y = approach flow depth,
b projected pier width,
F = V/gy = Froude number, and
V = yelocity of approach flow.

YOI

Pier Scour Formulas Patterned After
University of Iowa Research

Laursen sediment continuity equation [1958 (15)]
dfb = 1/{5.5[(1/11.5) (defyo) + 1170 = 1} (5a)

Laursen [clear-water equation, not used in compari-
sons that follow (16; unpublished data, 1977)]

d/b = (70/7e)%/5.5 [(1/11.5) (dsfyo) + 1] 7' (rol7e)* (5b)
Neil [from Laursen's 1956 design curve (9)]

d/b=1.5 (y/b)°-3 (6)
Jain [1979 (10)]

dfb =20 (F - F)°5 (y/b)®5  for (F - F,) » 0.20 (7a)
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d/b=1.84 (ye/b)°3 F%-35  forF < F, (7b)
where F. is the critical Froude number when sedi-
ment transport is pending. [For 0 < (F - F()
< 0.20 use larger value from both equations.] The
procedure for computing Fc is as follows:

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

2. Determine t, from Figure 2.44 of ASCE Manual
54 (3),

3. Compute Uas. = to/p»

4. Compute § = 11.6v/Us. (assume v = 1.08 x 10°°
ft?/sec),

5. Compute d50/6,

6. Select x from Figure 2.97 of ASCE Manual 54
(3)
Compute V = [2.5 1n(11.02yx/dsg)] Usx., and
Compute F = V./(qyc)1/2.

@ d~
.

Pier Scour Formulas Patterned After CSU Research

Shen I [1969 (17)]

ds =0.00073Re®6!? (8)

where Re is the pier Reynolds number, Vb/u, 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

dy/b = AF?/3 (ys/b)!/3 (9).

Depending on when the exponent is rounded, the
coefficient A becomes 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 = 3.4 and
make the Shen I equation identical to the Shen II
equation that follows, because both eguations are
based on the same data. Shen himself considered the
equations to be equivalent.

Shen II [1969 (17)]

dy/b =34 [V/(g0)"]*/? (10)
which becomes directly

dy/b=34F" (yo/0)!/? an

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

Csu [1975 (18)]
d,/b=22 (yolb)O.JSFOAS (12)

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 Froude number, both figures
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are needed to get a graphical comparison of the
equations. Figure 1 is for an average depth ratio
(y/b) of 2.0; Pigure 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 (5), 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 experimental
data (y/b approximately 3.5).

All of the pier scour equations derived in the
literature have been for noncohesive materials with
dgg 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 pier width. Neil's equa-
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FIGURE 3 Summary of data used to derive pier scour equations: foreign
literature.
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FIGURE 4 Summary of data used to derive pier scour equations: U.S.

literature.

tion is just a regression fit to the design curve
presented by Laursen in Iowa Bulletin 4 (19). Laur-
sen later published his semitheoretical 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)]. This equation is appealing
from a design standpoint because it is intentionally
on the conservative side. The CSU equation is a
best fit to much of the same data [Figure 6 (18)].

-

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 (F.)
as a way of accounting for relative sediment size.
One criticism of Jain's equation is that it is dif-
ficult to compute Fg..

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 scarce, 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 (8) is a good example of some of the
precautions that need to be observed with field mea-
surements. Two floods at the same site are super-
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FIGURE 5 Shen's envelope fit to available data (17).

imposed. The discharge of one was approximately
three times the discharge of the other. The stage
increased by 8 ft; the average velocity and Froude
number at least doubled but there was apparently a
reduction in local scour. How does one explain this
discrepancy with the scour formulas?

First, this was not a good site to choose for
such a comparison 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
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FIGURE 6 CSU fit to pier scour data (18).

scour formulas. Second, the entire cross section
should be measured, not 3just 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 Figure 8. Those sites
had good pier configuration and well-defined scour
holes, but for two reasons all the data were taken
at low Froude numbers. First, the Louisiana streams
are low-gradient 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.

Scale; V: 1”7 = 20° H: 1”7 = 40’

Q =31,880 fi¥sec Vavg = 362 Q =10.440 ft¥sec Vaug = 165 ftsec
q W, =356 ftavg Ng = 013 m] W, =312 ftavg N¢ = 0.065 O
A =8813 f2 A =6322 12 80
8 =14° 8 =11° i
Depth of Local Scour = 39 ft Depth of Local Scour = 7.05 ft

Stage Elev. = 58.0 ft. m.s.l.
(for Q = 31,880 cfs) \

Stage Elev. = 50.0 ft, m.s.l. 4
\ for Q = 10.400 cfs) Y

©

Local Scour
for Q = 10400 cfs) A,

Trend Line

Q = 10,400 cfs

Elevation Above Mean Sea Level

FIGURE 7 Cross section of Brazos River in Texas at bridge crossing (8).
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FIGURE 8 Louisiana field measurements compared with prediction equations (20).

EFFECTS OF PIER SHAPE

The pier scour equations presented in the preceding
discussion are for rectangular piers. Although
there have been investigations (22) 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 1levels
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 rectanqular piers.

APPLICATION OF PREDICTION EQUATIONS

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.

2.75ds
Imaginary
Influence lol Q
Zone Abutment
Wall \ 2 Scour Hole /
9
w

Abutment | [ i

FIGURE 9 Typical scour at an abutment (18).

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 approach 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 1is satisfied with
material from the abutment scour hole. Laursen
realized that the mixing occurred primarily 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 de-
crease directly with the width of the bridge 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 the influence zone is 2.75 times the depth of the
which .means
)

abutment scdur hole, that Laursen's
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abutment scour equations must be implicit equations.

For the typical case where the flow in the in-
fluence zone (Qp) transports sediment and flow
from the overbank area (Qo) is clear water, Laur-
sen's sediment continuity equation yields the fol-
lowing:

(Qo/Qu) 2.75(dy/y) = 2.75(ds/y) { [(1/r) (ds/y) + 1] 776 - 1} (13)

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, which could occur at relief bridges or
where the abutments are set back far enough on the
floodplain, Laursen'’s equation yields the following:

Uy =2.75 (@ly) ({ ) (&l + 117781 (ro /7)) - 1) (14)
where

¢ = length of the approach embankment,
19/t = V3/120484%y1/3, -

r = 4.1 for low velocities, and

r = 11.5 for high velocities.

dg is the deepest part of the scour hole, which 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:

dg/y = 1.1 (2/y)°-4° FO-33 if 2fy < 25 (15a)

dy/y = 4F°-33 if 2ly > 25 (15b)
There are no field data to compare with the abut-
ment scour equations, but because there are only two
equations to consider, it is reasonable to compute
with both of them. A designer would have to use the
equation that suited his tendency to be more or less
conservative. ¥

RECOMMENDATIONS

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-
vals who are knowledgeable about how laboratory
tests are conducted and who 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 without 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 where flow in that influence
zone is not transporting sediment.
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