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.. GAAmorphology for Floodplain Mana~ers: An n ro u

Course Objective: Introduce floodplain managers, engineers, and planners"to the
geomorphology, ;md to demonstrate how geomorphology can be practically app11'fl~!~~

design and multi-objective management of floodplain corridors.
9

Day 1 - Theory

AFMA Technical Committee~
Instructor: Jon

9:00-9:45

Morning Session
7:30-8:00 Registration
8:00-8: 15 Introduction

Course Overview
Course Goals & Objectives

Basic Concepts of Geomorphology Instructor: Jon
Topics of Geomorphology (Soils, Geologic Hazards, Fluvial Processes,
Alluvial Fans)
Characteristics of Geomorphic Analysis

.Importance of Geomorphology for Floodplain Management
Geologic History of Arizona Instructor: Phil

Basic Bedrock Geology
Emphasis on Quaternary/Holocene
Tectonics and Climatic Change

8:15-9:00

9:45-10:00
10:00-11 :30

11 :30-12:00
12:00-1:00

<BREAK>
Fluvial Landforms Instructor: Ted

Landform Types
Types of Rivers/ River Classification
Drainage Networks, Stream Patterns, Terraces
Basics of River Behavior

orkshop #1 - Arizona Rivers & Landform Slideshow
Lunch

Instructor: Ted

Instructor: Phil

Instructor: .Phil

e of Soils in Geomorphology
Soil Profile Development
Surficial Characteristics
Relative and Absolute Dating Techniques
Applications to Floodplain Management

Alluvial,Fans
Types.of Alluvial Fans
Flood Hazards on Alluvial Fans
Piedmont Assessment Manual

orbbop #2 - Soils and Fans
<BREAK>
Paleofloods

1:45-2:30

Afternoon Session
1:00-1 :45

2:30-3:00
. 3:00-3:15

3:15-3:45

3;45-5:00

Paleoflood Techniques
Evaluating Hydrologic Modeling Results
Appli£.ation to Floodplain Management

Fluvial Geomorphology: Stream Stability Assessment - Part 1 Instructor: Jon
Definition of Stability & Instability
Causes of Riverine Erosion
Review of Methodologies
Arizona State Standards

GeomorphoI9gy/or Floodplain Managers: An Introduction. - p.l
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Day 2 - Application

Instructor: Ted.

Instructor: Jon

Morning Sesssion
8:00-9:00 Fluvial Geomorphology: Stream Stability Assessment - Part 2 Instructor: Jon

Analytical Techniques
Field Techniques
Analysis of Disturbed Systems
Application to Floodplain Management

Sediment Transport Modeling Instructor: Jon
Geomorphic Evaluation of Sediment Transport Models
Application to Floodplain Management

Workshop #3 - Stream Stability Assessment
<BREAK>
Stream Restoration in the Arid West

Defmitions
Issues for Restoration
Flood-Dominated Fluvial Systems
Application to Floodplain Management

Evalution of Flood Control Alternatives
Stream Responses to Human Impacts
Floodplain Encroachment
Bridges & Roads
Dams
Sand & Gravel Mining
Grazing

SummaryfWrap-Up Instructor: Jon
Resources/ Bibliography of Applied Geomorphology
Applications of Geomorphology to Floodplain Management
Overview of Field Trip

Box Lunch / Travel to Field Area

10:45-11 :30

9:30-10:00
10:00-10: 15
10:15-10:45

9:00-9:30

12:00-1:00

11:30-12:00

•

•
Afternoon Session: Field Trip
1:00-4:00 Field Trip to Skunk Creek

STOP #1 - New River Bridge (Structure Evaluation, Channel Response)
STOP #2 - Carefree Highway Bridge (Soil Profiles, Bank Stability,
Geomorphic Surfaces, Age of Surfaces, Proposed Development)

4:00-4:30 Return from Field Area
Course Evaluations

****FIELD TRIP ****

1. Bring suitable hiking shoes
2. Bring water
3. Bring sunscreen
4. Lunch & transportation provided

•
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• Lecture #1: Introduction

1. Speaker introductions

a. Jon Fuller, P.E., P.H.
Principal
JE FullerlHydrology & Geomorphology, Inc.
5235 South Kyrene Rd., Suite 205
Tempe, AZ 85283
480-752-2124
jon@jefuller.com

b. Ted Lehman, M.A.
Geomorphologist
JE FullerlHydrology & Geomorphology, Inc.
5235 South Kyrene Rd., Suite 205
Tempe, AZ 85283
480-752-2124
ted@jefuller.com

c. Phil Pearthree, Ph.D.
Research Geologist

• Arizona Geological Survey
416 West Congress, Suite 100
Tucson, AZ 85701
520-770-3500
pearthree phil@pop.state.az.us

d. Additional information
l. Biographical information in the course notebook

11. Web sites:
www.jefuller.com
www.azgs.state.az.us

2. Participant introductions

a. Name
b. Agency/company
c. Title

•
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3. Course overview

a. Participant survey

b. Course outline review

c. Course goals & objectives
i. What this class is:

1. Introduction to & overview of topics in geomorphology

2. Oriented to floodplain managers

3. Objective:

Introduce floodplain managers, engineers, and planners to the basic
elements o/fluvial geomorphology. and demonstrate how
geomorphology can be practically applied to enhance project design
and multi-objective management offloodplain corridors.

11. What this class is not:

1. Full training of geomorphologists

2. Detailed training on anyone topic

Geomorphology for Floodplain Managers: An Introduction p.1-2
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Lecture #2: Basic Concepts of Geomorphology

1. Definition of geomorphology

a. "The study of the fonn of the ground surface and the processes which
shape it." - The New Penguin Dictionary ofGeology (1996)

b. "The study oflandfonns" - D.F. Ritter, 1978, Process Geomorphology

1. Landfonn - "A feature of the earth's surface attributable to natural
causes." Webster's 7'h New Collegiate Dictionary

11. Landfonn differentiation - descriptive geomorphology

111. Landfonn fonnation and evolution - process geomorphology

c. D.F. Ritter, 1978, Process Geomorphology, p. 2

"More important than a precise definition [ofgeomorphologyJ is the fact
that geomorphology is and probably always will be a field-oriented
science. Map and photo analyses are necessaryfirst steps to good
geomorphic work, and laboratory data support interpretations. But the
real test ofgeomorphic validity is outdoors, where all the evidence must
be pieced together into a lucid picture showing why landforms are the way
we find them and why they are located where they are. A prime requisite
for a geomorphologist is to be a careful observer ofrelevant field
relationships. This trait cannot be easily taught, and truly outstanding
geomorphologists usually develop it by learning from their own mistakes.
Geomorphic processes are remarkably subtle, and minor changes ofbasic
controls can result in an infinite array oflandforms. Invariably, the
person with the greatest experience under varied conditions will make the
most viable geomorphic interpretations. Thus a geomorphologist, like any
other scientist, must learn the trade. There are no short cuts that produce
geomorphic insight. It must be acquired gradually through long field
experience.

d. Surficial geology

e. "The triumph oftenninology over common sense"

GeomorphoLogy for FLoodpLain Managers: An Introduction p.2-1
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2. Who uses geomorphology

a. Engineers - civil, geological, structural, environmental
b. Hydrologists & hydraulic engineers
c. Groundwater hydrologists
d. Climatologists
e. Land planners
f. Physical geographers
g. Ecologists, biologists
h. Environmental permitting
1. Archaeologists
J. Dendrochronologists
k. Soil scientists
1. Foresters
m. Forensic scientists

3. Topics in geomorphology

a. Chemical weathering - decomposition of rock material, soil formation

b. Physical weathering - erosion, mass movement, slope processes, geologic
hazards

c. Drainage basins - stream networks, drainage patterns, basin evolution

d. Fluvial processes & landforms

1. River channels - terraces, floodplains, patterns
11. Sediment transport & deposition

111. Alluvial fans, deltas, lakes

e. Wind processes & landforms - deserts, loess, dust

f. Glacial processes and landforms - glaciers, periglacial

g. Karst topography - limestone and evaporites, solution features

h. Coastal zones - beach processes, estuaries

1. Unifying theme: landforms shape and process

Geomorphology for Floodplain Managers: An Introduction p.2-2
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4. Characteristics of geomorphic analysis

a. Field-based - a science of observation

b. Process oriented - understanding of system functions

c. Historical perspective - what has changed, what has happened?

d. Regional context - consider the big picture, analogy from adjacent areas

e. Reliance on judgment - critical evaluation of analytical approaches

f. Broad results

g. Typical workplan for geomorphic analysis:

i. STEP I: Describe existing conditions

11. STEP 2: Describe historical conditions

111. STEP 3: Quantify regional trends

IV. STEP 4: Quantify known problem areas

v. STEP 5: Identify probable causes of instability

VI. STEP 6: Evaluate potential solutions

Geomorphology for Floodplain Managers: All Introduction p.2-3



• 5. Importance of geomorphology for floodplain management

a. The basic information required for floodplain management

1. Flood stage - water surface elevation

1. Terrace height
2. Surficial characteristics
3. Paleoflood evidence

Not Flooded

Nol Flooded

Not Flooded
Highest Paleoflood

Evidence ---+
Flooded

•
Floodplain

+--- Limits -

11. Flood limits - lateral limits of flooding

1. Terrace boundaries
2. Soil profile interpretation
3. Surficial characteristics

Old
Stlble

Olel
Stlble

Younger

Youngest
Unstlble Unstlble

----- Corridor of ~e,ent~
Erosion

•

lll. Erosion hazards - unsafe areas along stream corridors

1. Erosive or non-erosive
2. Estimates of flood velocity
3. Channel bed & bank characteristics

Geomorphology for Floodplain Managers: An Introduction p.2-4
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b. FEMA Administration - supplemental role

i. Floodplain vs. floodway

1. Soil interpretation
2. Terrace delineation

11. Identify types of hazard zones

1. Riverine flooding
2. Alluvial fan flooding
3. Ponding areas
4. Sheet flow areas
5. Erosion hazards

c. Drainage design - supplemental role

i. Retention/dams - sediment storage, downstream impacts

11. Urbanization impacts - channelization, hydrology change

111. Structure sizing - culverts, channels, basins

IV. Scour -long-term scour component, verification

Geomorphology for Floodplain Managers: An Introduction p.2-5
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Lecture #3: Geology and Geomorphology of Arizona

I. Introduction - Geologic history and the landscape

a. The natural architecture of our part of the world is what we live on and
what we work with

b. Landscape and geology are important parts of the attraction of Arizona,
and they is vastly different than that of much of our country

c. Profoundly varied landscape in Arizona is a product of a long geologic
history

d. Earth's surface shaped by geologic processes and climate

e. Basin and Range, Colorado Plateau, Transition Zone between them

2. Brief geologic history of Arizona - How we got to where we are today

a. Oldest rocks 1.8 Ga
i. margin of North American continent in Arizona

ii. Volcanic arcs plastered onto continent margin
b. Younger Precambrian age?

i. Apache Group
.. .
11. erosIOn

c. Paleozoic - Mesozoic 580 to 100 Ma
i. Shallow seas

ii. Sand sheets
d. Late Mesozoic - early Tertiary 100 to 50 Ma

i. Volcanic arc
ii. Highlands maybe like modem Andes

iii. Southwestern Arizona high, streams flowed onto Plateau
e. Middle and late Tertiary 30 to 5 Ma

i. Major extension, crustal thinning in Basin and Range
ii. Regional elevation drops dramatically, drainage reversal

f. Quaternary < 2 Ma
i. Major global climate changes from glacial to interglacial

ii. Regional drainage integration and downcutting
iii. Glacial climate in Arizona
iv. Implications for fluvial systems and soil development

g. Holocene < 10 ka
1. Relatively stable climate, but with fluctuations on several scales

11. Warm, dry, decreased vegetation
111. Onset of summer monsoon

Geomorphology for Floodplain Managers: An Introduction p.3-1
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3. Climate change, fluvial systems, and the modem landscape

a. Profound climate changes of the Quaternary shaped the modem landscape
of Arizona

b. Variations in available moisture affected vegetation, weathering,
hydrology, sediment delivery and transport

c. Evidence of past climates in relict alluvial fans, terraces

d. Can be used to constrain area of fluvial activity over long intervals, like
the Holocene

Key References on Arizona Geology

Geology of Arizona, 2nd Edition, by Dale Nations and Edmund Stump: Kendall/Hunt
Publishing Co., Dubuque, Iowa, 1996.

Geologic Highway Map of Arizona, edited by Robert 1. Kamilli and Steven M. Richard:
Tucson, Arizona Geological Society and Arizona Geological Survey, 1998.

Geologic Evolution of Arizona, edited by J.P. Jenny and SJ. Reynolds: Tucson, Arizona
Geological Society Digest 17, 1989.

Landscapes of Arizona, edited by T.L. Smiley, J.D. Nations, T.L. Pewe, and J.P. Shafer:
University Press of America, Lanham, Maryland, 1984

Geomorphology for Floodplain Managers: An Introduction p.3-2
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LEGEND
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Zone of Neogene

Extensional Tectonics

Secular Retreat
of Neogene

Arc Magmatism

Strike- slip Faults
of San Andreas

Transform System

Figure 8. Late Cenozoic position of Arizona in relation to the Basin and Range province and the Colorado Plateau of the intermountain
region. Modified after Dickinson (1979. 1981).
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Lecture #4: Fluvial Processes & Landforms

Fonn & process

1. Introduction

a. Denudation

b. Evolution of landscapes

c. Water as primary agent of change (Fluvial geomorphology)

d. Fluvial Processes
The Fluvial System
i. Erosion

1. sediment yield
- factors influencing

climatic, lithologic, vegetational, edaphic, topographic
i.e. precipitation amount, type and timing, geology - parent
material, cover - vegetation (and land use), soil, slope, drainage
network

2. entrainment (incipient motion)
a. Hjulstrom

b. Shields
Critical shear => Dc = 't I 0.06 (ys - y)
Where,

Dc = diameter of particle moved (critical diameter)
't = shear = K dV/dy
ys = unit weight of sediment
y = unit weight of water
0.06 = Shields parameter (can range from 0.02 -0.1)

c. Average tractive force

't = YR S,

where R = hydraulic radius, S = slope, and y as above

•
11.

d. Complications of armor layer, shape, etc.

Transport

1. types of motion
- sliding, rolling, saltation, suspension

Geomorphology for Floodplaill Mallagers: All Illtroductioll p.4-1
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2. sediment load

- bed-material load

- wash load

3. sediment discharge, Qs

111. Deposition

1. settling time

2. spatial/temporal problem

3. spatial within basin

4. spatial across channel section

5. temporal - during what part of the hydrograph

IV. controls on processes

1. upstream -- "integrated effect of climate, geology, land use, and basin
physiography" (Knighton, 1984)

2. downstream - base level

local

ultimate

e. Fluvial Landforms

f(Q, Qs, bed & bank material)

"morphology ofnatural river channels is determined by the interaction of the fluid
flow with the erodible materials in the channel boundary" (Knighton, 1984)

dynamic over space and time

1. Rivers - channels, terraces, floodplains, deltas

11. Alluvial fans

iii. Lakes

2. Types ofRivers / River Classification

a. Channel Pattern (Planimetric forms) - Figure 2-11 USACE, No. 20

i. Meandering rivers

Geomorphology for Floodplain Managers: An Introduction p.4-2
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1. sinuousity = channel length / valley length> 1.5

2. point bars

2. meander cutoffs

3. oxbow lakes

4. meander migration

11. Braided rivers / Anastomosing rivers

1. Multiple channel

2. split flows

3. 2-dimensional

4. excess load (too much sediment for amount of water)

5. often degree of braiding varies with stage

iii. Straight rivers

1. Not truly straight - sinuousity = 1.1 - 1.3 or 1.4

2. efficient movers of sediment

3. May have highly resistant bank material

4. Often have well developed riffle-pool sequences

IV. Distributary streams

1. alluvial fans ( active and inactive)

2. pediments (erosional surfaces) - incised distributary

IMPORTANT: The channel patterns described above are generalizations. Many 'shades
of gray' exist.

b. Hydrologic / climatic regime (process)

1. Perennial rivers

11. Intermittent rivers

iii. Ephemeral rivers

IV. Glacial outwash streams (usually braided)

v. Exotic rivers (Salt River used to be)

c. Geologic controls (process)

1. Bedrock channels

11. Tectonism

Geomorphology for Floodplain Mallagers: AlI IlItroductioll p.4-3
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iii. Variable resistance (preferential erosion)

IV. Bed material (parent material)

1. Shape

2. Size

d. Rosgen

basically a classification system based on a combination of slope, bed
material, width/depth ratio, degree of meandering (sinuousity), and degree of
confinement to lateral movement
42 possible types, 20 primary types
big key is what's the bankfull discharge and floodprone discharge limits to
apply correctly

3. Drainage Networks, Stream Patterns, and Terraces

a. Tributary / Dendritic

b. Distributary / alluvial fans

c. Terraces - modem and ancient floodplains

4. Basics ofRiver "Behavior"

a. Three fundamentals
i. Entrainment
ii. Transport
iii. Deposition

b. Water flows downhill- force of gravity, Newtonian mechanics

c. Water and sediment discharge

d. Friction - resistance

e. Balancing act - the river is "seeking" a balance between force, resistance, and
fonn

f. Graded Stream

1. One that's in equilibrium with the amount of water and sediment supplied to it

ll. A state achieved over a long period oftime

g. Dynamic Equilibrium - Jon will discuss in Lecture 8
- basic idea is like a moving average around a state of "happiness" given the

imposed conditions

Geomorphology for Floodplain Managers: An Introduction p.4-4



• h. The Long Profile - Jon will touch on this in his discussion of stability assessment

1. Changes in Channel Geometry

1. at a station

1. power functions

a. w=aQb

b. d =CQf

c. v=kQ,m

d. others for slope, roughness and sediment discharge too

2. similar to rating curve

3. exponents add up to 1 b+f+m=l (w x d x v = Q)

4. product of scalars = 1 axcxk=l

5. values for some examples

11. along a stream (in downstream direction)

1. similar form but for a specific frequency often "bankfull discharge"• 2. values for some examples

J. More on channel pattern and process

1. meandering

•

- balance between resistance and force - like a skier

1. effect to increase resistance and decrease channel gradient

2. spacing of crossovers spaced about 5 to 7 times channel width

3. probable result of flow (related to "oscillations in the velocity field of

turbulent flow" leading eventually to helicoidal flow pattern) (and/or

mechanics of sediment transport)

11. braided

1. for a similar discharge, occur on steeper slopes than meandering

2. generally requires non-cohesive banks (at least within some limit e.g.

Hassayampa below Morristown)

3. relatively non cohesive banks promote braided pattern (as opposed to pool

and riffle)

Geomorphology for Floodplaill Mallagers: All Illtroductioll p.4-5
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4. heterogeneity of sediments contributes to braided pattern

5. often associated with "overloaded" systems, (i.e. implying aggradation)

but, once established, may be a valid equilibrium form

111. straight

1. distinction from meandering somewhat arbitrary, but often sinuosity < 1.5

IV. Pool and riffle

1. requires some heterogeneity of bed-material size

n. pool-to-pool spacing about 5 to 7 times width (at bankfull discharge)

iii. relation to alternating bars and meandering

IV. present is almost all perennial channels whose sediments are larger than
coarse sand, but most characteristic of gravel-bed streams

v. Step-pools

1. stair step look in long profile

n. located in steep mountain channels

111. dissipate lots of energy

J. Channel pattern -- also a mechanism of adjustment
i. Figures page 126-127 Knighton (1984)

1. Base level

1. Local

11. Ultimate

m. Changes during a flood

1. Channel cross section changes

1. Famous San Juan River example

n. Channel migration and channel pattern changes

Geomorphology for Floodplain Managers: All Illtroduction p.4-6



• 5. Application to Floodplain Management

a. Floodplains as Landfonns

"Floodplain is a level area near a river channel, constructed by the river in the
present climate and overflowed during moderate events" (Leopold, 1994)

Function of a floodplain is to store water and sediment

b. (Alluvial) Terraces

abandoned floodplains, remnants of previous floodplains

evidence of climate change or tectonism

lateral constraints on stream movement

Example, Gila River terraces (downstream of Salt River confluence)

•

•

c. Erosion setbacks - Jon to discuss at some length later

d. Impacts of Human Induced Changes to the Fluvial System - Ted to discuss
tomorrow

References

Knighton, D., 1984, Fluvial Fonns and Processes, London: Edward Arnold, 218 p.

Lagasse, P.F., et aI., 1995, Stream Stability at Highway Structures, Second Edition,
FHWA HI-96-032, HEC-20, Washington, D.C.: US DOT, FHWA, Office of
Technology Applications, 144 p.

Leopold, L.B., 1994, A View of the River, Cambridge, Mass.: Harvard University Press,
298 p.

Leopold, L.B., Wolman, M.G., and Miller, J.P., 1964, Fluvial Processes in
Geomorphology, New Yark: Dover Publications, Inc., 522 p.

Richards, K., 1982, Rivers: Fonn and Process in Alluvial Channels, London: Methuen,
361 p.
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Figure 2-11. Some forms of stream planform (after Mollard and Jane. 1984)
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Lecture #5: Uses Soils in Geomorphologv

1. Introduction

a. What is a soil? Soil profile?

I. Characteristics that develop in the shallow subsurface as a result of
physical translocation of material and chemical reactions

11. Strongly influenced by moisture - how much? How deep? How
frequent?

b. Use of soils and surface characteristics to distinguish alluvial surfaces of
different ages

1. Characteristics that develop after a surface is no longer subject to
significant fluvial activity (i.e., flooding)

11. Can serve as crude clock with which to evaluate how long a
surface has been isolated from flooding

2. Soil Profile Development

a. Input of material from the atmosphere very important in arid regions

1. Clay and silt particles from wind-blown dust
11. CaC03 , Si02 from dust, dissolved in rainwater

111. Downward movement driven by infiltration of moisture
IV. Accumulation of this material in distinct horizons
v. Importance of "real" wetting events, seasonality of precipitation

b. Development of soil profiles with time

1. Soil horizons
11. Stratigraphic and soils analyses to recognize individual flood

deposits
111. Numerical age constraints - radiocarbon, tree-rings, archaeology

3. Surface Characteristics

a. Local topography

1. Gradual modification of depositional topography by local erosion
and deposition

11. Moving material from high areas to low areas
111. Can result in very smooth surfaces - somewhat dependent on

surface particle size

b. Vegetation

1. Vegetation dependent on moisture
11. Proximity to active washes
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Ill. Soil development and soil moisture

c. Rock varnish

I. Coating that develops on surface gravel; interaction of
microorganisms with material from atmosphere

11. Black, manganese-rich coating on exposed surfaces
111. Red, clay- and iron-rich coating on undersides of gravel

d. Desert pavements

1. Gravel lags
11. Fine-grained material accumulates beneath protective layer of

gravel
111. Gravel gradually packs together into tight pavement
IV. Need to have minimal vegetation to get good pavements

4. Drainage development and topography

a. Initial drainage patterns - single channels, braided, distributary
b. Modified to tributary networks by local runoff after isolated from flooding
c. Depth of channel incision
d. Erosion and rounding of interfluve areas

5. Dating of soils and surfaces

a. Regional correlations with dated chronosequences
i. Las Cruces area, southern New Mexico

ii. Lower Colorado River region
iii. Arizona chronosequences

b. Radiocarbon dating of organic material in soils or deposits
c. Archaeological constraints
d. Cosmogenic exposure dating

6. Applications to Floodplain Management
a. Tortolita piedmont - alluvial fan flooding
b. Rivers - assess long-term lateral erosion

Key References

Soils and Geomorphology, by P.W. Birkeland: Oxford, Oxford University Press, 1984

Arizona Soils, by D.M. Hendricks: Tucson, College of Agriculture, University of
Arizona, 1985.

Soils and geomorphology in the basin and range area of southern New Mexico -
Guidebook to the Desert Project, by L.H. Gile, J.W. Hawley, and R.B. Grossman: New
Mexico Bureau of Mines and Mineral Resources Memoir 39, 1981.
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Unit Drainage Soils Surface topography Surface Characteristics

(estimated age) characteristics

active channels single, braided, depositional layering, no flat-bottomed sandy light-colored sand and

(modem) distributary soil development channels, sand and gravel gravel

bars

sheetflood areas discontinuous depositional layering, fairly planar with small brown fine sand and silt,
and terraces small channels carbonate filaments, weak gullies and mounds local fine gravel

and gullies structure around vegetation« 100 yrs)

young relict entrenched weak soil structure and thin, undulating, with coarse gravel lag but no
alluvial fans and distributary discontinuous carbonate gravel bars and finer- interlocking pavement,

terraces channels and coatings on gravel clasts grained swales; smooth minimal rock varnish

(100-5,000 yrs)
weakly integrated where fine-grained
tributary channels

moderately old tributary slight reddening, weak soil broadly rounded and weakly to moderately
relict alluvial fans channels, with a structure, and thin, minimally dissected, bars packed desert pavements;

few distributary discontinuous carbonate and swales well preserved rock varnish fairly dark
(10,000+ yrs)

channels coatings

old relict alluvial well-integrated, reddened zones of clay Broadly rounded near strongly developed,
fan deposits entrenched accumulation, weak channels; minimal relief smooth desert pavements

tributary drainage carbonate cementation and on relict gravel bars with interlocking clasts;
(-100,000 yrs)

networks bottom pendants on gravel dark rock varnish
clasts

Alluvial surfaces, Tiger Wash distributary system, western Maricopa County, Arizona
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Lecture #6: Alluvial fans

1. Introduction

Definition of alluvial fan (NRC, 1996)

"a sedimentary deposit located at a topographic break, such as the base ofa
mountain, escarpment, or valley side, that is composed ofstreamflow and/or debris
flow sediments and that has the shape ofa fan either partially or fully extended"

a. Fonn & process
b. Nature of alluvial fans
c. Locations of alluvial fans

2. Types of Alluvial Fans

a. Debris flow fans

b. Streamflow fans

c. Composite fans

d. Active alluvial fans

e. Inactive alluvial fans

f. Relict alluvial fans

3. (Types of) Flood Hazards on Alluvial Fans

a. Alluvial fan flooding (NRC, 1996)

1. flow path uncertainty below the hydrographic apex

11. abrupt deposition and ensuring erosion of sediment as the stream or debris flow
loses competence to carry material eroded from steeper, upstream source area

iii. an environment where the combination of sediment availability, slope, and
topography creates an ultrahazardous conditions for which elevation on fill will
not reliably mitigate the risk

b. Variation in hazard across surface of fan

1. Upstream to downstream

11. Laterally across fan
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4. Piedmont Flood Hazard Assessment Manual/New FEMA Guidelines For Determining
Flood Hazards On Alluvial Fans

a. Stage 1 - Recognize and Characterize Piedmont Landforms

1. Composition

n. Morphology

iii. Location

iv. Boundaries

b. Stage 2 - Identification of Stable and Unstable Areas

1. Soil development

ii. Surface characteristics

iii. Drainage texture

IV. Topography

v. Historical flow path movement

VI. Potential water and sediment delivery from basin

c. Stage 3 - Definition of IOO-year Flood Hazards

1. Flooding on stable channels

1. upstream ofhydrographic apex

2. inactive alluvial fans

3. often within entrenched distributary flow systems

4. "normal" hydraulic methods

5. potentially complex split flow accounting - uncertain flow distribution

n. Sheet flooding

1. broadsheets, completely unconfined flow

2. might be where several shallow, distributary channels join together near toe of
fan and gradient is low

3. active alluvial fan flooding

4. FEMA 37, Appendix 2, Shallow Flooding

iii. Unstable flow path flooding

1. where single channel splits into multiple channels

2. subject to deposition and bank or bottom erosion causing channel migration,
avulsion and/or formation of new channels

3. characterized by shallow, braided or distributary sand and gravel bed channels
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• d. Advantages of Geomorphology for Assessment of Alluvial Fan Flooding

1. Integration of long "period of record"

11. Does not rely on parameterization of complex hydraulic processes

iii. Provides realistic results

e. Limitations ofUse of Geomorphology for Assessment of Alluvial Fan Flooding

1. Relatively undisturbed by activity of man

11. "Approximate delineations" - more precisely, No BFE given

iii. Trends

References

FEMA, 1999, Guidelines For Determining Flood Hazards On Alluvial Fans (available on the
web at www.fema.gov/mit/tsd/FT_alfan.htm)

Hjalmarson, H.W., 1998, Piedmont Flood Hazard Assessment for Floodplain Management
for Maricopa County, Arizona, User's Manual, Draft, Flood Control District of
Maricopa County, Phoenix, Arizona.

• NRC, 1996, Alluvial Fan Flooding, Washington, D.C.: National Academy Press.
(available by writing to National Academy Press, 2101 Constitution Ave. NW, Box 285,

Washington, DC 20055 or calling 800-624-6242, or on the web at www.nap.edu)

•
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FromFEMA

Alluvial Fan Flooding -- Flooding occurring on the surface of an alluvial. Active alluvial fan
flooding is a type of flood-hazard that occurs only on alluvial fans. It is characterized by flow
path uncertainty so great that this uncertainty cannot be set aside in realistic assessments of
flood risk or in the reliable mitigation of the hazard.

An active alluvial fan flooding hazard is indicated by three related criteria:(a) flow path
uncertainty below the hydrographic apex, (b) abrupt deposition and ensuing erosion of
sediment as a stream or debris flow loses its competence to carry material eroded from a
steeper, upstream source area, and (c) an environment where the combination of sediment
availability, slope, and topography creates an ultrahazardous condition for which elevation on
fill will not reliably mitigate the risk. Inactive alluvial fan flooding is similar to traditional
riverine flood-hazards, but occurs only on alluvial fans. It is characterized by flow paths with
a higher degree of certainty in realistic assessments of flood risk or in the reliable mitigation
of the hazard.

Counter to active alluvial fan flooding hazards, an inactive alluvial fan flooding hazard is
characterized by relatively stable flow paths. However, areas of inactive alluvial fan flooding,
as with active alluvial fan flooding, may be subject to sediment deposition and erosion, but to
a degree that does not cause flow path instability and uncertainty.

An alluvial fan may exhibit both active and inactive alluvial fan flood hazards.
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Summary of NRC Report on Alluvial Fan Flooding
Alluvial fans are gently sloping, fan-shaped landforms created over time by
deposition of eroded sediment, and they are common at the base of mountain ranges
in arid and semiarid regions such as the American West. Given that alluvial fans tend
to occur in apparently dry conditions, homeowners are often shocked to find that they
can be the sites of destructive floods. Floods on alluvial fans, although characterized
by relatively shallow depths, can strike with little warning, can travel at extremely
high speeds, and can carry tremendous amounts of sediment and debris. Such
flooding presents unique problems to federal and state planners in terms of
quantifying the flood hazards, estimating the magnitude at which those hazards can be
expected at a particular location, and devising reliable mitigation strategies.

The Federal Emergency Management Agency (FEMA) has great influence over the
way communities manage and mitigate flood hazards. FEMA's influence comes both
from its congressional mandate and from its role as enforcer of National Flood
Insurance Program (NFIP) regulations. When FEMA designates an area as subject to
alluvial fan flooding, rather than ordinary riverine flooding, it sets in motion specific,
restrictive federal regulations. Because such a designation can affect development
opportunities, it can be controversial.

NFIP regulations define alluvial fan flooding to be "flooding occurring on the surface
of an alluvial fan or similar landform which originates at the apex and is characterized
by high velocity flows; active processes of erosion, sediment transport and
deposition; and unpredictable flow paths." In addition, although alluvial fan flooding
is a general term that can involve flooding over an entire surface, the FEMA mandate
is to determine the extent of hazard associated with a flood with a 1OO-year recurrence
interval (i.e., a 1 percent probability in a given year). Hence, the term alluvial fan
flooding is used in two ways. In the geomorphic sense, it can be any flood on an
alluvial fan. But in the NFIP sense, it is the distribution of lOO-year floodwater on the
fan. The reader is cautioned that the term is used in both ways, including in this
report.

The problem with the current definition is that it is very broad, and often is applied to
many landforms that are not alluvial fans, such as alluvial plains, pediments, deltas,
and braided streams. One approach to reduce this confusion is to define alluvial fan
flooding so that it applies strictly to alluvial fans, and to use different language, such
as uncertain flow path flooding, when dealing with "similar landforms." But such a
change is not as simple as it may sound-it requires agreement on the definition of
alluvial fan flooding and clear guidelines that can help planners, regulators, and
citizens reach a common understanding of what an alluvial fan is and when it presents
a flood hazard. To help FEMA with this problem, the Committee on Alluvial Fan
Flooding was established and charged to develop a revised definition of alluvial fan
flooding, to specify criteria that can be assessed to determine if an area is subject to
alluvial fan flooding, and to provide examples that illustrate the definition and
criteria.
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To begin, the committee needed a clear definition of "alluvial fan." Working from
standard geologic definitions, the committee defines an alluvial fan to be "a
sedimentary deposit located at a topographic break, such as the base of a mountain,
escarpment, or valley side, that is composed of streamflow and/or debris flow
sediments and that has the shape of a fan either fully or partially extended." This
deposit is convex in cross-profile. On a smooth cone-shaped fan, floodwater can
spread widely across the surface in the same way that marbles will follow random
paths down a gently sloped surface. Alluvial fans evolve through geologic time, and
their evolution is affected by climate change and tectonics, and therefore a wide
variety of fan morphologies can be observed, from the ideal smooth surface on which
flow paths can be predicted only with great uncertainty to deeply incised fans with
flow confined to a single channel. In the latter case, the flow path can be predictable,
and the fan surface is not susceptible to major flooding. As a result, neither the
automatic assumption of uniform flood risk on an alluvial fan nor the acceptance of
complete uncertainty of flooding across an alluvial fan is reasonable.

The committee decided that the first step necessary to reduce the confusion was to
define alluvial fan flooding as a flood hazard that occurs only and specifically on
alluvial fans. According to the committee, alluvial fan flooding is characterized by
flow path uncertainty so great that this uncertainty cannot be set aside in realistic
assessments offlood risk or in the reliable mitigation of the hazard. The committee
has determined that an alluvial fan flooding hazard is indicated by three related
criteria: (1) flow path uncertainty below the hydrographic apex, (2) abrupt deposition
and ensuing erosion of sediment as a stream or debris flow loses its competence to
carry material eroded from a steeper, upstream source area, and (3) an environment
where the combination of sediment availability, slope, and topography creates an
ultrahazardous condition for which elevation on fill will not reliably mitigate the risk.

The committee notes that alluvial fan flooding typically begins to occur at the
hydrographic apex, which is the highest point where flow is last confined, and then
spreads out as sheetflood, debris slurries, or in multiple channels along paths that are
uncertain. The hydrographic apex may be at or downstream of the topographic apex.
Such flooding is characterized by sufficient energy to carry coarse sediment at
shallow flow depths. The abrupt deposition ofthis sediment or debris strongly
influences hydraulic conditions during the event and may allow higher flows to
initiate new, distinct flow paths of uncertain direction. Also, erosion strongly
influences hydraulic conditions when flood flows enlarge the area subject to flooding
by undermining channel banks or eroding new paths across the unconsolidated
sediments of the alluvial fan. Flow path uncertainty on the fan is aggravated by the
absence of topographic confinement or by the occurrence of erosion and deposition.
Flow path uncertainty at the hydrographic apex can be aggravated by deposition early
in the flood that results in overbank flooding from a channel that otherwise appears
too large to overflow. Such channel filling can be eroded during later stages of the
flood. Together, these characteristics create a flood hazard that can be reliably
mitigated only by the use of major structural flood control measures that require
careful maintenance or by complete avoidance of the affected area.

- I
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The committee also notes that the potential for erosion and deposition, the related
uncertainty in flow path behavior, and the imprudence of elevation on fill as a
mitigation measure are joint and separate characteristics shared among many flood
hazards on depositional environments other than alluvial fans, although not usually
with the same intensity. It stands to reason that some of the same rules should apply
to this more inclusive type of flood hazard, which the committee calls uncertain flow
path flooding, as apply to alluvial fan flooding, which is, in fact, a type of uncertain
flow path flooding.

In the simplest case, a fan is shaped like a simple cone emanating from a single, well
defined apex. In such a case, a stream follows more-or-less radial paths down the
cone, and the contours on the map of such a fan are convex downslope. However, the
fan shape may not always be so apparent; for instance, it is obscured where the
sedimentary accumulations from several source areas encroach on one another. At
their downstream margins, fans merge with smoother depositional topography of the
valley floor, river terraces, and lake and coastal deposits, and the channels may be
small, shallow, and diffuse. Fans differ from pediments, some of which are cone
shaped, in that fans are formed by the accumulation of sediment, while pediments are
erosional surfaces that are usually covered by a thin veneer of alluvium and
colluvium.

Although alluvial fans are often thought to occur mainly in the western United States,
they occur in a wide range of environments, including the Appalachian Mountains,
western Canada, and various montaine, arid, and volcanic regions around the world.
In North America, most fans that are subject to controversy are in the West because it
is a rapidly urbanizing region and fans-with their relatively gentle terrain and views of
the mountains-are appealing building sites.

Alluvial fans, and alluvial fan flooding, show great diversity because of variations in
climate, fan history, rates and styles of tectonism, source area lithology, vegetation,
and land use. For this reason, it is essential that any investigation of alluvial fan
flooding include careful examination of the specific fan for which information is
needed by specialists experienced in the study of alluvial fan processes and
recognition ofgeomorphic indications of past and present flooding. The committee
recognizes that the extent of site-specific examination may be constrained by factors
such as the amount of time and money allocated to the project, the tools available to
the investigator, and the investigator's experience. Nevertheless, it is essential to
conduct at least one field inspection of every fan being delineated-to walk across its
surfaces and along its channels.

The criteria used to assess whether an area is, or is not, subject to alluvial fan flooding
must help the observer determine first, whether the area is a fan, and second, whether
it is characterized by sedimentation and flow path uncertainty. Thus the process of
determining whether or not an area is subject to alluvial fan flooding, and of defining
the spatial extent of such flooding, can be divided into three stages:

1. Recognizing and characterizing alluvial fan landforms.
2. Defining the nature of the alluvial fan environment and identifying active
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and inactive components of the fan; and
3. Defining and characterizing areas of the fan affected by the IOO-year flood

Progression through each of these stages results in a phased procedure that narrows
the problem to smaller and smaller areas. In Stage 1, the landform on which flooding
occurs must be characterized. Ifthe location of interest is an alluvial fan, then the user
progresses to Stage 2, in which those parts of the alluvial fan that still are active are
identified. The term active means that flooding, deposition, and erosion have occurred
on the fan and might continue to occur on that part of the fan. Those parts of the fan
that have been active in recent time can be identified depending on data availability
for the site and money allocated to the project. Each active part of the alluvial fan also
is characterized based on the dominant types of processes that result in sedimentation.
Finally, in Stage 3 the user determines whether or not flooding by the 1DO-year flood
is still probable on those parts of the fan that still are active and estimates the extent
of such flooding. Progression through these stages will require a variety of maps and

photos, as well as a significant amount of fieldwork and analysis to fully understand
the flood hazard.

The effects of erosion and deposition processes and flow path uncertainty on flood
hazard severity are not limited to alluvial fans. Yet the term alluvialfan flooding
suggests these processes are limited to alluvial fans and is therefore confusing. The
Committee on Alluvial Fan Flooding recommends that the term alluvial fan flooding
be applied only to flooding on alluvial fans. FEMA will need to develop a strategy to
regulate other types of uncertain flow path flooding that do not occur on alluvial fans.

This report addresses a wide range of issues related to alluvial fan flooding. Chapter 1
presents an introduction to why identification of alluvial fan flooding hazards is
controversial and the problems of definitions. Chapter 2 looks in more depth at fan
types and flooding processes. Chapter 3 presents indicators developed to help
delineate alluvial fans and alluvial fan flooding, based on the committee's definition
and discusses methodologies to delineate flood hazards on alluvial fans. Chapter 4
contains seven examples analyzed by the committee in light of the definition and field
criteria. The sites represent a range of flood processes, from unconfined water
flooding and debris flows on untrenched active fans to confined water flooding in
fully trenched inactive alluvial fans; the examples also show variable amounts of
study-from intensive to casual. Chapter 5 presents a summary of the committee's
conclusions and recommendations.

Key conclusions include the following:

o Site investigation is essential to distinguish alluvial fans from other landforms
and to identify which parts of an alluvial fan are subject to hazard.

o Regulatory flexibility is necessary to realistically depict flood hazards given
the variability in flood processes on alluvial fans.

o The existing regulatory framework, which divides all flooding sources into
either riverine or alluvial fan flooding, leads to inconsistency when imposed
on specific sites.
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o Imposing the alluvial fan flooding paradigm instead of the riverine paradigm
creates its own set of difficulties for sound regulation of the flood hazard.

o The act of defining the type of flooding is independent from the act of
deciding which methods are applicable for delineating the boundaries ofthe
hazard.

o The role of uncertainty in mapping flood hazards on alluvial fans is different
from that for floodplain management and mitigation.

Key recommendations include the following:

o The existing NFIP definition of alluvial fan flooding should be revised to
reduce confusion and controversy. As noted earlier; this committee proposes a
definition that limits the term to use only on alluvial fans and for FEMA
purposes to the 1DO-year flood.

o FEMA also can recognize that uncertain flowpath flooding includes alluvial
fan flooding as well as flooding on alluvial plains, deltas, and other landforms
on which flowpaths change.

o During the delineation process, site-specific evaluation must be conducted
because it is the key to determining which alluvial fans and parts of alluvial
fans are subject to flood hazards.

o When estimating flood hazards, FEMA should evaluate uncertainty directly
instead of assuming it to be either nonexistent or random.

o FEMA needs to expand the technical and regulatory input it receives in the
delineation and regulation process, perhaps through the use of a technical
advisory board composed of earth scientists, engineers, local regulating
bodies, and those being regulated.

o IfFEMA elects to extend the current alluvial fan regulatory construct to any
nonalluvial fan situation, it will need to change the term alluvial fan flooding
to uncertain flow path flooding.
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Lecture #7: Paleoflood Studies and Floodplain Management

1. Introduction / Feedback for model-driven flood hazard assessment

a. Important considerations
I. Focus on floods with average repeat intervals of -1 00 years - How

can we best estimate the size ofrelatively rare floods?
11. Flood-frequency analysis from gage data - Is the record long

enough?
111. Rainfall-runoff models for ungaged streams - How good are the

models?
IV. Rainfall-runoffmodels for ungaged streams - How good are the

models?
v. What is the largest flood that could be expected to occur on a

stream? - Lookfor physical evidence oflarge paleofloods

b. Paleoflood studies -
1. Document physical evidence left by floods

11. Integrate these data into hydraulic analyses to reconstruct general
flow characteristics

111. Provide a long, low resolution perspective on the size and
frequency of rare floods

IV. Assess variations in flood frequency?
v. Potential "lid" on the size oflargest floods over a long period

2. Methods

a. Identification of potential sites
i. Long-term stability of channel geometry

11. Bedrock canyons and well-entrenched reaches
111. Presence of slackwater sites - alcoves, tributary mouths, terraces
IV. Hydraulically simple (?) reaches

b. Field reconnaissance for physical evidence of past floods
i. Identification of slackwater deposits - minimum water-surface

elevations
11. Other high-water indicators, non-inundation indicators

111. Assess channel stability

c. Description and interpretation of slackwater deposit sequences
i. Trenching of deposits

ii. Stratigraphic and soils analyses to recognize individual flood
deposits

Ill. Numerical age constraints - radiocarbon, tree-rings, archaeology
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d. Field surveying for channel geometry
l. Channel cross sections

II. Survey flood deposits, high-water marks
111. Detailed topo maps - EDM/Total stations; GPS surveys

e. Hydraulic modeling
l. HEC-2, HEC-RAS runs to fit water-surface indicators

11. 2D flow models
111. Except in modem floods, usually dealing with minimum water

surface info

f. Uncertainties
1. Channel geometries

II. Modeling uncertainties
111. Dating uncertainties

3. Sample study - the Verde River in central Arizona

a. 1993 floods largest of century
i. two large floods

ii. different genesis in basin
Ill. long-term context - possible to get larger floods?

b. Sheep Bridge site
1. Excellent SWD preservation in tributary mouth

II. Bedrock constriction downstream
111. Near stream gage
IV. Floods somewhat larger than 1993 have occurred in past 1000

years
v. Non-inundated Pleistocene terraces provide upper bound on

Holocene floods
VI. Paleofloods smaller than extreme events predicted by flood

frequency analysis based on historical record
Vll. Nothing like PMF in Holocene record

4. Summary

Key References

Paleoflood hydrology and extraordinary flood events, by Victor R. Baker, Journal of
Hydrology, v. 96, p. 79-99

Flood Geomorphology, edited by V.R. Baker, R.C. Kochel, and P.e. Patton: New York,
John Wiley, 1988.

Paleoflood evidence for a natural upper bound to flood magnitudes in the Colorado River
Basin, by Y. Enzel and others, Water Resources Research, v. 29, p. 2287-2297, 1993 .
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Lecture #8: Fluvial Geomorphology: Stream Stability Assessment

1. Definition of stability & instability

a. Time scale

1. Geologic

1. Geology «4.5 billion yrs)

a. Mountain fonnation & erosion

b. Continental drift

2. Geomorphology «2,000,000 yrs)

a. Fonnation of terraces, alluvial fans

b. Meander migration

c. Channel processes

The Geoloe:ic Time Scale
Era Period Epoch Time (Years Before Present)

Quaternary Holocene 0-10,000
Pleistocene 10,000-2 rna)
Pliocene 2-5 rna

Cenozoic Miocene 5-24 rna
Tertiary Oligocene 24-38 rna

Eocene 38-55 rna
Paleocene 55-63 rna

Cretaceous 63-138 rna
Mesozoic Jurassic 138-205 rna

Triassic 205-240 rna

Permian 240-290 rna
Pennsylvanian 290-330 rna
Mississippian 330-365 rna

Paleozoic Devonian 365-410 rna
Silurian 410-435 rna
Ordovician 435-500 rna
Cambrian 500-570 rna

Precambrian Younger 570-1,700 rna
Older 1,700-4,600 rna

Notes:
1. rna = million years
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11. Engineering time scales

1. Civil engineering «100 yrs)

a. Scour & fill

b. Single events, multiple events

c. Design life

2. Environmental engineering «10,000 yrs)

a. French, R.H., 1987, Hydraulic Processes on
Alluvial Fans. Elsevier Press. New York.
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• b. Types of equilibrium

The static or dynamic state ofbalance between opposingforces or
actions. A state ofadjustment between opposing or divergent
influences or elements. Websters i h New Collegiate Dictionary

A B perturbation
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Fig 4.2 A. DiagrammatiC/fepresentation of types of equilibrium.
B. Definition sketches of stability and instability in an oscillating mechanical system subject to D

perturbation.
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1. Static equilibrium

"A balance between opposingforces brings about a static
condition in certain system properties." Knighton, p. 90

1. Examples: Bridges, culvert, man-made features

2. Short time periods

11. Steady state

"The condition ofan open system in which the macro
properties at least are invariable with respect to a given time
scale, implying the absence oftrends, cycles or any other time
related pattern ofchange." Knighton, p. 90

1. Examples: Some rivers in engineering time

2. Regime theory & hydraulic geometry

111. Dynamic equilibrium

"A balanced state maintained by dynamic adjustments as
fluctuations occur in the energy flow over the short term or as
the system continuously changes its condition over the longer
term." Knighton, p. 91

1. Examples: Rivers, natural landforms

2. Long time periods

3. Dynamic metastable equilibrium

IV. Reference: Knighton, D., 1984, Fluvial Forms and Processes,
Edward Arnold Publishers, Baltimore, Maryland. See p. 90-97
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c. Thresholds

"End. Boundary. The point at which a physiological effect begins to
be produced." Websters i h New Collegiate Dictionary

The limits ofequilibrium that, when exceeded, cause the system to be
in disequilibrium or to have a major response. Ritter, p. 6

"A geomorphic threshold is a transition point or period oftime that
separates different modes ofoperation within part ofa landscape
system." Bull, W.B., 1979, p. 453.

1. Inherent ability to withstand change ...up to a point

ii. Application to river systems

111. Reference: Bull, W.B., 1979, "Threshold of Critical Power in
Streams," Geological Society ofAmerica Bulletin, Part I, Vol. 90,
p.453-454.
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d. Stability Concepts

i. Are all natural, pristine systems stable?

11. Stability is relative - reflects human values

1. Stability reflects time scale of concern

2. Reflects objective of analysis

e. Instability Concepts

i. Unexpected

11. Undesired

1. Loss of capacity

2. Erosion or scour near structures

3. Loss ofhabitat or function

111. General rule: man is involved
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• 2. Bankfull discharge & flood geomorphology

a. Dominant discharge

"The flow which determines certain channel parameters." Ackers &
Charlton, 1970

"The flow which performs the most work, where work is defined by
sediment transport." Wolman and Miller, 1960

Dominant discharge is often assumed equal to the bankfull discharge.

b. Bankfull discharge

"The incipient elevation on the bank where flooding begins ... the flow that
just fills the channel to the top ofits banks at a point where water begins
to overflow onto afloodplain." From Rosgen, 1994

"The bankfull stage corresponds to the discharge at which channel
maintenance is the most effective, that is, the discharge at which moving
sediment, forming or removing bars, forming or changing bends and
meanders, and generally doing work that results in the average
morphologic characteristics ofchannels." Dunne & Leopold, 1978

•
Geomorphology for Floodplain Managers: An Introduction
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• 1. Bankfull definition

1. Low terrace vs. active floodplain

2. Ordinary high watermark

3. Erosion & floodplain management

4. Arizona case study - Cave Creek/Apache Wash

Reach-Averaee Bankfull Discharee Hydraulic Variables
Reach Cave Creek Apache Wash Paradise Wash

Recurrence Bankfull Recurrence Bankfull Recurrence Bankfull
Interval Discharge Interval Discharge Interval Discharge

(yrs) (cfs) (yrs) (cfs) (yrs) (cfs)
SR 45 13,100 9 759 18 1,104
1 55 21,600 14 1,500 17 1,255
2 35 16,100 10 1,182

~

3 94 30,200 6 1,365 Desert Hills Wash
4 65 16,600 9 2,384 4 519
5 13 4,500 9 2,371 3 401

Note: Peak discharge may be overestimated. Therefore estimates of recurrence interval are low.

• 11. Difficulties with bankfull concepts Knighton, 1984

•

1. Difficult to define where valley bottom is narrow
(Woodyer, 1968)

2. Lack of constant recurrence interval

a. Within single basin (Pickup and Warner, 1976)
• Average: 1.5 years (Leopold et. aI, 1964)
• Range: 1-32 years (Williams, 1978b)

b. Within adjacent basins

3. Channel form (e.g., meanders) better related to sub
bankfull discharge (Carlston, 1965)

4. Rare floods more effective in streams with high flood ratio
and resistant boundaries (Baker, 1977; Stevens, 1975)
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Geomorphology, W.H. Freeman Press, San Francisco.

Moody, T.O., and Odem, W., 1999, Regional Relationshipsfor Bankfull
Stage in Natural Channels ofCentral and Southern Arizona - Final
Report. Report prepared for the USDA Forest Service, Southwestern
Region.

Pickup, G. and Warner, R.F., 1976, "Effects ofHydrologic Regime on
Magniude and Frequency of Dominant Discharge," Journal ofHydrology,
Vol. 29, p. 51-75.

Stevens, M.A., Simons, D.B., and Richardson, E.V., 1975, "Non
Equilibrium River Form," ASCE Journal ofthe Hydraulics Division, Vol.
101, HY5, p. 557-566.

Williams, G.P., 1978, "Bankfull Discharge in Rivers," Water Resources
Research, Vol. 14, p. 1141-1158.
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111. Proposed definition of bankfull for Arizona rivers

"For dryland applications such as those in Arizona it is therefore
prudent to abandon the simplistic "bankfull" concept and adopt
the following replacement: Many dryland streams have a
definable cross-sectional geometry that is compound, consisting of
a smaller, inner channel created by the mean annual discharge.
This frequent lowjlow channel is often defined by low banks,
changes in sedimentary materials and structures, and changes in
vegetation as we cross its outer boundary. Compound dryland
streams also have a larger outer channel created by the most
recent highjlow event that was significantly larger than the mean
annual flow. This recent highjlow channel is often defined by
banks that are higher than those ofthe mean annual channel,
changes in sedimentary materials and structures, and changes in
vegetation."

Graf, W.L. and Randall, K., 1998, A Guidance Documentfor
Monitoring and Assessing the Physical Integrity ofArizona
Streams. Report submitted to AZ Dept. of Environmental Quality
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c. Role of Floods - Flood Geomorphology

1. Flood discharge vs. bankfull discharge

1. Flood ratio

2. Flow habit and duration

3. Boundary resistance

a. Armored channels
b. Vegetation
c. Threshold barriers

4. Sediment supply

5. Rate of recovery

11. Example: Gila River - D.E. Burkham USGS Prof. Paper 655

1. Analysis ofhistorical changes in channel width

2. Three periods

a. 1846-1904:
• Small floods, high sediment loads
• Narrow meandering channel
• Dense cottonwood, willow, mesquite
• Width: 150 ft. (1875),300 ft (1903)

b. 1905-1917:
• Large winter floods, low sediment loads
• Wide, braided channel
• Channel widening & bank erosion
• Width: 2,000 ft.

c. 1918-1970:
• Small summer floods, high sediment loads
• Meandering channel returned
• Re-vegetation of banks and floodplain
• Width: 200 ft. (1964)
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3. Conclusions

a. Erosion and filling of Gila River is a repetitive,
naturally occurring process.

b. Flood type and series governs channel condition

c. Bank vegetation accelerated erosion
• Prevented floodplain inundation
• Debris dams on cottonwoods

d. Recovery time approached 50 years

111. Refences:

• Baker, V.R., Kochel, R.C., Patton, P.C., 1988, Flood
Geomorphology, Wiley Interscience Publication, New York

• Burkham, D.E., 1972, Change changes of the Gila River in
Safford Valley, Arizona-1846-1970. USGS Professional
Paper 655-G. Washington, D.C.
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3. Types of riverine erosion

a. Vertical erosion

1. Short-term scour

"Lowering oja channel bed. " City of Tucson Manual, p. 6.07

"Short-term changes in channel bed elevation. "Knighton, p. 76

See also: ADWR, 1985, p. 5.3-5.4

1. Components of Scour

• General- sediment continuity, contraction
• Bend - transverse, secondary currents
• Thalweg - inset low-flow channel
• Bed form - dunes, anti-dunes
• Local - piers, abrupt encroachments, walls
• [Long-term]

2. Causes

• Hydraulics: velocity, shear
• Obstructions: piers, walls
• EVENT-BASED

11. Long-term scour - degradation

1. Time scale

2. Causes

• Geologic forces
• Hydrologic regime change
• Sediment supply
• Slope adjustments
• Obstructions/ponding
• Change in erodibility
• PROCESS-BASED

3. Entrenchment; Arroyo formation
http://geochange.er.usgs.gov/swlimpacts/geology/arroyos

4. Estimates from field & historical data
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• b. Lateral erosion

1. Channel pattern evolution

1. Meandering
• Outside bank, point bar growth
• Downstream translation

2. Braiding
• Flow deflection around bars

3. Avulsions
• Meander cutoff
• Overbank flow concentration

•

Meandering Stream Braided Stream

Widening
•

Avulsive Stream

•

4. References;
• Leopold, L.B., and Wolman, M.G., 1957, River

Channel Patterns; Braided, Meandering, and Straight.
USGS Professional Paper 282-B.

• Jones, L.S., and Harper, IT., 1998, "Channel Avulsions
and Related Processes, and Large-Scale Sedimentation
Patterns Since 1875, Rio Grande, San Luis Valley,
Colorado," GSA Bulletin, Vol. 110, p. 411-421.
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11. Channel widening

1. Response to floods

Burkham, D.E., 1972, Change changes ofthe Gila River in
Safford Valley, Arizona -1846-1970. USGS Professional
Paper 655-G. Washington, D.C.

2. Response to watershed changes

Hammer, R.R., 1972, "Stream Channel Enlargement Due to
Urbanization," Water Resources Research, Vol. 8, p.
1530-1540.

3. Response to degradation

Harvey, M.D., and Watson, C.c., 1986, "Fluvial Processes
and Morphological Thresholds in Incised Channel
Restoration," Water Resources Bulletin, Vol. 22, p. 359
368.

4. Key References
• ASCE Task Committee on Hydraulics, Bank

Mechanics and Modeling of River Width Adjustment,
1998, "River Width Adjustment. I: Processes and
Mechanisms & II: Modeling," ASCE Journal of
Hydraulic Engineering, Vol. 124, No.9, p. 881-917.

• FEMA, 1999, Riverine Erosion Hazard Areas
Mapping Feasibility Study. Report by the Technical
Services Division, Hazards Study Branch.
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lll. Bank Failure

1. Causes & Factors

a. Hydrodynamic forces - shear

• Cohesive

• Noncohesive

b. Weakening of erosion resistance

• Weathering

• Piping

c. Mass failure

• Geotechnical stability: slope, height

COHESIONLESS

(b)

v- COHESIVE

(e)

~ COHESIVE

(e)

lQ
(d)

(f)

•
Figure 2.7. Mechanisms of bank failure. (a) planar slip, (b) rotational slip, (c) toppling, (d) cantilever

shear, (e) cantilever rotatiOnal, (f) cantilever tensile (ASeE. 1998a).
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d. Seepage

• Pore pressure

• Rapid drawdown

e. Vegetation

• Increase stability (usually)

f. Basal endpoint control

• Removal of mass failure deposits

g. Narrowing

2. References:

• Osman, A.M, and Thome, C.R., 1988, "Riverbank Stability
Analysis. I: Theory & II: Applications," ASCE Journal of
Hydraulic Engineering, Vol. 114, No.2, p. 134-172.
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4. Review of Methodologies to Assess Erosion Potential

"Most mathematical models, however, neglect time-dependent channel width
adjustments, and do not simulate processes ofbank erosion or deposition.
Although changes in channel depth caused by aggradation or degradation of
the river bed can be simulated, changes in width cannot ...As a result, our
ability to model and predict changes in river morphology and their
engineering impacts is limited." ASCE, 1998, p. 881

a. Qualitative analysis

1. Historical data

1. Accounts of channel conditions

2. Matching photographs

11. Field inspection

111. Classification systems

1. Brice [HANDOUT]

Federal Highway Administration, 1991, Stream Stability at
Highway Structures: Hydraulic Engineering Circular No.
20. Publication No. FHWA-IP-90-014. McLean, Virginia.

2. Rosgen [HANDOUT]

•

Rosgen, D.L., 1996, Applied River Morphology. Wildland
Hydrology, Pagosa Springs, Colorado.

IV. Lane relation
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Some Variables Affecting River Behavior and River Characteristics That Can Chanl!e With Time

Variable Variable Subl!rouD River Characteristics

Hydrology Dominant Discharge Channel Width
Mean Annual Discharge Channel Depth
Flow Duration Statistics Bank Height
Variation with Season Bank Slope
Diversions and Storage Bank Materials
Flow Source Bank Stratification

Flow Width Stream Pattern
Depth Bed Forms
Hydraulic Radius Meander Amplitude
Friction Factor Meander Wavelength
Velocity Sinuosity
Topwidth Floodplain Width
Turbulence Depth of Floodplain Flow
Temperature Stream Terraces
Transmission Losses Channel Slope

Flood Characteristics Magnitude (peak) Aggradation

Duration (flashy?) Degradation
Ratio of Peak to Base Flow Local Scour

Ratio of Rare to Frequent Floods Bed Sediment
Channel Capacity Bar Sediment
Losses Pool & Riffle Sequence
Reservoirs/Flood Storage Armoring

Streambed and Bank Sediment Mean Diameter Bedrock Outcrop & Control

Size Distribution Human Modifications

Armoring Potential Bank Protection

Cohesion Grade Control

Stratif!TaDhy Roadway Crossings

Climate Precipitation Type (snow?) Utility Crossings

Precipitation Intensity
Precipitation Duration
Seasonal Distribution
TemoeraturelEvaooration

Time Scale Engineering (short-term)
Geologic (long-term)

Channel Vegetation Vegetation Type
Root Depth
Root Density
BranchIFoliage Density
Trunk Pliability
Growth Rate
Germination Cycle
Grazing Practices

Watershed Characteristics Vegetation Cover
Slope
Drainage Area
Elevation
Geology
Valley Slope
Sediment yield
Human Impacts - Urbanization
Grazing Practices
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• b. Quasi-quantitative analysis

1. Use of historical information

1. Comparison of channel position

2. Comparison of channel elevation

[HANDOUT]

•

•

3. What, where, when, how much, how often

11. Geomorphic mapping -landform interpretation

1. Extension ofhistorical record

2. Assessment of resistance

3. Bounds & Limits

lll. Channel geometry relationships - width, depth, slope

1. Regime equations/hydraulic geometry

a. Regime equations

A set of empirical equations developed originally
by Anglo-Indian engineers for the purpose of
designing stable canals, but now applied to a variety
of straight natural and manmade channels. The
equations typically relate ~idth, depth, or slope to a
variety of hydraulic variables which mayor may not
include discharge.

Blench, T., 1969, "Coordination in Mobile Bed
Hydraulics," Journal a/the Hydraulics Division,
ASCE, Vol. 95, No. HY6, p. 1871-1898.
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• Use of Historical Data and Engineering

Methods for Channel Design • Fuller • 117

Jonathan E. Fuller
CH2M HILL

Introduction

Channel design is becoming more complex. The design professional of the

1990s is not only a hydrologist and hydraulic engineer, but is also a

sedimentation expert, geomorphologist, environmentalist, real estate appraiser,

planner, and lawyer. Technology, for the most part, has kept pace with the

needs of the designer. Occasionally, unique channel characteristics or unusual

design requirements go beyond the capabilities of state-of-the-art engineering

methods, or the cost of applying these technologies exceeds available financial

resources.
Using historical data in place of, or in addition to, traditional engineering

analyses may provide a simple, accurate, cost-effective means to assess the

feasibility of proposed designs, evaluate alternatives, and provide a context for

selecting appropriate engineering methodologies. Historical data was used as a

key element in a Sedimentation Engineering Investigation (SOl) and preliminary

design of a Corps of Engineers channel design project on Coyote Creek near

San Jose, California.

Limitations of Engineering Methods

Traditional engineering analyses are appropriate for most channel design

projects. However, engineering methods have several limitations. First, many

empirically derived techniques have a limited range of applicability. This is

particularly true for sediment transport equations where appropriate equations

may not be available for some stream conditions. Second, because most

engineering methods use simplifying assumptions or coefficients, they rely on

engineering judgement, which results in a wide range of possible "correct"

answers. Practitioners who use detailed engineering methods to get more precise

results often fail to recognize the scatter in data used to derive these methods.

Third, the expense of using complex technology may realize only marginal gains

of design information. Fourth, the complexity of many "real world" applications

exceed the capabilities and the theoretical bases of engineering models. Finally

(and ironically), many engineering models recommend calibration using

historical data prior to application. The users manuals for these models tacitly

assume that if verified historical data contradicts the results of mathematical

modeling, the designer should trust the historical data. This tacit assumption

should make designers question if traditional engineering methods are always
I

needed when historical data are available.

Types of Historical Data

For channel design several types of historical data are useful. First,

historical maps that show channel planform may be used to indicate rates of

meander movement, locations of past diversions and tributary confluences, and

occurrences of channel realignment. Channel planform data may also be

obtained from original Bureau of Land Management (BLM) section line surveys,

assessors maps, sketches in journals of early explorers, as well as from more

standard map references. Photographs can also be used to monitor changes in

planform, and to locate areas of bank erosion. Most areas in the U.S. have

historic aerial coverage dating to the 1930s. Older ground photographs usually

can be found at local historical societies.

Second, topographic data can be used to determine historical channel bed

elevation changes. Continuous channel topography may be difficult to locate,

although floodplain studies, Corps of Engineers surveys, or drainage reports for

private development are common sources of these data. Topographic point data

may be obtained from as-built plans for road and utility crossings, outdated U. S.

Geological Survey (USGS) topographic quadrangles (which may date back to the

1800s), or original BLM section line surveys. Topographic data is usually

available from public works records departments, local university map

collections, and historical societies.

Third, zoning and development data for the watershed, when correlated with

the data described above, can help determine historical channel responses. These

data may also be used in conjunction with geomorphologic relationships to

determine future changes likely to occur on the watercourse.

Finally, accounts of historical flooding reveal a channel's normal response

to flooding; proposed channel design must account for these historical flood

processes. A quick survey of local newspapers on dates of regional storms

usually uncovers some flood data. Excellent information can also be obtained

from-road, channel, or river park maintenance supervisors who have cleaned up

after floods, or who may keep records of maintenance activities. If the ex pertise

is available, extension of the historical flood record through interpretation of the

fluvial geomorphic record is extremely useful.

Using Historical Data

Correct interpretation is the key to successful use of historical data in

channel design. Channel processes that occurred in the past are likely to occur

in the future. For instance, if floods deposited sediment on roads and in flooded

homes, the proposed channel design should account for the sediment load.

Alternatively, if flood damage reports record episodes of bank collapse and

bridge failure, grade control and bank protection may be important components

of design. In general, past channel behavior may be expected to continue.

Past channel behavior, however, should be interpreted in light of
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retained the natural flood levees that have the capacity for an approximated 5

year flood, and added an overflow channel for containing a loo-year flood. The

overflow channel is hydraulically isolated from the main channel, except where

it crosses the main channel at seven locations within the project limits. In pre

design conditions, overbank flooding does not, return to Coyote Creek. Complex

channel hydraulics and geomorphology linuted the potential accuracy of

traditional sediment engineering analyses. First, flow is not continuous with

respect to the main channel. Second, bankfull capacity decreased in the

downstream direction. Therefore, sediment continuity equations predicted

deposition, although historical evidence indicated no history of deposition.

Third, the backwater model provided probably did not adequately model

crossover hydraulics. Fourth, the study reach was undergoing rapid bed

degradation in response to development of the watershed. Fifth, sediment supply

may have been only partially related to upstream velocities.

In contrast to the mathematical modeling, historical data provided a clear

picture of the probable channel response to the proposed design. Topographic

data dating to 1899 was used to estimate bed degradation rates at key points

within the reach, and to calibrate sediment yield estimates. Channel maps were

used to confirm the stream's very high lateral stability and low potential for

bank erosion. Anecdotal accounts of numerous flood episodes supported the

conclusion that sediment transport was extremely limited. Watershed

development rates were used to assess likely future impacts on sedimentation.

Adjacent channel reaches were examined to determine their response to

channelization. Historical data indicated that sedimentation would not

significantly impact the proposed design.

Conclusion

Historical data provide an alternative to more traditional engineering

methodologies. As engineering methods become more complex and expensive,

use of historical data has become more attractive. Historical data may be used

to narrow design options, determine project feasibility, and evaluate potential

impacts of proposed designs when more detailed methods are not required.
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information regarding regional impacts or changes within the watershed. For

instance, if the historical record reveals that an episode of channel entrenchment

has occurred, it may be related to a specific event such as in-stream mining. If

mining is no longer occurring, extrapolation of entrenchment rates is not

appropriate. If recent development has changed a watershed's flood characteris

tics, historical data from that watershed is less useful than data from nearby

developed watersheds with similar channelization projects.

,

",..

Case History: Coyote Creek

Coyote Creek is a 350 square mile watershed that drains the mountain

slopes and urbanized valley of Santa Clara County, California, and flows into

San Francisco Bay (Figure 1). Coyote Creek is a complex stream, with steep

perennial mountain reaches impounded by two major reservoirs, meandering

perennial vall,ey reaches, ephemeral gravel and sand bed reaches, sinuous

reaches with natural and constructed levees with flow from groundwater seepage

and irrigation return flows, and meandering tidally influenced deltaic channel

reaches near its mouth. The creek also has a complex history of diversions,

channelization, and other flood control improvements.

An SDl was required as part of preliminary channel design for a reach

extending 7.6 miles upstream from San Francisco Bay. The proposed design

Figure 1

Coyote Creek Project Area
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b. Hydraulic geometry

Statistical relationships that relate discharge (the
dominant independent variable) and other variables
of open channel flow such as width, depth, velocity,
slope, n value (resistance), and suspended sediment
load.

Leopold, L.B., and Maddock, T., 1953, The
Hydraulic Geometry ofStream Channels and
Physiographic Implications. USGS Professional
Paper 252.

2. Use for assessing stability

a. Trend analysis

3. Selection of equations

4. Application of results

a. Cluster of answers

b. Trends

IV. Channel pattern relationships

Ritter, D.F., 1986, Process Geomorphology, William C. Brown
Publishers, Dubuque, Iowa.

MacBroom, J.G., 1981, Applied Fluvial Geomorphology,
University of Connecticut Institute of Water Resources Report No.
31.

1. Meander geometry

2. Slope vs. pattern relationships

3. Interpretation of results
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v. Equilibrium slope equations

1. BUREC - minimum values

Pemberton, E.L., and Lane, lM., 1984, Computing
Degradation and Scour - Technical Guideline for Bureau
ofReclamation. Bureau of Reclamation, Denver,
Colorado.

2. Regime equations - typical values

3. Interpretation of Results

a. Range of results

b. Trend analysis

VI. Regional methods

1. PCFCD
2. Arizona State Standards
3. AMAFCA
4. City of Austin, Texas
5. King Co., 'Washington
6. FEMA REHA Study Report

7. Case Study: Arizona State Standards

a. Application of SS#5-96

•

b. Critique

Vll. Threshold of erosion - velocity, shear, resistance

1. Allowable velocity criteria

a. Corps of Engineers

b. SCS

2. Cohesive vs. non-cohesive soils

Geomorphology for Floodplain Managers: An Introduction
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State Standard 5-96

State Standards for floodplain management have been adopted by the Arizona
Department ofWater Resources as the minimum required regulatory policy in the State
of Arizona. State Standard 5-96 (ADWR, 1996), which was adopted in 1996, describes a
methodology for estimating an erosion setback to account for lateral instability.

Limitations. The Levell erosion setback methodology has the following limitations:

1. Drainage area. The Levell methodology is not intended to be used for streams with
drainage areas larger than 30 square miles.

2. Historic channel movement. The Levell methodology is not to be used for streams
where "massive shifting" has been observed in the past. No definition of "massive
shifting" is provided in the State Standard.

3. Human impacts. The Levell methodology is not to be used for streams where local
mining, channelization or other modifications could alter the anticipated flow
direction.

4. Top ofbank. No definition of the "top ofbank" or description of how to identify the
top of bank is provided in the State Standard. It is assumed that the top of bank refers
to the primary bank of the main channel, rather to than the bank associated with the
margin of the 1DO-year floodplain.

5. Unique site conditions. The results of the Levell methodology do not consider
unique soil conditions or other geomorphic features, and hence could significantly
underestimate or overestimate the actual erosion hazard.

6. Documentation. No supporting documentation, technical support, or useful literature
citations for the recommended Levell equations are provided in the State Standard.
There is no reason to suggest that the equations produce technically meaningful
results for streams in central Arizona.

The Level 2 methodology for State Standard 5-96 does not include a procedure for
estimating an erosion setback. Other limitations include the following:

1. Bank materials. Instructions for considering stratified bank materials are lacking.
2. Cohesive and vegetated bank materials. Instructions for assessing the stability of

cohesive materials or well-vegetated channel banks are lacking.

Conclusions. The following conclusions can be drawn from the application of the State
Standard erosion hazard methodology to the streams in Arizona:

• There is poor correspondence ofLevel 1 results to erosion hazard delineations
made using the detailed procedures.

• Differences in bank stability between the right and left banks of a channel are not
recognized in the State Standard Levell methodology.

• The effects of small bends on erosion hazard are not considered in the State
Standard methodology.

• The erosion hazard due to channel avulsions is not reflected in the Levell or 2
methodology of the State Standard.

Geomorphology for Floodplain Managers: An Introduction HANDOUT
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• Geomorphic processes such as braiding or meandering that operate over extended
time periods are not explicitly included in the State Standard methodology.

• The State Standard Level I methodology is difficult to apply in reaches with
poorly defined banks or where compound banks make the bank station hard to
identify.

• The State Standard Levell methodology does not reflect reaches with wider or
narrower channels, where width adjustments are more or less likely.

• The State Standard Level I methodology assumes the erosion hazard is a function
of only the IOO-year discharge.

Geomorphology for Floodplain Managers: An Introduction HANDOUT
p. 2
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HYDRAULIC DESIGN OF FLOOD CONTROL CHANNELS

TABLE 2-5. Suggested Maximum Permissible Mean

Channel Velocities

a For particles larger than fine gravel (about 20 mm =3/4 in.), see Figures 2-29

and 2-30.
b Keep velocities less than 5.0 fps unless good cover and proper maintenance

can be obtained.•

•

Channel material (1)

Fine sand
Coarse sand
Fine gravelo

Earth
Sandy silt
Silt clay
Clay

Grass-lined earth {slopes less than 5%)b

Bermuda grass
Sandy silt
Silt clay

Kentucky bluegrass
Sandy silt
Silt clay

Poor rock (usually sedimentary)

Soft sandstone
Soft shale

Good rock (usually igneous or hard metamorphic)

Mean channel

velocity (fps) (2)

2.0
4.0
6.0

2.0
3.5
6.0

6.0
8.0

5.0
7.0

10.0
8.0
3.5

20.0

% B!U~ J 24UA';.-
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Neill (Qravel/cobble)
Non-cohesive Cohesive

Erosive? AII'ble Vel Erosive? AII'ble Vel
erosive 1.5 stable 9.5
erosive 0.0 stable 10.1
erosive 1.5 stable 9.2
erosive 1.5 stable 10.1
erosive 1.6 stable 7.6
erosive 1.6 stable 9.6
erosive 1.6 stable 8.8

Neill, C.R., 1975, Guide to Bridge Hydraulics. Roads and
Transportation Association of Canada, University of Toronto Press,
Toronto, Canada.

3. Exceptions

a. Vegetation

b. Stratified soils

Vlll. Longitudinal profile analysis

1. Profile shape

a. Perturbations

b. Concavity

2. Comparison of profiles through time

3. Comparison to terrace profile

Knighton, D., 1987, Fluvial Forms and Processes, Edward
Arnold Publishers, Baltimore, Maryland, p. 149 ff.
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IX. Armoring

1. "Heterogeneous river bed material forming a thin layer of
coarse grains one to two grains thick that inhibits
transportation ofunderlyingfiner material."

The New Penguin Dictionary of Geology

2. Computation of Annor Potential

Pemberton, E.L., and Lane, J.M., 1984, Computing
Degradation and Scour - Technical Guideline for Bureau
ofReclamation. Bureau ofReclamation, Denver,
Colorado.

c. Sediment transport modeling

i. Lecture #9

d. Putting it all together\

1. Making predictions

1. Table (next page)

11. Extrapolation from historical trends

"In the space of176 years the Lower Mississippi has shortened itself
242 miles. That is an average ofa trifle over one and one-third mile
per year. Therefore, any calm person, who is not blind or idiotic,
can see that in the Old Oolitic Silurian Period, just a million years
ago next November, the Lower Mississippi River was upward of
1,300,000 miles long and stuck out over the GulfofMexico like a
fishing rod. And by the same token any person can see that 742
years from now the Lower Mississippi will be only a mile and three
quarters long, and Cairo and New Orleans will have joined their
streets together, and plodding along under a single mayor and
mutual board ofalderman. There is somethingfascinating about
science. One gets such wholesale returns ofconjecture out ofsuch a
trifling investment offact."

Mark Twain, 1874, Life on the Mississippi

Geomorphology for Floodplain Managers: An Introduction p.8-24
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5. Field Techniques

a. References:

1. Thome, c.R., 1998, Stream Reconnaissance Handbook
Geomorphological Investigation and Analysis ofRiver Channels,
John Wiley & Sons, New York.

11. U.S. Army Corps of Engineers, 1989, Sedimentation Investigations
of Rivers and Reservoirs. EM1110-2-4000.

111. Rosgen, D.L., 1996, Applied River Morphology, Wildland
Hydrology, Pagosa Springs, Colorado.

IV. Graf, W.L. and Randall, K., 1998, A Guidance Document for
Monitoring and Assessing the Physical Integrity ofArizona
Streams. Report submitted to Arizona Dept. of Environmental
Quality.

b. Field evidence of lateral instability

1. Bank slope

1. Vertical

2. Undercut

3. Angle of repose

4. Cohesiveness

11. Vegetation

1. Missing

2. Leaning

3. Roots

4. Age
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111. Structures

IV. Tributaries

1. Hanging

2. Buried

c. Field evidence of vertical instability

i. Terraces

11. Bank slope

111. Tributaries

IV. Structures

v. Bed material

VI. Bedrock outcrop

V11. Human artifacts

1. Archaeology

2. Fences
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d. Collection of field data to collect

l. Field forms

11. Location

l. Section spacing

2. Reach length

3. Adjacent streams and reaches

111. Timing

6. Analysis ofDisturbed Systems

a. Importance ofHydrologic data

b. Reliance on empirical relationships

c. Importance of monitoring
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Lecture #9: Sediment Transport Modeling

1. Geomorphic evaluation of sediment transport models

a. Model assumptions

1. Hydraulic modeling

• Gradually varied

• Steady flow

• One-dimensional

• Slope is low

• Discharge is known
• Loss coefficients are known

• Geometry is accurate

• Single channel - tributary pattern

2. Sediment transport

• Continuity principle: inflow - outflow = change in storage
• Transport function selection

Size range applicability
Gradation
Bedload vs. total load

• Ignores contribution of bank material to distribution
• Upstream control of sediment process
• Uniform sediment flux
• Ignores base level adjustments
• Channel vs. floodplain processes

3. Channel conditions

• Non-cohesive bed materials
• Uniform bank materials
• Soil processes negligible
• Movement by shear only

Geomorphology for Floodplain Managers: An Introduction p.9-1



•

•

b. HEC-6: a one-dimensional model

1. One dimensional
2. Steady discharge
3. Uniform scour or deposition
4. Sediment continuity
5. Initial conditions
6. Time scale
7. Sediment sources
8. Sediment transport calculations
9. Equilibrium
10. Time step

c. FLUVIAL-12

1. Unsteady flow
2. Secondary flow in curved channels
3. Uniform stream power
4. Bank erosion - user specified distribution
5. Non-cohesive sediments

d. List of sediment transport models

1. HEC-6
2. FLUVIAL-12
3. GSTARS
4. STREAM2
5. WIDTH
6. RIPA
7. CCHEBank
8. Kovacs-Parker
9. Darby-Thome
10. Wiele
11. Simon et. al.
12. Pizzuto
13. Alonso-Combs

[HANDOUT]

[ASCE, 1998]

•

e. Other considerations
• Channel pattern adjustments
• Avulsions
• Time scale: single event vs. long-term process

Geomorphology for Floodplain Managers: An Introduction p.9-2
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Geomorphic Evaluation of HEC-6 Modeling
by Jon Fuller, P.E.

Overview of HEC-6 Modeling. HEC-6 was designed to simulate long-term trends of
scour and/or deposition in a stream channel that result from changing the natural
hydrology, channel geometry, or sediment supply. The U.S. Army Corps of Engineers
describes the HEC-6 computer program as follows:

HEC-6 is a one-dimensional movable boundary open channel flow numerical
model designed to simulate and predict changes in river profiles resultingfrom
scour and deposition over moderate time periods. Continuous flow records may
be partitioned into a series ofsteady flows ofvariable discharge and duration.
For each flow, a water surface profile is calculated providing hydraulic data at
each cross section. These hydraulic data, combined with the discharge andflow
duration information, allow volumetric accounting ofsediment within stream
reaches. The amount ofscour or deposition at each section may then be
computed and the cross section bed elevation adjusted accordingly. Hydraulic
data associated with the next discharge are then computed using the updated
geometry, and the channel geometry is again updated. This process is repeated
through the entire duration offlows. (paraphrased, p. 1, USACOE, 1993)

HEC-6 Model Assumptions and Limitations. The HEC-6 computer model is based on
the following explicit or implied assumptions:

• One Dimensional. Flow in the stream is one dimensional, i.e., the model does not
account for secondary currents from meandering, eddying, or turbulence that cannot
be addressed through the use of energy loss coefficients. Gradually-varied flow
conditions usually are modeled adequately using a one-dimensional model (p. 5,
USACOE, 1993).

• Steady Discharge. The HEC-6 model simulates passage of a flood or annual
hydrograph (unsteady flow) as a series of discrete steady flows of known duration.
HEC-6 is best suited to simulating channel changes from hydrographs that rise and
fall gradually over a relatively long duration (p. 7, USACOE, 1993).

• Uniform Scour or Deposition. Any change in bed elevation resulting from scour or
deposition is applied uniformly across the entire moveable portion of channel. That
is, a uniform depth of sediment is added to, or subtracted from, each station (GR)
point used to describe the geometry of the active channel. The formation of point or
lateral bars, bend scour holes, and local scour are not simulated (p. 17, USACOE,
1993).

• Sediment Continuity. HEC-6 computes changes in bed elevation based on the
principal of conservation of sediment volume -

Sediment(in) - Sediment(out) = Change in Sediment Volume
Change in Bed Elevation = Change in Sediment Volume -;- Reach Length

Geomorphology for Floodplain Managers: An Introduction p.l
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• Initial Conditions. The initial concentration of suspended bed material is assumed to
be negligible. That is, all bed material is contained in the sediment reservoir at the
start of the computational interval and is returned to the sediment reservoir at the end
of the interval (p. 16, USACOE, 1993)

• Time Scale. HEC-6 was developed "to predict changes in river profiles from scour
and/or deposition over moderate time periods (typically years, although applications
to single flood events are possible)." HEC-6 performs best for gradually changing
hydraulic conditions, e.g. for large rivers with slow rising and falling hydrographs (p.
5, USACOE, 1993).

• Sediment Sources. The model assumes that there are only two sediment sources 
inflowing water and the movable portion of the stream bed. HEC-6 does not consider
lateral channel (bank) erosion - no sediment is supplied from the banks (p. 17,
USACOE, 1993).

• Sediment Calculations. A number of transport functions are coded into HEC-6, all of
which apply the transport function by grain size (p. 41, USACOE, 1993).

• Equilibrium. The HEC-6 sediment transport function algorithms assume that
sediment equilibrium conditions are reached during each time step of a single event, a
condition which probably is not met for very short events. If equilibrium conditions
are probably not established, then the modeling results should be interpreted in a
qualitative manner (p. 5, USACOE, 1993).

• Time Step. Reach hydraulics and sediment transport potential are based on the
channel geometry at the beginning ofthe time step. Therefore, the time step must be
short enough that the computed change in bed elevation during a time step does not
result in significant change in channel and reach geometry. Generally, a change in
bed elevation of 1 foot, or 10 percent, of the flow depth is considered significant. In
addition, the time step must be long enough that the flow would have sufficient time
to travel through the longest stream segment I (p. 58, USACOE, 1993).

Table 1 lists these assumptions and indicates which assumptions mayor may not be
applicable to a study area. Given the assumptions and conditions that are not (or are
marginally) valid for many study areas in Arizona, the HEC-6 modeling results are best
suited to predicting relative trends of expected changes in the channel profiles, rather than
calculating precise depths of channel scour and deposition at specific cross sections.

I Stream segment as defined for HEC-6 is a reach with uniform discharge, no tributaries, or special conditions.

Geomorphology for Floodplain Managers: An Introduction p.2
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HEC-6 Modelin~Assum Iltions and Limitations
AssumptionILimitation Assumption Valid for Study Reach?

One Dimensional No. But probably gradually varied
Uniform Scour or Deposition No. Braided system with bars
No Bank Erosion No. Banks unstable in design flood
Steady Flow Condition Modeled No. Flash flood hydrograph
SedimentContinuiw Yes.
Initial Conditions for Suspended Sediment Yes. Ephemeral stream
Time Scale of Hvdrograoh No. Flash flood conditions
Sediment Sources Yes. Bed is primary source of sediment
Sediment Calculations Yes.
Equilibrium Achieved in Time Step No. Short duration hydrograph
Time Step Length Adequate Yes. Scour limited in time steps

No. Inadequate travel time through model

Application of HEC-6 Results to Lateral Stability. The HEC-6 model does not
explicitly consider bank erosion. However, HEC-6 is a sediment continuity model and
computes the sediment deficit or surplus within each stream segment. The computed
sediment deficit can be applied to the banks to estimate possible lateral erosion potential.

Methodology. The sediment deficit predicted by the HEC-6 models and integrated over
the reach length was used to compute the volume of bank erosion required to satisfy the
sediment deficit. Bank height was estimated from field and HEC-RAS data. The
sediment deficit for each cross section and reach for the 10- and 1DO-event hydrographs
was obtained by using the $VOL record2 in the HEC-6 input code. The deficit was
applied to the left and right banks individually as if none of the deficit were satisfied from
the opposite bank.

The sediment deficit and bank erosion distance was translated to average annual and
long-tenn estimates using a probability weighting procedure based on equations and
methodologies recommended or used in the following publications:

• FEMA, 1999, Riverine Erosion Hazard Area Study.
• Lagasse, P.F., and Schall, J.D., 1988, Delineation ofFlooding and Erosion Buffer for

a Southwestern Arroyo, ASFPM Conference on Arid West Floodplain Management
Issues, Las Vegas, Nevada, October 19-21, 1988.

• Resource Consultants and Engineers, Inc., 1994, AMAFCA Sediment and Erosion
Design Guide.

Probability weighting is typically computed using event specific values from the 2-, 5-,
10-,25-,50-, and 1DO-year events, or as many of these recurrence intervals for which
data are available (ADWR, 1985).

2 See USACaE (1993) for complete explanation of the $VaL record. The $VaL record controls the level and type of
output from the HEC-6 model.
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• 2. Application to floodplain management

a. Model selection

1. Available data

2. Study objective

• Scour vs. bank erosion

• Reach length

• Time scale - planning period

• Design data required

• Alternatives analysis

• Deforestation

3. Expected type of erosion

4. Channel type

5. Budget

b. Evaluation of results

• 1. Prediction of sediment deficit

2. Trend analysis

3. Comparison of alternatives

4. Sensitivity analyses

5. Calibration & verification

• Field data
• Historical data
• Comparative cross sections

• GeomorphoLogy for FLoodpLain Managers: An Introduction p.9-3
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3. References:

• Chang, H.H., 1988, Fluvial Process in River Engineering, John Wiley &
Sons, New York.

• Komar, P.D., 1988, "Sediment Transport by Floods," in Baker, V.R., Kochel,
R.e., and Patlon, P.e., Editors, 1988, Flood Geomorphology, John Wiley &
Sons, New York.

• U.S. Army Corps of Engineers-Hydrologic Engineering Center, 1991, HEC-6
User's Manual.

• Vanoni, V.A., Editor, 1977, Sedimentation Engineering, ASCE, New York.

• Yang, C.T., 1996, Sediment Transport - Theory and Practice. McGraw-Hill
Co., New York.
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Lecture #10: Stream Restoration in the Arid West

1. Definitions

a. Restoration

1. "Bringing back to a former position or condition"
Webster's New Collegiate Dictionary

2. " ...putting the kinks back into channelized, over-widened
streams" D. Rosgen, 1996, Applied River Morphology, p. 8-31

3. Bringing back the pre-disturbance natural form, function, and
process of a river system.

4. Common elements

• Meanders

• Riffles

• Terraces

• Bed material

• Bank slope adjustments

• Vegetation

• Fish habitat

b. Enhancement

1. Adding natural elements to a watercourse

2. Softening a structural engineering design

• Vegetation
• Material selection
• Off-line features
• Habitat
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c. Non-structural flood control

1. Definition of non-structural

• No construction/no maintenance
• Non-traditional stabilization methods
• Limited concrete

2. Management

• Development restrictions
• Setbacks

3. Restoration

• River corridor management

2. Issues for restoration

a. Identification of the natural character of the river

1. What was the prehistoric condition?

2. Was the historical condition natural?

3. What processes should be expected?

4. What level of erosion is natural?

5. Documentation

6. Are there analogs from adjacent reaches and streams?
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b. Change in geomorphic inputs

1. Have conditions changed significantly from historical times?

2. Can the river be put back into original configuration?

3. Would changes dictate new equilibrium form?

c. Cause of instability/change

1. Address the cause, not the symptom

2. Rosgen:

1. What are the observed problems?
2. What caused the problem?
3. What stream type should this be?
4. What is the probable stable form of the stream type under

the present hydrology and sediment regime?

d. Goals

1. Habitat

2. Aesthetics

3. Flood control

4. Natural stream function

e. Risk of failure

1. What is consequence of failure?

2. What level of risk is acceptable?

f. Case history: Walker River
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3. Flood-dominated fluvial systems

a. Role of floods on Arizona streams

1. Flood corridor vs. low flow corridor

2. Gila River example

b. Bankfull discharge concepts

1. Floodplain management vs. habitat enhancement

4. Application to floodplain management

a. Implications of restoration projects on floodplain management

1. Erosion

2. Water surface elevation

3. Effects on structures

b. Summary of lessons learned
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Lecture #11: Evaluation of Flood Control Alternatives

1. Fluvial System Response To Human Impacts (or Climate changes)

Lane Relation as a tool to evaluate / anticipate direction and nature of change
(Figure of scale)

Where:
Q = discharge
S = energy slope
Qs = sediment discharge
Dso = median sediment diameter

The fluvial system will attempt to balance these variables.
An imbalance in one reach may also cause effects in upstream and/or
downstream reaches. (i.e. fixing one problem may cause another)

Also, Table 3.4 in PFHAM (Hjalmarson, 1998)

2. Types ofHuman Impacts

a. Floodplain Encroachment

Narrow => increase velocity => steeper energy slope

Increase depth => increase shear => increase sediment transport capacity

b. Channelization

Narrow => increase velocity => steeper energy slope

Smoothen => increase velocity => steeper energy slope

Increase depth => increase shear => increase sediment transport capacity

c. Bridges & Roads

Narrow

d. Dams

Cutoff sediment supply

Alter flood magnitude-frequency-duration relationships

e. Sand & Gravel Mining

Extract sediment

Lower local base level
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f. Grazing / Deforestation

Decrease vegetation cover

Decrease interception

Decrease infiltration

Increase runoff

Increase sediment yield

g. Urbanization

Decrease infiltration

Increase runoff

Smoothen surfaces

Decrease basin response time

Cutoff sediment supply

Alter magnitude-frequency-duration relationships

h. Fire

Similar to deforestation

3. Types ofFlood Control Alternatives

a. Channelization

b. Storm drains

c. Bypass channels

d. Clearing

e. Levees

f. Bank stabilization

g. Detention / Retention

i. Dams

ii. Retention basins

h. Non-structural measures

i. "Traditional" floodplain management

ii. Setbacks

iii. Open space

1. Mitigation (of previous engineered "solutions")
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4. Evaluation

a. Consider alternatives that affect natural regime of the fluvial system least (i.e.

work with the fluvial system rather than against it)

b. However, economic and cumulative impacts should also be considered.

c. Is system currently in balance? Have recent changes imposed some condition on

the system to which it is still, or may yet, respond to?
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(Qs Oso> IS PROPORTIONAl. TO (Q S)

WHERE Os· SEDIMENT OISCHARGE
Oso' MEDIAN SEDIMENT SIZE
Q • WATER DISCHARGE
S • SLOPE

Figure 5.4. Schematic of the Lane relationship
for qualitative analysis.
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Lecture #12: SummaryfWrap-Up

1. Applications of Geomorphology to Floodplain Management

a. Summary of uses of geomorphology

1. Approximate method floodplain studies

1. Landform and soil interpretation

11. Identification ofHazard Types

1. Debris flow

2. Riverine flooding

3. Lateral erosion

4. Sheet flooding

5. Alluvial Fan

111. Selection of Flood Zones

1. Alluvial Fan

2. Sheet flow

3. Ponding

4. Riverine

5. Erosion

Geomorphology for Floodplain Managers: An Introduction p.12-1
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IV. Verification/calibration of traditional engineering methods

1. Hydrology - peak discharge estimates

a. Paleoflood techniques

b. Surface characteristics

2. Hydraulics - velocity, depth

a. Sediment size

b. Surface characteristics

v. Assessment of lateral erosion potential

VI. Estimate of long-term scour

Vll. Identification of stream processes

1. Meandering

2. Avulsion

3. Degradation/Aggradation

Vlll. Enhancement of engineering design

1. Accommodate natural processes

2. Evaluate downstream impacts

3. Identification of stream/channel corridors

4. Sedimentation

Geomorphology for Floodplain Managers: An Introduction p.12-2
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b. Overview of approach

i. Reliance on field judgment

11. Historical context

111. Regional context

IV. Skepticism ofmathmatical modeling

c. Discussion/Questions

2. Resources/ Bibliography of Applied Geomorphology

Geomorphology for Floodplain Managers: An Introduction p.12-3



• 3. Overview ofField Trip to Skunk Creek

a. Watershed

1. Location
11. Flood series

111. Hydrology
IV. Historical change

b. Geologic setting

1. Stream type
11. Channel change

1. Vertical
2. Lateral

[HANDOUT]

•

•

c. Stop #1 - New River Bridge - Evaluation of Engineering Design

1. Description
11. As-built plans

111. Assignment:
1. What is expected channel response?
2. What could have been done differently?

d. Stop #2 - Carefree Highway Bridge - Soils & Landforms

1. Soil profile example
1. Age features
2. Description techniques

11. Landforms
1. Channel bed features

a. Arrnoring
b. Headcuts
c. Bank erosion

2. Terraces

111. Surficial Characteristics
1. Varnish
2. Pavement
3. Drainage network
4. Vegetation
5. Color

IV. Extra Credit: Bridge design issues

Geomorphology for Floodplain Managers: An Introduction p.12-4
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Instructor Biographies

Jon Fuller, P.E., P.H. is the President of JE Fuller/ Hydrology & Geomorphology, Inc.,
a specialized consulting firm with offices in Tempe and Tucson, Arizona. Jon has served
as a project manager, project hydrologist, project geomorphologist, and project engineer
for projects in Arizona, Nevada, Utah, California, Colorado, and Montana. He has
performed geomorphic analyses on more than 300 different rivers in the western United
States. His specialties include applied fluvial geomorphology, sediment transport, erosion
hazard analysis, arid land hydrology, floodplain management, bridge hydraulics, and
alluvial fan analyses. Jon has a B.S. (Geology) from Calvin College in Grand Rapids,
Michigan and a M.S. (Geomorphology) from the University of Arizona, and is a
registered civil engineer in Arizona, Utah, Nevada, and Oregon, is a registered
Professional Hydrologist (American Institute of Hydrology), and a Geologist-in-Training.

Ted Lehman, M.S., E.I.T. is a Hydrologist and Project Manager in Tempe, Arizona
office of JE Fuller/ Hydrology & Geomorphology, Inc. Ted has served as project
hydrologist for water resources and flood control projects throughout Arizona. His
professional training and experience includes fluvial geomorphology, alluvial fan
flooding, flood warning, and hydrologic modeling. Ted has a M.A. in Physical
Geography (Fluvial Geomorphology) from Arizona State University, and a B.A. in
Mathematics & Earth Science from Willamette University in Salem, Oregon. Prior to his
current position, he was a Senior Hydrologist at the Flood Control District ofMaricopa
County from 1991 to 1998.

Phil Pearthree, Ph.D. has been a Research Geologist with the Arizona Geological
Survey in Tucson, Arizona, since 1988. In this position, he is responsible for research and
investigations in applied and environmental geology, Quaternary geology, and
geomorphology by the AZGS in Arizona. Pearthree received his B.A. in Geology and
History from Oberlin College in 1977, his M.S. degree in Geosciences from the
University of Arizona in 1982, and his Ph.D. in Geosciences from the University of
Arizona in 1990. He has held a position of Adjunct Associate Research Scientist in the
Dept. of Geosciences, University of Arizona, since 1989.

Phil has been involved in the use of geologic and geomorphic data to define flood-prone
areas, and integration of these data into the floodplain management process, since the late
1980's. He has collaborated with the Flood Control District ofMaricopa County, the
Pima County Flood Control District, and the Arizona Dept. of Water Resources in these
efforts. His other research interests include mapping and dating of Quaternary alluvial
surfaces and deposits; paleoflood investigations on streams of various sizes; historical
geomorphology and channel changes along large rivers; factors controlling occurrence of
debris flows; and paleoseismic analysis of young fault and evaluation of seismic hazard.
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Fig. 1. New River Road bridge over Skunk Creek looking downstream
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Fig. 2. Thalweg Positions on Skunk Creek 1953 - 1999
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• Fig. 4. USGS 7.5' Quadrangle of Skunk Creek below Carefree Highway
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• Unit 3 = Antho-Carrizo-Maripo complex on floodplains and in drainageways. The unit is about
35 percent Antho sandy loam, 30 percent Carrizo very gravelly sand, and 20 percent Maripo
sandy loam. The Antho and Maripo soils are on flood plains, and the Carrizo soil is in narrow,
meandering drainageways.

Unit 12 = Carefree cobbly clay loam, 1 to 8 percent slopes deep and well drained soil on fan
terraces. It is formed in alluvium derived dominantly from acid and basic igneous rock.
Typically, the surface layer is pink, calcareous cobbly clay loam about 1 inch thick. The subsoil
is light reddish brown, calcareous clay about 49 inches thick over light brown, calcareous very
cobbly clay that extends to a depth of 60 inches or more.

Unit 44 = Ebon very gravelly loam, 1 to 8 percent slopes on fan terraces and stream terraces. It
formed in alluvium derived dominatntly from acid and basic igneous rock. Typically, the surface
layer is light brown very gravelly loam about 1 inch thick. The upper 10 inches of the subsoil is
yellowish red very gravelly clay, and the lower 32 inches is yellowish red, calcareous very
gravelly sandy clay. The substratum to a depth of 60 inches or more is white, calcareous gravelly
loamy sand.
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Fig. 5. NRCS Soils Map
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