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Executive Summary
This Riverine Erosion Hazard Area (REI-V\) mappirg feasibility study addresses reqLirements in
tre National Flood Instrarce Reform Act (NFIRA) enacted in September 1994. Section 577 of
NFIRA requires that FEMA sLi:>mit a report to Corgress that evaluates tre tectrological
feasibility of mappirg REHAs and assesses tre economic impact of erosion and erosion mappirg
on tre National Flood Instrarce Program (NFIP). The pLTpose of tlis study is to determine
wretrer it is tecrmlogically feasible to map riverine erosion hazard areas.

Section 577 of NFIRA has specifically defined an erosion hazard area as follows:

Erosion hazard area means, based on erosion rate information and otrer
historical data available, an area wrere erosion or avulsion is likely to resLdt in
damage to or loss of bLildirgs and infrastn..cttre within a 50-year period.

In tre context of this stLdy, erosion is tre rerroval of a vollJTl8 of sediment from a stream reach.
I-bwever, in riverine areas, a stream reach can be stable and still migrate back and forth.
Charnel instability OCCLrS wren nattral or marr-indLCed processes lead to excessive erosion or
deposition. Therefore, wren a stream migrates laterally but maintains its dimensions, pattem,
and profile, stability is aclieved even though tre river is "active" and rroves across tre floodplain.
For tlis study, a reach experiencirg this type of lateral migration is considered to be "erodirg,"
and trus has an associated REHA.. This is because stream migration can threaten bLildirgs and
infrastrLdtre.

Tecrmlogical feasibility is defined as existence of:

Meth:>dologies that are scientifically soLrd and implementable Lrder tre NFIP.
Scientific soLrdness means that tre meth:>dologies are based on prrysical or
statistical principles and are Slpported by tre scientific commuity.
"Implementable" means that tre approacres can be applied by FEMA as part
of a natiorwide program Lrder tre NFIP and for an acceptable cost.

In tre present study, tre project team condLCted a search of existirg meth:>dologies used to
predict riverine erosion, with emphasis on case studies. In general, case stLdies were
categorized as:

1. Geomorphic methods - relyirg primarily on listoric data and geornorplic investigations;
2. Engineering methods - relyirg primarily on predictive equations based on ergineerirg and

geornorplic principles; and
3. Mathematical modeling methods - relyirg primarily on computer rrodelirg of fluvial

processes.

A Project Workirg Group (PWG) of experts in tre field of riverine erosion was orgarized. Their
fLrCtions were to provide gLidance to FEMA on technological feasibility of mappirg REHAs, to
act as an information SOLrce to locate and select case studies, and to review ard comment on
reports prepared duirg tre stLdy. The PWG included a natiorwide mix of irdividuals from
academia; Federal, State, regional and local goverrment; and tre private sector.

Based on tre literattre review, case study analysis, and irput from tre PWG, methodologies for
analyzirg and mappirg REHAs were identified. A detemination on tectrological feasibility was
reacred.
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Using cost data associated with existing case stLdies, the stLdy team estimated the approximate
unit cost (i.e., cost per river mile) of cordLcting riverine erosion hazard stLdies ard adding the
areas to existing Flood Instrarre Rate Maps (FIRMs). Tre stLdy team estimated the
approximate overall costs for cordLcting studies ard mapping the riverine erosion hazard areas
natiorwide.

Riverine Erosion

FIL.JVial systems respord to perh.rbations that may be the resLdt of natlJ"ally occUlTing inputs, sLCh
as precipitation, or hunan intervention in the form of Lrban development, forestry, miring, flow
diversions, flood regLdation, navigation, ard other activities. Complex physical processes woose
mathematical characterization is still imperfect govem the response, altoough there is reasonable
qualitative Lrderstanding of the natLre of ths response. The basic premise is trat streams are
constantly attempting to attain a state of balarre involving their geometry (dimensions, pattem,
profile), the properties of the bed ard bark material, ard the extemal inputs imposed. Tre
process to acheve ths state of equlibrit.rn can span long pericxis and affect large areas.

In the context of riverine erosion hazard areas, engineers are mostly corremed with migration of
the channel aligrrnent ard various forms of erosion ard deposition. Trese events can potentially
0CCLr in any stream envirorrnent but are often most dramatic in arid ard semi-arid regions where
the large sediment yields ard the flashy character of floods can cause severe cranges in channel
configLration.

NLmerous factors affect the spatial ard temporal response of a stream channel. Trese factors
ercompass various aspects of geomorptulogy ard flLid rnecharics ard inclLde flLid properties,
sediment characteristics, discharge, sediment transport, channel geometry, an:! flLid velocities.
Tre beravior of these variables deperds on the time scale Lrder consideration: soort term, long
term, and very long (geologic) term. For example, channel geometry can be considered relatively
constant in the sturt term of a few weeks but hghly variable in the geologic time frame.

For most practical applications, engineers are interested in pheromena that take place in the
soort and long term; thJs, certain variables can be considered irdeperdent. For instarre, in the
geologic time frame, valley slope is a fLn::tion of geology and dimate; tuwever, soort- ard long­
term channel formation processes OCCtr at a mLCh faster rate, and valley slope can be
considered irdeperdent in many instarres. For sturt ard long term analyses, it can be asst.rned
trat the discharge regime ard sediment supply are the driving variables trat act on channel
boLrdaries ard vegetation to prcxiu:;e changes in channel cross section, longitudinal profile, ard
aligrrnent.

Erosional ard depositional processes in allL.JVial channels are defined as follows:

•

Degradation:

Aggradation:

Lowering of the channel bed on a sLbstantial reach length occLJTing
over a relatively long pericxi of time in response to distLrbances trat
affect general watershed corditions, sLCh as sediment supply, rmoff
\iOILrne, ard artificial channel controls.

Raising of the channel bed as a resLdt of distlrbarres in watershed
conditions that prcxiu:::e the opposite effect to toose leading to
degradation.
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• General Scour:

LoealScour:

Deposition:

Lateral Migration:

Lowerirg of the streambed in a general area as a consequerm of a
smrt-dl.J"ation elJ8nt soch as the passage of a flood. Examples are
the erosion zones near bridge abutments and tmse in the vicirity of
gralJ8l pits.

Lowerirg of the bed due to localized phenomena sLCh as vortex
formation arotrd bridge piers.

Raisirg of the streambed due to a specifie episode. An example is
the formation of a sand bar after a flood elJ8nt. Deposition is used in
this docl.ll18nt as the coLJl1:erpart to general SCOLe.

Shftirg of the streambari< alignment due to a combination of the
abolJ8 IJ8rtical erosional and depositional processes. The most
common example is meander migration in the floodplain. Bari< retreat
due to mass failure is another example.

•

•

Vertical variations in the streambed are additive in that the net charge is the result of long- and
smrt-term processes. For instarm, a reach that is trdergoirg aggradation due to increased
sediment yield from the watershed can also experierm general and local SCOLe as a
consequerm of flood elJ8nts.

Streams are constantly progressirg towards a state of dynamic eqLilibriLCn invoMrg water and
sediment. The geometry of the stream trdergoes adjustments so that the sediment transport
capacity of the water is in balarm with the sediment SLPply. NatLeal and artificial factors can
LPset tlis state of eqLilibriLrn. Earthquakes, large floods, climatic charges, LCbarization, and
constru::;tion of civil works in the waterway introdLCe charges in the sediment SLPply and amoLJl1:
of n.roff reaclirg the stream. For example, delJ8lopment in the watershed typically increases the
impervious area and herm the voll.ll18 of n.roff. Similarly, clear-cuttirg of forests increases the
sediment yield to the stream. Dams trap sediment and halJ8 a reguatirg effect that increases
low flows and redLCes high flows. Channelization projects redLCe channel lergth and therefore
increase slopes. Diversions for irrigation or pLblic water SLPply redLCe the effective flows.
Finally, an elJ8nt sLCh as a large flood can dramatically reshape the floodplain and increase
channel width.

Evaluation of Channel Changes

Mathematical representation of fluvial fluid mechanics is difficult due to imperfect knowledge of the
complex physical phenomena involved. The many attempts to modelirg of fluvial processes halJ8
smrtcomirgs largely due to the fact that sediment transport equations commonly olJ8rpredict or
trderpredict sediment loads by orders of magnitLde of actual measLeed sediment transport
rates.

Some analysis methods are based on the hypothesis that the stream system tends toward a
state of dynamic eqLilibriLm in wlich the channel adjusts to changes in the water and sediment
SLPply regimes. These methods inclLde simple equations called "regime relationslips,"
teemques based on rnecharical stability conditions, and complex computer models. These
equilibriLm-based approaches halJ8 difficUties in aocoLlltirg for elJ8r-chargirg land use
conditions.

In addition to fluvial processes, nLrnerous climatic, environmental and geoteemcal factors are
involved. Hydrodynamically indLCed erosion and deposition and the occmerm of mass failLCe of
the streambari<s dri1J8 channel cross sectional charges. IndLCed effects inclLde charges in

xvi



• rouglTless, bed material composition, vegetation cover, and planform. Prediction of cross
sectional adjustments can only be accomplished for site-specific conditions after the most
significant geomorpmlogical factors have been identified. Therefore, any prediction of chanrel
geometry smud be based on soLrd field observations.

Literature Review

Of several tuxlred pieces of literatLl'e, 108 articles and reports were evaluated to compile
mettx>ds cmently in use to predict chanrel charYi:Jes. Of this set, the foliowirYi:J 12 case stLdies
were selected for detailed review:

CaseShJjyTrtle Location

•

AMAFCA Sedimertard Erosion DesignGLide

h.ertoryard Aralysis ofStream Mearder Problems in Minnesota

A ProbabiisticApproacll to the SpecialAssessmertofRi-.erCh3rrel

rntabiity

Geomorprobgyard I-¥Jrobgyofthe Sarta Cruz River, Soliheaslem

Arizora

San Diego CouiyAlLMal ShJjies

CityofAustinTedTical Procedlres forWatersred ErosionAssessmerts
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In assessirYi:J the tecmcal feasibility of mappirYi:J REI-V\s, each case stLdy was analyzed for
applicability, limitations, potential for mappirYi:J riverine erosion, cost, and reguatory potential.
These docLJTtents revealed that numerous techiqt.es are CUlTently in use coverirYi:J geomorphic
mettx>ds, basic erYi:JineerirYi:J principles, and mathematical modelirYi:J. This diverse collection of
techiqt.es is necessary because of the LJiqt.eness of each site and to address the objectives of
the specific projects.

Assessment of Technical Feasibility

The case stLdies indicate that there are scientifically soLrd procedLl'es for delineatirYi:J riverine
erosion hazard areas. Various geomorphic, erYi:JineerirYi:J, and modelirYi:J procedLl'es can be
applied, dependirYi:J on site-specific conditions. Specialized knowledge and experience are
needed to draw conclusions that woLid lead to delineation of a hazard area.

A time frame of 60 years has been specified in Section 577 of NFIRA as the interval of interest
for delineation of riverine erosion hazard areas. Altmugh it is feasible to use the specified 60-
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year time frame, the case stLdies ard the opirions of the PWG irdicate that existirg techniques
may be better suited for shorter time frames, e.g., 30 years with periodic revisions to the
particular REHA. stLdy ard delineation. This limitation arises from data inaccLracies, imperfect
krowledge of sediment transport mecharics, ard LIlknowns in futLre watershed development,
hydrologic corditions, ard magnitLde ard sequence of futLre f100dirg events. I-bwever, most
stn..dLres have a usefu life well over 30 years ard predictions shoud somehow address a lorger
time span.

Given a sLitable time frame, futLre erosion COL4d be estimated either extrapolatirg from Iistoric
data or thrOl.gh the use of mathematical models. In both cases, an estimate of the reliability of
the prediction needs to be provided.

Cost

AIl approximate analysis was performed to estimate the total cost to the Federal government of
mappirg riverine erosion hazard areas. The SOLrces of cost data inclLde information provided by
the PWG, costs reported in the case stLdies, FEMA reports ard other literatLre, ard cost data
from previous stLdies performed by the project team members. The data are rot sufficient to
make reliable nationwide cost estimation; however, they can be used to perform an edu::ated
guess for total costs.

Average stLdy values are $2,000-$3,000 per mile for geomorplic methods, $6,000-$7,000 for
ergineerirg methods, ard $10,000-$12,000 for mathematical modelirg methods. If tlis effort
were to be implemented as part of the NFIP, the cost to the Federal goverrrnent woud be
between 200 ard 300 million dollars. Section 577 of NFIRA specifies that, if REHA. determination
is foLrrl to be tecmcally feasible, a cost-benefrt stLdy is to be cordLded. The CLrrent stLdy
does not inciLde these cost-benefit analyses.

Implementation

There are at least two potential options for implementation of a nationwide REHA. delineation
program: a federally IU1 program ard a locally IU1 program. The federally IU1 program woUd be
integrated into the NFIP. The fLrrlamental principle of tlis first option is to expard the CLrrent
floodplain reguations to encompass riverine erosion. This option emphasizes authority from the
Federal government. The existirg framework can be modified to accommodate the new
responsibilities of reguatirg erosion-prone areas. Disadvantages are the additional cost to the
Federal government ard the challerge of developirg appropriate gLidelines for REHA. delineation
in a field that reqLires flexibility ard accessibility to a wide array of analytical options.

The secord option shifts the authority for reguatirg erosion-prone areas to the local juisdictions.
Implementation woud be tailored to slit irdividual floodplain management needs. The Federal
govemment woud provide technical assistance, if reqLired, ard disseminate information. The
main advantage is that the commtrities woud have the flexibility to match their reSOLrces ard
needs with the complexity of the stLdies.

Conclusions

• It is technologically feasible to map riverine erosion hazard areas. Flexibility in the choice of
analysis techniques is needed to address site-specific corditions.

• REHA. delineations for a period of 60 years are possible; however, better predictions may be
aclieved for a shorter time span, sLCh as 30 years, with periodic revisions.
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• The analytical meth:>ds used stolid be able to provide an indication of the reliability of REHA.
delineations.

• Average stLdy values are $2,000-$3,000 per mile for geornorplic meth:>ds, $6,000-$7,000
for engineering meth:>ds, and $10,000-$12,000 for mathematical mcx:feling meth:>ds.

• The cost of mapping REHA.s nationNide ranges between approximately 200 and 300 million.
This estimate is based on limited infonnation.

• Implementation of erosion regLdations can be either done as an extension of the NFIP or
delegated to local jLrisdictions with st..pport from the Federal goverrment.
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1. Introduction

1.1. Description of the Problem

The National Flood InsLrarce Program (NFIP) adminstered by the Federal Emergercy
Management Agercy (FEMA) covers damages caused by floodirg and flood-related erosion.
I-bwever, it does not cover damages caused by gradual (day to day) erosion. In fact, riverine
erosion is not considered in insLrarce rates or srown on Flood InsLrarce Rate Maps (FIRMs). It
was not Lntil the Flood Disaster Protection Act of 1973 that Federal policy recogrized the hazard
of erosion by addirg protection for flood-related erosion.

Ths Riverine Erosion Hazard Area (REHA.) mappirg feasibility stLdy was COndLCted in response
to requirements in the National Flood InsLrarce Reform Act (NFIRA) enacted in September
1994. Section 577 of NFlRA reqLires that FEMA submit a report to Corgress that evaluates the
teclrological feasibility of mappirg REHA.s and assesses the economic impact of erosion and
erosion mappirg on the NFIP. The pLrpose of His stLdy is to determine whether it is
teclrologically feasible to map riverine erosion hazard areas.

Because riverine flood damage assessments generally consider iruxlation alone, the potential
flood-related damages for rivers in arid and semi-arid regions may be sigrificantly l.Ilderestimated
(Graf, 1984; NRC, 1999). Despite this observation, bali< erosion alorg alluvial channels, caused
by moderate or large non-flood (withn channel) flows, is not recogrized as a sigrificant hazard in
Federal floodplain management reguations. Several protographs below st-ow various locations
in the COLntry where riverine erosion has caused sLbstantial damage to bLildirgs and
infrastrLCtLre. In some of the cases, the areas were marked as not sLbject to floodirg in FIRMs.

The delineation of floodplains has generally been based on the application of established
mett-odologies of hydrology and hydraLiics for channels with fixed bolJ'daries. In general,
floodplain management and mappirg have only relatively recently given more attention to the role
of sediment and geomorphc and geologic controls on channel form and stability.

1.2. Legislative History

The NFIP legislative comerstones and connections to erosion are:

• National Flood InsLrarce Act, 1968
• Flood Disaster Protection Act, 1973
• LPton-Jones Amendment, 1988
• National Flood InsLrarce Reform Act, 1994
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• INTRODUCTION

Photograph 1. Collapsed house on eroding streani:>ank along the Cimarron River in Logan
County, Oklahoma (March 1998). Photograph courtesy of Kathy Schmdt.

Photograph 2. A portion of a house has fallen into the Cimarron River in Logan County,
Oklahoma (March 1998). Photograph courtesy of Kathy Schmdt.
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1.2.1. National Flood Insurance Act (NFIA), 1968

Federal involvement in non-stl"l.X:tlral means to decrease flood losses was relatively minor mil
the enactment of the National Flood InsLrance Act (NFIA) of 1968. The NFIA created the NFIP
"to provide the availability of flood insLrance, at actuarial premilJll rates, in comm.nties whch
adopt and enforce floodplain management ordinances that meet mirimlJll NFIP reqLirements"
(FEMA 1991). I-bwever, the first few years after passage of the NFIA of 1968 saw commuity
participation and sales of flood insLrance policies disappointingly low (Mrazik and Kiroerg, 1989).
Then, in 1972, Tropical Storm Agnes caused Congress to re-examine existing Federal policies
urder the NFlP (Crowell, et al., 1999).

• INTRODUCTION

Photograph 3. House hanging 18 feet over the Clark Fork River in Sanders
County, Montana, aflerthe river eroded its bank in May 1997. Photograph by
Michael Gallacher.
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1.2.2. Flood DisasterAct of 1973

The repercussions caused by Tropical Storm Agnes provided the impetus for the formuation ard
passage of the Flood Disaster Protection Act of 1973 (P.L. 93-234) (Miller, 1992). The Act
strengthened the NFIA ard exparded the NFIP's coverage by reqLiring the pLJ"chase of flood
insLJ"ance as a cordition of receiving Federal or federally backed financing for acqLisition or
construction of structLJ"es in flood hazard areas.

1.2.3. Upton.Jones Amendment, 1988

The !-busing ard Comrnt..rity Development Act of 1987 autrorized FEMA to provide insLJ"ance
payments Lrder the NFIP for structLJ"es sLbject to imminent collapse due to erosion or
Lrdermining caused by waves or cments. Ths legislation is commonly referred to as the t.,pton­
Jones Arnerdment, ard FEMA is responsible for determining whether a structLJ"e is sLbject to
imminent collapse (FEMA, 1990).

The LPton-Jones Arnemment was originally designed for application in coastal areas; rowever, it
does not exclLde riverine areas, am claims have been made for structLJ"es alorg streams am
rivers. In coastal areas, where average arrual erosion rates are established, a structLJ"e that lies
within 10 feet plus 5 times the arrual erosion rate from an existing reference featLJ"e, sLCh as a
beach scarp or bluff crest, is defined as being witlin the zone of imminent collapse. An attempt is
made to apply the same criterion to riverine areas; rowever, Iistoric bark change information is
often l.JlClvailable.

In 1990, FEMA implemented a simple criterion for assessing stream bark am bluff stability in
areas where no Iistorical information was available. The pLrpose was to establish a procedLJ"e
for determining if a structLJ"e lies witlin the zone of imminent collapse given limited information
about the site. The procedLJ"e classifies a given slope as either stable or l.J1Stable, am
determines the potential failLJ"e plane location if the bark were to fail. Given the height of the
slope, angle of inclination, distance of the structLJ"e from the srouder of the slope, soil strength,
am the soil's angle of internal friction, these two criteria can be determined (FEMA 1990). In
sLlT1mary, if the slope is stable, the structLre is outside the zone of imminent collapse. If the slope
is l.J1Stable, ard the structLre lies witlin the potential failLJ"e plane, it is said to be witlin the zone of
imminent collapse am eligible for benefits of the LPton-Jones program.

The main pLrpose of the LPton-Jones Amemment was to provide fLrlds for pre-flood mitigation
activities to redLCe futLJ"e flood losses. !-bwever, review of the LPton-Jones claims Iistory
demonstrates that the program failed to generate interest; few insLJ"ed eligible for t.,pton-Jones
payments were applying for benefits. Moreover, a~roLgh the intent of the Amendment was to
encoLJ"age relocation am Utimately save money for the NFIP, most rorneowners opted for
demolition payments, thereby increasing experditLJ"es to the NFIP (Davison, 1993).

The t.,pton-Jones Amemment allowed claims for structLJ"es sLbject to imminent collapse due to
bark erosion caused by waves am cments. Of the approved riverine LPton-Jones claims filed
from May 1988 to December 1994, there was a total settlement of $3,200,000 am an average
settlement of $43,000 (FEMA 1998). Approximately 60 percent of these claims are from the
soutlwest am nortlwest Uited States The Streambark Erosion Control Evaluation am
Demonstration Act (SECEDA) of 1974 report (USACE, 1981) confirms that these areas are
partieuarly vUnerable to riverine erosion am comprise approximately half of the estimated arrual
damages due to erosion.
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Photograph 4. Duck Creek in Las Vegas, Nevada, after the July 8, 1999, storm. The stream eroded the
railroad bridge foundation. Bank retreat reached the house behind the bridge. Photograph courtesy of
Leslie Sakurnoto.

Photograph 5. Duck Creek just upstream of the railroad bridge. The house foundation has been darraged
although the bank has not fully collapsed. Photograph courtesy of Leslie Sakurnoto.
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Photograph 6. Mobile horre destroyed after bank collapse in Flarringo Wash during the July 8, 1999,
flood in Las Vegas, Nevada. Photograph courtesy of Leslie Sakurmto.

Photograph 7. Trailer park destroyed due to erosion in Flarringo Wash during the July 8,1999, flood in Las
Vegas, Nevada. Sedirrentation substantially closed one of the spans of the bridge on the right. Photograph
courtesy of Leslie Sakurmto.

• INTRODUCTION 6



•

•

1.2.4. National Flood Insurance Reform Act (NFIRA), 1994

Wren CorYJress enacted tre t..,pton-Jones program into law, it was meant to be an interim
program that woud stay in effect LI1til a more comprerensive erosion management program was
legislated by CorYJress. As a resut, between 1990 and 1994 a runber of CorYJressional
proposals were introduced that woLdd have establisred erosion management authority L.rder tre
NFlP and woud have requred FEMA to map erosion hazard areas for tre entire Coastal and
Great Lakes shorelines. Some proposals woud have delied tre availability of flood insLrance for
new or sLbstantial1y improved stn..ctLres located in 3D-year erosion hazard areas; otrers woud
have made flood insLrance available in erosion hazard areas, but at actuarial rates. These
proposals were extensively deliberated, but ran into considerable opposition from real estate,
developer, and property rights advocates who strorYJly opposed any form of erosion mappirYJ or
erosion-based insLrance rate modifications that coLdd potentially devalue or restrict use of
property. As a resut, none of tre proposals were enacted (Davison, 1993). Utimately, a
compromise proposal was formuated between proponents and opponents of an FIA­
admilistered erosion management program.

The compromise proposal requred that FEMA stLdy tre issue of erosion mapping and erosion­
based insLrance modification, ratrer than mandate immediate change to tre NFIP. Ths proposal
was irciLded in tre National Flood InsLrance Reform Act, which was enacted into law on
September 23, 1994. In His Act, Section 577, Evaluation of Erosion l-lazards, authorizes that tre
FEMA "Director may map a statistically valid and representative runber of commmties with
erosion hazard areas tlToLghout tre Lhted States, inclLding coastal, Great Lakes, and , if
teermlogically feasible, riverine areas."

The major goals of Section 577 are to 1) list tre commmties likely to be identified as having
erosion hazard areas, 2) estimate tre runber of flood insLrance claims L.rder tre NFIP that are
attributable to erosion, 3) determine tre amoLl1t of flood insLrance claims L.rder tre NFIP that are
attributable to claims L.rder tre t..,pton-Jones program, 4) assess tre ful economic impact of
erosion on tre National Flood InsLrance FL.rd, and 5) determine tre costs and benefITS of
mappirYJ erosion hazard areas.

A distinction was made between open coast erosion and riverine erosion due to differences in
tre maglitLde of trese problems, and tre physical processes irMJlved. FEMA has been directed
to map a statistically valid and representative runber of commmties with erosion hazard areas
along tre open coasts of tre Lhted States. An economic analysis has been COndLCted to
determine tre costs and benefITS of mappirYJ sLCh areas based on actual and projected flood
insLrance claims attributable to coastal erosion. A similar economic analysis may be requred for
riverine sites, if mappirYJ sLCh areas is foL.rd to be tec1n::llogically feasible.

Ths project was COndLCted to determine tre tectrological feasibility of mapping REHAs for
commmties within tre Wted States.

•

1.3. Extent of the Problem

In recoglition of tre serious economic losses occmirYJ tlToLghout tre Lhted States due to
stream bank erosion, CorYJress enacted Tre Streambank Erosion Control Evaluation and
Demonstration Act (SECEDA) of 1974 (Section 32, PLblic Law 93-251), wlich authorized $50
million for a national demonstration program. The U.S. Army Corps of ErYJineers (USACE)
COndLCted tlis program. One of tre pLrposes of tlis program was to evaluate tre extent of
streambank erosion in tre Wted States SECEDA is one of tre few ilitiatives that attempt to
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assess the erosion problem on a national level; therefore, the lessons learned from t1is Act are
essential in determirirg if tectTx:Jiogically feasible erosion prediction tecmques are possible on
ths scale. I-bwever, the main focus of the SECEDA report, bark protection metrods, differs
from the pLJ"pose of the present stLdy. Also, the SECEDA report (USACE, 1981) is 25 years
old, and there have been sigrificant advances in techlology. In addition, LJ"barization in the last
25 years has had an impact on the predicted runber of bark miles affected. Due to
Ll"barization, formerly stable chamels become LrlStable as a reslJt of increased flood peaks
ard/or flow volLrnes and redLCed sediment loads (NRC, 1999).

Approximately one-thrd of the nation's streams experience severe erosion problems, and
landslides and mLdslides are commorplace in some areas (NRC, 1999). As stated in the
SECEDA report, there are approximately 7 million streambark miles in the Lhted States, of
whch 8 percent or approximately 600,000 miles, are experiencirg at least some degree of
erosion (USACE, 1981). Of the 600,000 miles of erodirg stream, approximately 142,000 bark
miles (2 percent of the total bark miles) are experiencirg extensive erosion. Due to rapid
urbarization, especially for rivers with smaller watershed areas, the actual figLJ"e for bark erosion
mileage coud be sigrificantly hgher. The average damage per year of extensive erosion-related
damage is approximately $450 million (in 1998 dollars), or approximately $3,000 per bark mile
per year (USACE, 1981). Of ths damage, over half is experienced in the southvvest and
mrthvvest. It is important to mte that the southvvest is one of the most rapidly growirg areas in
the Lhted States Cities sLdl as TLCSon, Phoerix, Las Vegas, and cities in southem califoma
have dOCLrnented problems associated with REHAs.

One of the most important lessons learned from the SECEDA is qlJJted as follows (USACE,
1981):

Prediction of when, where, and extent of streambark erosion ard/or bark
instability remains cloLded. The forces contributirg to streambark instability
are generally known and Lrderstood; however, application of these principles
to the real world are complicated by the marry processes actirg
simlJtaneously throughout a given river reach. Streams displayirg very active
tendencies to erode their barks often seem to reverse themselves and display
periods of relative stability.

Since the USACE report was pLtllished, there have been marry advances in the field of river
rnecharics, some of whch are compiled in pLtllications sLCh as the Arizona Design Manual for
Ergineerirg Analysis of Fluvial Systems (Simons, Li & Associates,1985) and the AMAFCA
Sediment and Erosion Design Glide (Musseter, et a/., 1994).

section 577 of NFlRA has specifically defined an erosion hazard area as follows:

Erosion hazard area means, based on erosion rate information and other
hstoric data available, an area where erosion or aVLision is likely to resLit in
damage to or loss of bLildirgs and infrastrLCtLJ"e withn a 6o-year period.

In the general context of ths stLdy, "erosion" is defined as the removal of a volLrne of sediment
from a stream reach. I-bwever, in riverine areas, a stream reach can migrate back and forth
without necessarily resutirg in a sediment deficit for the reach. For example, a chamel can have
stable dimensions even though the stream is migratirg laterally at a fairly constant arrual rate.
nus, the amol.l1t of sediment enterirg the reach is about equal to the amol.l1t of sediment exitirg
it, with m net erosion OCCLrrirg withn the reach. Chamel instability OCCLI"S when natLl"al or man­
indLCed processes lead to excessive erosion or deposition. Therefore, when a stream mgrates
laterally but maintains its dimensions, pattem and profile, stability is aCheved even though the river
is "active" and moves across the floodplain. Photograph 8 shows a satellite image of the
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Missoui River floodplain near Glasgow, Missoui. The green area correspords to the charnel in
1879. The light yellow area is the present day charnel. The area in between the two charnel
pos~ions experierred erosion at some point after 1879. The ClITent charnel has been stabilized
w~h revetments that prevent fLrther mgration.

Photograph 8. Satellrte irrage of the Missouri River floodplain near Glasgow. Missouri. The
green area shows the channel in 1879. The light yellow area corresponds to the present day
channel. Photograph by USGS.

For ths stLdy, a reach experiercing ths type of lateral mgration is considered to be "eroding,"
am th.Js has an associated REHt\, even thoLgh ~ is sillllly mgrating back am forth. Ths is
because sLdl stream mgration can sigrificantly threaten bLildings am infrastru::tl..re.
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Floodprone areas are determined accordil"9 to national standards, which assune a stable
channel. Computer programs used for floodplain studies, sLd1 as t-EC-RAS, do not include the
effect of moveable boLndaries, varyil"9 erosiveness of bed and bank materials, and sediment
transport, which is typical of alluvial streams. Therefore, additional interdisciplinary tech1iques
based on the prircipals of fluvial geomorptology and hydrauic el"9ineeril"9 must be considered
for use in floodplain management studies aimed at REHA mappil"9.

Chal"ges in alluvial channels can be dramatic. The Santa Cruz River, an ephemeral river in
southeastem Arizona, has a 101"9 history of channel instability. Since the late 19th centllY, lateral
channel erosion has caused extensive property damage, particuarly in Pima CoLllly. DLJiI"9 the
1983 flood, 13 people died and about $100 million of damage was caused in the Tucson area
alone (Kressan, 1988). Most of the 1983 flood damage resuted from bank erosion on the Santa
Cruz River and its tributaries, rather than inLndation from over-bank flow. From 1982-84, the
area of floodplain occupied by the channel alol"9 certain reaches has increased up to 137 percent
(Hays, 1984).

Alluvial channels in the TLK:Son basin have exhibited lateral bank migration, which caused land
outside the designated SOO-year floodplain to collapse into the channel (Kressan, 1988).
Docunented shifts in Rillito Creek of nearly 1,000 feet have OCCLrred since the 1940s (Kressan,
1988). Bank erosion can also be a significant hazard, even for moderate to large non-flood flows
alol"9 the alluvial channels, sLd1 as those in the Tucson basin.

Ircised channels, sLd1 as the Santa Cruz River, present special problems in the interpretation of
the flood hazard. Entrerchrnent OCClJ'S from entrainment and transport of alluvial materials by
channel erosion. As a resUt, channels are frequently so deep that floods with recUTence
intervals greater than 100 years are reqLired for overflow. The geomorphic complexity of sLd1
alluvial streams creates difficUties for implementil"9 Federal floodplain reguations that are based
primarily on floodil"9. In fact, channel chal"ges, sLd1 as meander migration and bank erosion,
may constitute a greater hazard than overbank flow in some areas.

In response to the 1983 flood, Pima CoUlty passed a revised floodplain management ordinance
with a setback provision for stn..ctlres on all property alol"9 l.J1)rotected channel banks for major
river coll'Ses. In addition, recoglizil"9 riverine erosion as a statewide concem, the State of
Arizona Department of Water ResOlrces has adopted standards for identification of and
development within erosion hazard areas (see Chapter 4). The state standards establish
procedLres for estimatil"9 setback distances for development alol"9 waterCOll'Ses to allow for the
lateral migration that may 0CClJ' dLJiI"9 futLre floods (Simons U & Associates, 1984, 1985).
setbacks in natlralistic channels can provide protection to adjacent property similar to that
provided by hard-lined channels.

1.4. Purpose and Scope of the Study

1.4.1. Purpose

The pLrpose of this study is to determine the technological feasibility of mappil"9 REHAs for
comrTll.Jities within the Uited States. Technological feasibility is defined as existence of:

• INTRODUCTION

Methodologies that are scientifically soLnd and implementable Lnder the NFIP.
Scientific sotrdness means that the methodologies are based on physical or
statistical principles and are s~ported by the scientific comml..lity.
"Implementable" means that the approaches can be applied by FEMA as part
of a natiorwide program trder the NFIP and for an acceptable cost.
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1.4.2. Scope

The study irduded the followi~ tasks:

Task 1- Uterature Search and Gase StudyAnalysis

The study team conducted an in-depth search of existi~ methodologies used to predict riverine
erosion. The followi~ groups were contacted:

• Federal agencies
• State authorities
• Regional agencies
• Research LJiversities
• Private firms
• Professional orgarizations
• Local govel'lTllent agencies

The information was collected, categorized, and compared. Emphasis was placed on the critical
review of existi~ case studies. In general, case studies were categorized as:

,1. Geornorplic methods - relyi~ primarily on Iistoric data and geornorplic investigations;

2. E~ineeri~ methods - relyi~ primanly on predictive equations based on e~ineeri~ and
geornorplic principles; and

3. Mathematical modeli~ methods - relyi~ primarily on computer models.

Critical techical issues were identified related to frequency, statistics, defiritions, data availability,
data collection, and data aCCLfacy and interpretation.

Task 2 - Establish the Project Working Group

A Project Worki~ Group (PWG) of experts in the field of riverine erosion was orgarized. The
responsibilities of the PWG were to provide gLidance to FEMA on issues of technological
feasibility of mappi~ RE~, act as an information SOLJ"ce to locate and select case studies, and
review and comment on reports prepared dui~ the study. The PWG included a mix of
individuals who have similar expertise and come from ttroughout the Lhted States representi~

academia; Federal, state, regional and, local govel'lTllent; and the private sector. The members
of the PWG are cited in the acknowledgments.

Task 3 -Input from the PWG

Irput from the PWG was solicited via the Intemet and/or teleconference. Specific tasks
conducted by the PWG were to:

1. Review the preliminary resUts of the literatLJ"e search.

2. Identify other methodologies or new advancements and futLJ"e research needs in riverine
erosion studies.

3. Discuss major techical issues identified in Task 1.

4. Discuss the technologically feasibility of prepari~ REHA studies and identifyi~ conditions
and limitations for these studies.
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Task 4 - Selected Methodologies

Based on the literature review, case study analysis, and i~ut from the PWG, various
methJdologies were identified for analysis and mappirg of REHAs.

Task 5 - PWG Review

A series of teleconfererces were condLded to discuss the tectrological feasibility of mappirg
REHAs. Prior to the teleconfererces, the PWG received reports for review and comment. The
overall objective of determinirg the tectrological feasibility of mappirg REHAs was addressed by
the PWG at these times.

Task 6 - Unit Costs ofRiverine Erosion Hazards

Usirg cost data associated with existirg case studies, the study team estimated the approximate
Lrit cost (i.e., cost per river mile) of condLdirg riverine erosion hazard studies and addirg the
areas to existirg FIRMs.

Task 7- Select studyAreas and Estimate Number ofCommunities Affected

An approach for selectirg study areas was recommended. A preliminary estimate of the runber
of studies and affected map panels was condLded for all participatirg commlrities covered by
the NFIP.

Task 8 - Overall Costs Within NFIP

The approximate overall costs for condLdirg studies and mappirg the riverine erosion hazard
areas was estimated.

Task 9 - Prepare Report with Recommendations

T1is report was prepared.

Mapping of Riverine Erosion Hazard Areas

Mappirg of riverine erosion hazards has a rather short Iistory and has been done mostly at the
local level and for specific projects. The pLl"pOSe of mappirg areas associated with natlJ"al
hazards is to delineate zones and provide an assessment of the relative risk to wlich strLdlJ"es
woLdd be slbject if they were located in such zones. In some cases, hazard-zone maps also
include information that can be used for hazard forecastirg and monitorirg. A variety of hazard­
zone maps have been developed and ptblished in the Lhted States for various natlJ"al disasters.
These hazard area maps include tomado maps, plblished by National Weather service,
earttquake faUt zone maps developed and maintained by the State of California, and FEMA's
FIRMs.

Riverine erosion hazards have not been defined consistently except for a few cases. An example
presented in Chapter 4 is the State of Arizona gLidelines to define setbacks alorg erosion-prone
streams. Another example also described in Chapter 4 is the "Prudent Line" approach used in
Albuquerque, New Mexico, to define setbacks alorg arroyos. There have been other attempts at
mappirg that identify locations potentially stbject to erosion and define the relative risk of erosion
but do not specify the lateral extent of those risks. These relative meaSlJ"es of risk are of limited
use for regLdatory pLl"pOSes.

A viable methJdology to characterize erosion hazards necessitates that the resUtirg maps allow
users to determine whether a strLdure in or near the floodplain will have a Iigh probability of
beirg affected by erosion dLrirg its usefLd life. Therefore, the maps must show dearly defined• INTRODUCTION 12
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areas in which, to the best information available, development must be regulated due to the
da~ers expected from erosion. In sLll1mary, the test for applicability of a procedLre is its ability
to determine REHA.s and then be able to delineate them on a map so that those assets at risk
can be identified.

The main objective of this report is to determine if there are scientifically sol.llCl REHA delineation
procedLres. All additional consideration is whether a feasible framework can be proposed to
develop erosion hazard maps on a natiormide scale. For this pLrpose, the report investigates the
state-of-the-art in riverine erosion hazard characterization and sLrnmarizes several initiatives to
develop erosion hazard maps and regulations. Chapter 2 presents backgrol.llCl material on
riverine erosion, Chapter 3 describes the literatll"e search to arrive at the information used in this
study, Chapter 4 descnbes 12 case studies in which various historical, e~ineeri~, geomorphic,
and nLrnerical modeli~ methods were used to define erosion hazard areas. Chapter 4 also
analyzes the potential of sLd1 methods to develop hazard maps. Chapter 4 assesses the
tech1ological feasibility of mappi~ REHA.s. Chapter 5 presents an approximate cost analysis of
applyi~ erosion characterization methodologies on a natiormide basis, and Chapter 6 discusses
regulatory aspects of mappi~ REIiI\s. Chapter 7 sLmmarizes conclusions and
recommendations, and Chapter 8 lists the nLrnerous refererces conslited in the development of
tlis dOCLrnent.
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2. Background of Riverine Erosion

Proper evaluation of erosion processes reqLires an understandirg of the geomorphologic
variables affectirg a fluvial system. This section provides a concise overview of fluvial processes
am their effects on charnel formation, physical stream characteristics, response to watershed
charges, and riverine erosion and deposition. This section also summarizes key research and
references that have addressed the topic of characterization of riverine erosion problems.

2.1. Fluvial Systems

A watershed is a complex drainage system in which streams are the final receptors of water and
sediment. In general, this drainage system has tlTee zones (Schumm 1977; USACE, 1994):

1. The erosional zone is the upper portion of the watershed, which is the source of most of the
water and sediment. Streams in this zone are rather lJ1Stable and may present a braided
pattem.

2. The sediment transport zone is the middle part of a stream where a state of dynamic
equilibrium tends to develop. Nevertheless, charges coud be sigrificant.

3. The depositional zone is the lower portion of the stream where it is slbject to the influence of
the water body into which it errpties. A delta typically forms in this zone.

Figure 2.1 shows a schematic of the zones in a fluvial system. Specific features can create local
depositional areas in the LPper zone or local erosional areas in the lower zone. An example is an
alluvial fan that creates a depositional zone. Nevertheless, in the very lorg term, the temency of
the stream is to flatten its charnel slope by degradation in the LPper reaches am aggradation in
the lower portions. Ergineered features placed in the channel can drastically hasten the naturally
slow progression of processes. For example, a channelized portion of the stream increases the
slope and may trigger erosion and formation of bends and deposition in t.rehannelized areas.

Fluvial systems respom to perturbations that may be the reslit of natLral1y occurrirg inputs, such
as precipitation, or human intervention in the form of urban development, forestry, mirirg, flow
diversions, flood regLdation, navigation, and other activities. Complex physical processes whose
mathematical characterization is still imperfect govem the response, although there is reasonable
qualitative llderstandirg of the nature of this response. The basic premise is that streams are
constantly attemptirg to attain a state of balance invoMrg their geometry (dimensions, pattem,
profile), the properties of the bed and bank material, and the extemal inputs imposed. The
process to achieve this state of eqLilibrium can span lorg periods and affect large areas.

In the context of riverine erosion hazard areas, ergineers are mostly concerned with migration of
the channel alignment and various forms of erosion and deposition. These events can potentially
occur in any stream environment but are often most dramatic in arid and semi-arid regions where
the large sediment yields and the flashy character of floods can cause severe charges in channel
configuration. Similar behavior can occur in humid dimate areas where rapid lam use charges
take place.
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2.2.

Figure 2.1. Zones .in a fluvial system

Factors Affecting Alluvial Channels

f\lmerous factors affect the spatial and temporal response of a stream charnel. These factors
encompass various aspects of geomorprology and flljd mechanics and incline flLid properties,
sediment characteristics, discharge, sediment transport, chamel geometry, and flLid velocities.

The time scale is an important differentiator in the natll"e of fluvial changes. ScIunm (1971)
called srort-term "steady time" and associated it with dll"ation of the order of days. Lorg-term
was labeled "graded time" spanning a few hrdred years. Finally, very lorg-term was called
"geologic time," and it is measLred in millions of years. Depending on the time scale l.I1der
consideration, fluvial variables coLJd be dependent or independent. For example, in the srort­
term, sediment transport is a fLrdion of flow velocity, which in tll"n is a fLrdion of chamel
geometry and discharge; therefore, sediment transport and velocity can be considered
dependent. I-bwever, in the lorg-term, both discharge and sediment transport are independent
because they are the resut of watershed processes to which the river must adjust itself (Chang,
1988a). Table 2.1 shows a sll"nrnary of these variables and their dependency according to time
scale.
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• Table 2.1. Variables affectirg allUliial charmls and their dependency (Schlmm, 1971; Charg,
1988). I = Independent; D = Dependent; X = Indeterminate.

Variable Status ofVariable

Short-Term Long-Term Vel}' Long-Term
(Steady Time) (Graded Time) (Geologic Time)

Geology

Paleoclimate

Paleohydrology D

Valley slope, width, and depth D

Climate X

Vegetation type and density X

Mean water discharge X

Mean sediment inflow X

Channel morphology D X

Observed discharge and load D X X

Hydraulics offlow D X X

•

•

2.3.

For most practical applications, ergineers are interested in phenomena that take place in the
srort (steady) and lorg (graded) term; thus, certain variables can be considered independent.
For instarce, in the very lorg (geologic) term, valley slope is a fLl"dion of geology and dimate;
rowever, srort- and 10f9'"term charml formation processes 0CClJ" at a much faster rate, and
valley slope can be considered independent in many instances. For the time scales U1der
consideration in this dOCllll6nt, the most sigrificant relationshps are depicted in FiglJ"e 2.2, whch
indicates that charml geometry depends on discharge and sediment transport.

Channel Types

Various schemes have been developed over the years in an attempt to dassify channels
accordirg to broad morprological aspects. Accordirg to Leopold et al. (1964), channel patterns
were ilitially dassified broadly as straight, braided or meanderirg. Despite its gereral
usefuness, ths dassification has limitations in describirg channel shapes. For instarce, it is
l.I1Iikely to find channels that are straight for more than a srort distarce; therefore, the term
"straight" is relative and srolid refer to sirwus, irregliar alignments. An exception is a channel
controlled by fractlJ"ed rock, whch may actually srow straight reaches alorg fractlJ"es and joints.
Even in straight reaches, the flow pattem is such that the flow lires move from ore bank to the
opposite causirg altematirg point bars withn the channel. Because of this natlJ"al tendency
towards a sirwus channel, the term "meanderirg" srolid be applied to streams that have a
relative periodicitY in its planform; rowever, it is not easy to make ths determination for all cases.
Leopold et al. (1964) defined straight channels in terms of the sirwsity, whch is the ratio of
thalweg lergth to down-valley distarce. Typical values of the sirwsity vary between 1 and 3. A
channel with a sirwsity of 1.5 or less is said to be straight.
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Figure 2.2. Relationships among variables for channel response (USACE, 1994).

Other dassification systems were developed as the study of river geomorphology evolved and
more knowledge was acqLired. CLdvertson et al. (1967) created an alpharuneric system based
on variability of charnel width, braiding patterns, sirwsity, natLral levees, floodplain width,
vegetation, presence of oxbow lakes, meander type, and bank height. Brice (1983) introduced a
dassification system based on sirwsity, presence of point bars, braiding, and anabranching
(Chang, 1988). Charnels were dassified as sirwus canaliform, sirwus with point bars, sirwus
braided, and nonsirwus braided. Other dassification schemes were proposed by Rosgen
(1994, 1996) and Clark et al. (1995). The USACE (1994) developed the cornprerensive system
sllllrnarized in Table 2.2.
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• Table 2.2. Stream classification system based on USACE (1994).

Stream Description
Type

•

•

Mol.l1l:ain
Torrents

Alluvial Fans

Braided
Rivers

Arroyos

Meanderirg
Alluvial
Rivers

Modified
Streams

Hgh velocity streams on steep slopes with a drop-and-chute structLre often
aclieved by obstacles such as large boulders or debris. These streams are
sLbject to scour and degradation caused by flood events. Very steep slopes
can lead to debris flows that produce sLbstantial movement of boulders and
gravel.

OCClJ" usually in arid and semi-arid lands where a stream flowing through a
stream valley enters a flat area. The coarse sediment carried by the stream
deposits in a delta-like configLJ"ation characterized by mutiple channels sLbject
to shiftirg. The clief stability problem is caused by the lJ1Predictability of the
flow paths, which may cause erosion and deposition in unexpected places.
Most recently, NRC (1996) defined alluvial fans as "a sedimentary deposit
located at a topographic break, such as the base of a mol.l1l:ain, 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."

The main characteristic of these streams is a series of interlaced channels
defined by bars and islands. Braided streams often 0CClJ" in t.pper and middle
zones of the watershed and usually il1'vOlve gravel and cobbles, although
braidirg may also 0CClJ" in sands. SCOLJ" and deposition often cause sliftirg of
the main channel.

Present in arid and semi-arid lands, these are streams that remain dry most of
the time and carry flow only dlJirg flood events. Discharge and sediment
transport can be sLbstantial dlJirg flow episodes. Incisirg channels, width
eriargement, and deposition are typical problems associated with arroyos.

These 0CClJ" primarily in the middle and lower portion of the watershed. The
planform of the stream is characterized by meanders that erode the
streambank in the outer side of the bend and deposit material on the inner
side. Meanders may migrate in the floodplain and can often become cut off
periodically when two bends advance toward each other and CLJ"V8tLJ"e
becomes severe. Cut-off meanders become isolated featLJ"es called "oxbow
lakes" that eventually fill with sediment. Traces of old meanders (scrolls) are
easily distirgLishable in aerial photographs. MeasLJ"es that alter the st.pply of
water or sediment have the potential to change cross sections, planforrns, and
gradients.

This term generically encompasses those streams whose natLJ"al
configLJ"ation has been modified by hLJ"nan intervention. These modifications
include straighterirg, channelizirg, eriargement, and base level charges
caused by reguation of the receMrg stream. Increased lUlOff from
SLJ"rOl.rdirg development also resUts in modifications.

BACKGROUND OFRIVERINEEROSION 18



• Table 2.2. Stream dassification system based on USACE (1994) (continued).

Stream Description
Type

•

Regliated
Streams

Deltas

U1derfl1:
Streams

Cohesive
Chamels

Regulation of tributaries by LPstream reservoirs or diversions reduces flood
flows and increases baseflow. These changes in the flow regime translate
into altered morphological activity. If regulation facilitates sediment deposition
in the chamel and vegetation growth, the stream cross section will be
reduced. I-bwever, if the stream carries substantial sediment loads that
become trapped in the reservoir, the stream may cause erosion downstream
of the dam.

These featl.res 0CCLr on flat slopes of the lower portion of the stream where it
empties into relatively qLiescent water sLd1 as the ocean or a lake. Sediment
deposition due to reduced velocity forces the river to split into distributaries
whose base level rises as the delta progresses into the water body. Deltas
also exhibit the formation of natlrallevees along the distributaries.

These are streams common in regions whose landscape formed as a reslit
of glacial activity. Lk1derfl1: streams 0CCLr in wide valleys formerly shaped and
OCCLPied by larger streams, usually the outlet to glacial lakes. U1derfl1:
streams are also foL.n:l in abandoned riverbeds or chamels downstream from
reservoirs. Flat slopes, low velocities, and established vegetation make
L.n:lerfl1: streams generally stable.

These are chamels cut in cohesive materials sLd1 as marine days, silted
lakes, and glacial till plains. In marine deposits, these streams behave
somewhat like meandering alluvial streams, although the meanders are flatter,
wider, more lriform, and usually more stable. In glacial till the planform tends
to be irregliar.

2.4. Channel Fonn and Processes

Alluvial chamels are characterized by movable bed and streambanks that change configlJ"ation
according to erosion and deposition phenomena. Therefore, these phenomena have a direct
effect on the geometry of the chamel in that they can introduce changes in the cross section,
planform, 10ngitLdinai profile, and bed topography of the stream. Modification of these chamel
featlJ"es may 0CCLr at various rates depending on the intensity and variability of imposed
conditions and on the time scale L.n:ler consideration. llis section describes the characteriistics of
these processes and their relationship to chamel geometry.

2.4.1. Definitions

The determination of erosion hazard areas illltOlves evaluation of several erosional and
depositional processes that take place either gradually over long periods or episodically dtring
isolated events. These processes are defined as follows (Simons, U & Associates, 1985):

•
Degradation:

BACKGROUND OFRIVERINEEROSION

Lowering of the chamel bed on a sti:>stantial reach length OCClJ"ring
over a relatively long period of time in response to distlJ"bances that
affect general watershed conditions, sLd1 as sediment Sl,4Jply, n.rclf
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• Aggradation:

General Scour:

Local Scour:

Deposition:

Lateral Migration:

volume, and artificial chamal controls.

Raisil1:l of the charnel bed as a resUt of distLl"barces in watershed
conditions that produce the opposite effect to those leadil1:l to
degradation.

Loweril1:l of the streambed in a general area as a consequerce of a
short-duration event such as the passage of a flood. Examples are
the erosion zones near bridge abutments and those in the vicinity of
gravel pits.

Loweril1:l of the bed due to localized phenomena such as vortex
formation arOl.nd bridge piers.

Raisil1:l of the streambed due to a specific episode. An example is
the formation of a sand bar after a flood event. Deposition is used in
this dOCLrnent as the coLnterpart to general SCOLl".

Shiftil1:l of the streambari< alignment due to a combination of the
above vertical erosional and depositional processes. The most
common example is meander migration in the floodplain. Bari< retreat
due to mass failll"e is another example.

•
Vertical variations in the streambed are additive in that the net chaI1:le is the resUt of long- and
short-term processes. For instarce, a reach that is LIldergoil1:l aggradation due to increased
sediment yield from the watershed can also experierce general and local SCOll" as a
consequerce of flood events.

2A.2. Geomorphic Characteristics

Streams are constantly progressil1:l towards a state of dynamic eqLilibriLl11 invoMI1:l water and
sediment. The geometry of the stream LIldergoes adjustments so that the transport capacitY of
the water is in balarce with the sediment s~ply. As sediment is deposited, the newly created
terrain may be colonized by vegetation that contributes to the stability of the soil.

In earlier stages of the field of geomorphology, a stream that exlibited the ability to adjust itself
was called "graded" (Davis, 1902) to sigrify that there was a balarce between erosion and
deposition. Mackin (1948) defined the "graded stream" as "one in wlich, over a period of years,
slope is delicately adjusted to provide, with available discharge and with prevailil1:l charnel
characteristics, just the velocitY reqLired for the transportation of the load sLPplied from the
drainage basin. The graded stream is a system in equilibriLl11; its diagnostic characteristic is that
any chal1:le in any of the controllil1:l factors will cause a displacement of the eqLilibriLl11 in a
direction that will tend to absorb the effect of the chal1:le." These corcepts have been
slperseded, as more knowledge became available. For instarce Leopold (1964) points to the
excessive emphasis on slope and the fact that lateral movement is also important but is
neglected. Nevertheless, the "graded stream" is the dassical corcept that expresses the idea of
eqLilibriLl11 in rivers. Although difficUt to define, eqLilibriLl11 is a condition that implies the ability of
the charnel to adjust to chal1:les in the independent variables (sediment load and discharge) and
to attain a stable cross-sectional and 10l1:litudinal geometry. As mentioned earlier, the corcept of
eqLilibriLl11 is relative to the time scale LIlder consideration.
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NatlJ"al and artificial factors can upset this state of equilibrilJ"n. Earthquakes, large floods, climatic
changes, lJ"barization, and constrLdion of civil works in the waterway introduce changes in the
sediment supply and amol.l1t of rt.rOff reaching the stream. For example, development in the
watershed typically increases the impel"Jious area and hence the vollJ"ne of rt.rOff. Similarly,
clear-cutting of forests increases the sediment yield to the stream. Dams trap sediment and
have a reguating effect that increases low flows and reduces high flows. Charmlization projects
reduce charml length and therefore increase slopes. Diversions for irrigation or pLblic water
supply reduce the effective flows. Finally, an event sLCh as a large flood can dramatically
reshape the floodplain and increase charml width.

Engineers are interested in predicting changes in stream geometry that coud ensue from
modifications introduced elsewhere in the charml or the watershed. Thomes (1977) points to
several diffiCLdties in obtaining reliable predictions. One is the fact that there are mar'o/ ways in
which a charml can respond to change (indeterminacy). Another is that the same final
configlJ"ation can be the resut of different sequences of phenomena (equifinality). Finally,
changes may induce streams to cross certain thresholds and completely alter their morphology.

Nevertheless, adequate predictions can be made using the "regime" corx:ept, wlich states that,
for relatively constant discharges, channels reach a state of equilibrilJ"n where no net scoLring or
deposition 0CClJ"S. NatLral streams are far from experiencing relatively constant discharges;
however, regime theory is still sLitable for geomorphic analyses as long as the predictions are
applied to adjustments to eqLilibrilJ"n and not to the overall transient behavior (Chang, 1988).
\..hjer this assLrnption, the discharge is asslXned to be an independent variable affecting charml
variables sLCh as width, depth, meander wavelength, and velocity.

An example of a tool for geomorphic analysis is the widely-used Lane Relationship (Lane, 1955),
which describes the state of eqLilibrilJ"n as

(1.1)

Where Qs is the sediment discharge, d the median sediment size, Q the water discharge, and S
the charml slope. A net increase in the left side of the relationship will cause aggradation.
Conversely, a net increase in the right-side prodLd will lead to degradation The state of
eqLilibrilJ"n can be viewed in two ways. The first is one in which the geometry is in balance with a
moving sediment discharge. The second is more applicable to cohesionless sam beds in which
the sediment is at the threshold of movement. I-bwever, both views imply that there is a
threshold that controls the charml geometry (Leopold, 1964).

The Lane Relationship does not inciLde charml geometric parameters but still allows qualitative
analysis of charml response. For example, a reservoir raises the base level for the stream and
hence decreases the upstream slope. In consequence, aggradation must take place to restore
the original slope. Downstream from the dam, the sediment supply will be drastically reduced;
therefore, degradation will 0CClJ". The charml will become more sil'1.JOus to decrease the slope,
and the size of the sediment transported will increase (Chang, 1988).

SchlJ"nm (1969) used Lane's and other "regime" relations to determine qualitative responses to
various changes in charml processes. These relationships are slJ"nmarized in Table 2.3.
I-bwever, these are only general trends; charml response depends on nLrnerous factors and
varies with the scale of the phenomenon.

BACKGROUND OFRIVERINEEROSION 21



•

•

Table 2.3. Schumm's sunmary of channel responses (adapted from Charg, 1988).

Process B D FitS p

Qircreases abre (e.g., do'M1S1ream ofatreatrnertplart) I I I I ..I- ..I-

Qdecreases abre (e.g., dowrstream adiversion) ..I- ..I- ..I- ..l- I I

Q.ircreases abre (e.g., do'M1S1ream ofmirirg operations) I ..l- I I ..I- ..I-

Q.decreasesabre (e.g., afforestationorvegetation bUferirg ..l- I ..I- ..l- I I
abrg streams)

Qand Q.both ircrease (e.g., duirg ubarization) I n I I 1..1- ..I-

Qand Osbothdecrease (e.g., downstream ofa resel\Oir) ..l- n ..I- ..l- n I

Qircreases and Osdecreases (e.g., drnate charge toward a 1..1- I J, n J, I
more h.mid pattem)

Qdecreases and Q.ircreases (e.g., irrigationdiversion pkJs n n I n I ..I-

clearirg forfarmirg)

B =v.idth; D =depth; F=Widffiepth ratio; It=Meanderwavelergth; S=Sbpe; P=Siru>sity.

1= rcrease; ..I- =Decrease; I J, =h:Ieterminate

Table 2.3 irdicates that, in general, width irueases with aggradation ard decreases in a
degradirg channel. The trerds shown in the table are generalizations that must be validated
usirg site-specific data. The trerds also deperd on the time scale jl'M)lved. Analytical
determination of responses in width, depth, slope, ard bark geometry must be corducted with
physically based relationships. Some of these relations are well known; for instance, friction
formuas su::h as Mannirg's formua can be used to determine flow depths. Other variables su::h
as channel width ard planform are not so readily defined.

2.4.3. Planforms

Stream planform can vary in nunerous complex patterns (Table 2.4). A comprehensive set of
possible configLrations was presented by USACE (1994), developed after Mollard ard Janes
(1984).

There have been many attempts to derive relationships between planform ard other geometric
stream characteristics. Examples are the various equations relatirg mearder wavelergth ard
amplitLde to variables su::h as radius of CLrvatLre ard stream barkfUl width. In general, the
barkful width is the top width reslJtirg from the channel-formirg discharge. Some of these
expressions were later shown invalid for nunerous situations (Cha~, 1988). For instance,
Leopold ard Wolman (1960) conclLded that the radius of cLrvatLre of a mearder f c was given by

•
f c = 2.48
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where B is the bankfull width. I-bwever, altrough derived from data ranging from laboratory
fh.mes to the Mississippi River, tlis expression appears to be valid only for developed meanders.
As an improvement, Hey (1976) presented an altemate relationship that irduded the arc angle
sLd:>tended by the meander CLIVe. In another approach, Anderson (1967) used laboratory data
to relate meander wavelength to cross sectional area, Froude runber, and discharge. I-bwever,
Edgar and Rao (1983) showed that the resUts were not applicable to field data. The cordusion
is that these types of relationslips cannot be generalized for generic cases and that their
applicability must be dosely examined before making any decisions based on their resUts.

Nevertheless, research efforts have been valuable in providing runerous observations througrout
the years that allowed drawing of usefLJ qualitative relationships. For instance:

• Braided rivers are usually shallow and wide and tend to embit a stable width of the braided
area,

• Meanders can migrate downvalley or llldergo a periodic process of bed cut-off,

• Extreme meandering patterns are associated with flat slopes and low width-to-depth ratios,

• The total length of a natlral channel tends to remain constant. For example, sLbsequent
lengthening of other bends or creation of new meanders compensates bed cut-off.

Research indicates that, beyond these qualitative relations, a general methodology is not
available to predict planform changes in all physical settings. The most effective tools rely on
developing site-specific information based on observations COndLCted at various points in time.

• BACKGROUND OFRIVERINEEROSION 23



• Table 2.4. Planform patterns (USACE, 1994).

CHANNEL APPEARANCE
CHANNEL TYPICAL

TYPE E~RONMENT

TYPICAL BED AND
BANK MATERIALS

(a) Regular Lacusbine plain
serpentine meanders
(b) Regular sinuous
meanders
Tortuous or contorted
meanders, no cutoffs

Misfit stream in glacial
spillway channel

Uniform cohesive
materials

Uniform cohesive
materials

~~~~g,~
Downstream Sand-filled meltwater Slightly cohesive top

".//,-/ .... '/ progression channel stratum over sands
\~/.... ,...... ".....

Unconfined meanders Sandy to silty deltas Slightly cohesive top
with oxbows, scrolled and alluvial floodplains stratum oversands

Confined meandering Cohesive top strata Slightly cohesive top
over sand substratum stratum over sands
in steep-walled trench

Entrenched meanders Hard till or uniform rock Till, boulders, soft rock
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• 2AA. Cross Section

The shape of cross sections depends on n..noff, sediment yield, bed and streambali< materials,
and vegetation. A stream in a state of dynamic equilibrill11 may exlibit relatively constant cross
sections that are substantially altered only by flood events of large magnitude. Mer these
infrequent episodes, the stream tends to recover its original configU"ation. Sustained erosion and
deposition are usually the resUt of a ft..rdamental change in the fluvial system; for instance,
increased flows or sediment input. FigLCes 2.3 and 2.4 show the main mechanisms of cross
sectional changes.

The schemes in FigU"e 2.3 correspond to (a) widening without incision, (b) scou" greater than
deposition in meanders, (c) erosion due to flow deflected by a growing bar, (d) catastrophic bali<
failU"e due to instability caused by incision, and (e) erosion due to flow acceleration caused by
aggradation that redLres the flow area. In FigLCe 2.4, the mecharisms depicted correspond to
(a) formation of berms that are later colorized by vegetation, (b) deposition greater than scou" in
meanders, and (c) abandonment of a secondary channel or anabranch, or attach"nent of bars to
the floodplain.

(a) CROSS-SECTION
(b) (e)
A- A' I+-- Initial Width --l

• A~A: A~A:

I+-- Final Width ----..j r--- Final Width -I
PLAN VIEW

A A: A A' A A:

Erosion

• Deposition

A'A

(e)

A I+-- Initial Width -I A'

\lilili"''''''liiiiii'ii!'Ii'iS!
i--== Final Width =------.J

I+- Initial Width -+I

l
I---- Final Width----ol

A

A A:

(d)

•
Figure 2.3. Main mechanisrrs ofcross sectional widening (adapted from ASCE, 1998a).
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• (a)
CROSS-SECTION

(b)

A~A:

)+---Initial Width----+!

PLAN VIEW

A lili'::~~I~::::t~)A.
..

I----Initiai Width--.l

A

(c)
Final Width

A~A:
I<---Initial Width----+!

A-....:aIt~---- A:

• Deposition

•
A

Erosion

•

Figure 2A. Main mechanisms of cross sectional narrowing (adapted fromASCE, 1998a).

TOO spatial and temporal variability in the geometry of cross sections has a major influence in
hydrauic modeling and hence in floodplain delineation. Cross sections may be considered
relatively constant for low flows, but large differences may be present for greater flows. In
addition, cross sections may change sigriflCantly in a soort distance. For example, a meandering
stream has a deep portion near the outer bend whereas the straight portions between meanders
are more uiform and shallower. Cross sectional changes may also take place in engineered
channels. For instance, aggradation may 0CClJ' in a channel that was improperly designed with
excessive width.

2.4.5. Slope

fts discussed earlier, downvalley slope can be considered an independent variable for the time
scales of interest in engineering applications. The channel slope is usually flatter than the valley
slope and can be sLbject to modifications as a resUt of aggradation and degradation. The most
common example is the reduction in the channel slope as a resUt of meandering. If a stream is in
a state of dynamic eqLilibrill11 and the channel is straightened by cutting off one or more
meanders, the resUting slope will be steeper than the initial condition and the stream will tend to
lengthen its path through erosion and deposition.
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In general, channel slopes have a somewhat concave profile, which is steeper in the 4Jper
reaches of the watershed an:! becomes flat toward the mouth. This shape is the restit of
degradation in the steeper portions an:! aggradation in the lower regions. Near the mouth, the
aggradation process commony leads to the formation of deltas.

Local features can affect this natlf"al ten:!ency, sometimes severely. Geologic controls created
by rock outcrops in the channel can slow down the progression of erosion. A reservoir in the
stream causes settling of sediment an:! reduces its availability downstream. Aggradation takes
place upstream an:! degradation downstream of the dam. Channelization can cause headcutting,
which encourages degradation moving t.pstream an:! aggradation proceeding downstream. The
point along the stream marking the progression of upstream degradation is known as the rick
point. Figlf"e 2.5 shows how these processes affect channel slope.

2.4.6. Roughness and Bed Configuration

The ability of flow to remove from and deposit material on the streambed induces the formation
of featlf"es that change the bed configuration and affect the roughness properties of the channel.
Form roughness includes the bed, streambanl<s, and aligrment. The total resistance is given by
the grain roughness plus the form roughness.

Depending on the local flow conditions, bed forms may include ripples, dl.lles and antidl.lles, and
bars. Other SOlf"ces of form roughness are vegetation, bank protection rneaSlf"es, rock
outcrops, and SCOlf" holes. Figlf"e 2.6 shows the most commony fol.f'Xj featlf"es and their
variation as flow accelerates. Increasing velocities induce crossing of a threshold at which the
bed becomes flat. These changes trigger ftrther adjustments in other river geomorphologic
variables (Chang, 1988).

/
PROGRESSING UPSTREAM

---PROGRESSING DOWNSTREAM

SLOPE CHANGES CAUSED BY HYDRAULIC STRUCTURE

/
___ PROGRESSING UPSTREAM

PROGRESSING DOWNSTREAM (HEADCUTTING)

SLOPE CHANGES CAUSED BY CHANNELIZATION

•
Figure 2.5. Processes affecting channel slope (USACE, 1994).
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(a) Typical ripple pattern

_weak boil

(b) Dunes with ripples superposed

(e) Plane bed

(f) Antidunes, standing waves

Boil

(c) Dunes

Boil

(g) Antidunes, breaking waves

Figure 2.6. Various bed fonns and their progression under accelerating flow (USACE, 1994).•
----------=;=-------

(d) Washed - out dunes or transition

Breaking antidune wave

(h) Chutes and pools

Ripples are the smallest bed forms and have wavelergths of approximately one foot and heights
of less than one inch. Their shape is smooth and almost symmetrical although the slope
4Jstream coLdd be milder than downstream.

Dl.I1es are larger than ripples and are usually accompanied by gravity water waves, which are
out of phase with the dl.l1eS so that the water depth is greater over the troughs than over the
crests. The shape is usually triangLdar with a mild 4Jstream slope and a steeper downstream
slope nearly equal to the angle of repose of the bed material. Ripples are sometimes fOl..nd on
the 4Jstream slope. Eddies take place on the downstream side and lead to suface boils and
tLrbLdence.

Antidl.l1eS are bed forms in phase with the gravity water waves and are sometimes called
"standing waves." AntidLres are associated with greater flow velocities. For high velocities, the
water waves become UlStable and break towards the 4Jstream direction. The shape of
antidl.l1es varies from triangLdar to sinusoidal as the flow velocity increases.

Bars are bed forms of dimensions greater than dl.l1eS and of the order of the channel width.
Their vertical dimensions may be comparable to the flow depth. The term "point bar" usually
refers to the depositional area near the inside of a bend. Point bars may change configlJ"ation but
remain at the same location. "A1temating bars" refers to the periodic system of bars near
altemate channel bali<s. These bars introduce sil"lJOsity to the flow paths even if the channel is
relatively straight. A1temating bars are mLd1 narrower than the channel width and tend to rrove
slowly downstream.
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Beds with coarse materials tend to develop a pool-and-riffle structlre. The pools have milder
slopes and finer material whereas the riffles are steeper and contain coarser material. Armoring
is also common in these types of channels.

The formation of bed forms explains the hysteresis effects noted in rating Cl..l"lfeS. A flood event
can reshape a channel reach to the point that the roughness characteristics when the flood is
receding are different from those dLring the iritial stages. Therefore, for the same flow, the stage
may be different depending on the hydrograph limb, and the rating ClIVe may exlibit a loop.

Thee empirical methodologies are available to predict bed forms: Simons and Richardson
(1961), Athaullah (1968), and van Rijn (1984). The methodologies are applied through diagrams
that, for a given partide size and flow parameters such as Froude I1lmber, stream power, or
shear stress, indicate the type of bed form likely to be present. Chang (1988) presents methods
to estimate bed-form dimensions and include bed-form roughness in stage-discharge friction
formlias.

2.4.7. Mechanics ofSediment Transport

The bolJldaries of the stream channel are usually soil material with a given resistance to erosion.
Bed material can range from large boliders to very fine day particles. In general terms,
sediment can be cohesive, including clay, silt, and mixtlres, or noncohesive, including sand,
gravel, and larger particles. Transport of noncohesive materials is strongly dependent on particle
size. The entire size distribution of the material is needed to ascertain its erodibility. The bond
between particles in cohesive soil dictates its resistance to erosion and is far more important than
size distribution. I-bwever, size becomes important once the material has been eroded and is
transported by the flow (Simons, Li & Associates, 1985).

An important sediment transport process is the development of an armor layer in beds contairing
gravel and cobbles. Water flowing over the mixtlJ"e of sand and coarser material lifts the smaller
grains and leaves an LPper layer or armor of large particles. Tlis armor protects the lJlderlying
sediment from futher erosion and controls the sLbsequent behavior of sediment transport. A
flood event of large magritude can distlJ"b the protective layer, and the armoring process will start
again.

Sediment transport exerts sLbstantial control over morphology and channel geometric
configlJ"ation. An indicator of tlis influence is the sediment load, wlich is the rate at wlich
material moves in the stream as quantified in l..I"its of weight per l..I"it time. The transport rate is
dosely dependent on the water discharge. The sediment load has several components. The
bed load is that portion of the sediment that moves along the bottom by sliding, rolling or saltation.
The suspended load is material carried in suspension and consists of particles that can be folJld
in the bed, which become suspended due to tlJ"blience. The SlJ"n of bed load and suspended
load is known as bed-material load or total load. As will be seen later, there are equations to
estimate bed loads, suspended loads, and bed-material loads. In addition, the stream carries the
wash load, wlich is made of fine materials not folJld in the bed. The wash load does not depend
on the carrying capacity of the stream but on the amolJ11: sLPPlied by the watershed. There are
no general expressions to predict the wash load, although site-specific regression equations may
be ava~able.

Quantification of sediment transport is fraught with l.I1Certainty because of the complexity of the
phenomenon and its inherent spatial and temporal variability. Existing mathematical
representations have relied heavily on experimental resuts. Chang (1988) gr0L4>s the available
sediment transport formlias according to the approach used to derive them. Three major
approaches have been used: shear stress, power, and parametric. Formlias can also be
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2.5.

groL()ed accordi~ to the component of the total load they attempt to quantify: bed load,
suspended load, or bed-material load. Table 2.5 sLmmarizes the more commony used
formulas.

Despite the intense efforts expended in the development of these formuas, evaluation against
field data indicates that they commony overpredict or l.JlCIerpredict sediment loads by orders of
magritude of actual measLred sediment transport rates (Gomez and Ch..rch, 1989; Ya~ and
Wan, 1991). This discrepancy is likely dLe to imperfect knowledge of the physics of sediment
transport and also to the extensive variability and heterogeneity in hydrologic and geologic factors.
For these reasons, no one formua is better than the others. Selection of a sediment transport
formua must be dictated by oow well the conditions of the problem at hand match the
assLmptions Lrderlyi~ the formua. If possible, applicability of the formua sooud be verified with
site-specific field data. Collection of water samples for sediment analysis needs to be conducted
carefully and usi~ proper sampli~ protocols. When a water sample is collected, the sediment
will include both the suspended and wash loads; therefore, it is necessary to separate the two
components to verify sediment transport formuas.

Table 2.5. Sediment transport formuas and dassifications.

Sediment Transport Formula
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Load Component Bedload ./ ./ ./ ./ ./ ./

Suspended Load ./

Bed-Material load ./ ./ ./ ./

Evaluation Methods for Channel Response to Imposed Changes

The previous discussion presented the generally accepted concept that streams tend to a state
of dynamic eqLilibriLm in wtich the geometry adjusts over time in accordance with discharge and
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sediment influx patterns. Various geomorphologic variables were examined and qualitative
relationships were discussed to predict charnel geomet~y chal1.les. This section presents a
review of cLlTently available methods to predict the rnagnitLde and direction of these geometric
chal1.les.

2.5.1. Equilibrium Approaches

Several eqLilibriLm-based techiques have been used to describe cross section geometry.
These tecmques ral1.le from "regime" relationslips to complex computational models. Tlis
section presents a brief description of these techliques.

The basic approaches used in the derivation of these techiques can be dMded into tlTee broad
areas: regime theory, extremal hypothesis, and tractive force (ASCE, 1998a). The first two
categories correspond to a state of dynamic equilibrium in which sediment moves but the system
tends to a stable configuration. Tractive force methods refer to a state of static eqLilibrium in
wlich sediment particles are at the tlTeshold of motion.

Regime relationships are based on empirical methods, and numerous equations have been
published in the literature. A few of the most widely used equations for sand beds are those
proposed by Lindley (1919), Lacey (1920), Simons and Albertson (1963), and Blench (1969).
Hey and Thome (1986) present a summary of gravel-bed formuas. Regime relationslips have
significant shortcomil1.ls. Examples of these limitations are:

• The relations can be used reliably only in the geograplic region where the basic data were
collected.

• Lateral migration is generally not inclLded in the determination of hydrauic geometry.

• The use of one representative discharge (e.g., the barkful discharge, wlich is generally
considered the charnel-formil1.l discharge) as one of the main independent variables may be
insufficient to evaluate the effect of discharges in modifyil1.l the cross section. In addition,
there is uncertainty in the determination of tlis representative discharge.

• Vegetation, material resistance, sediment loads, groundwater levels and other variables
have been sometimes inclLded in the determination of geometry, but there is no consistency
amol1.l researchers regardil1.l their significance.

• Sediment load is considered an independent input variable, but its magnitLde is often
LJi<nown or uncertain at best.

Extremal hypotheses are additional mathematical conditions that complement the fundamental
fll..id mechanics equations to allow computation of all variables in sediment transport. These
conditions are usually expressed in terms of minimization or maximization of quantities such as
stream power, energy dissipation, or sediment concentration (ASCE, 1998a). For example,
Chal1.l (1988) establishes that the state of dynamic eqtilibrium in a charnel reach reqtires
continUty of sediment, mirimum stream power per unit charnel length, and uriform streal1'lVVise
power expenditure (energy slope). The computer program FLLMAL-12 was developed on the
basis of these assumptions (Section 3.5.2). Another application of extremal approaches can be
found in Yal1.l et al., (1981).

Tractive force methods define a set of conditions that are conducive to mechanical stability of
cross sections. These conditions arise from the momentum equation applied locally to particles
on the boundary and reqtiril1.l eqtilibrium amol1.l gravity, friction, and hydrodynamic forces. The• BACKGROUND OFRIVERINEEROSION 31
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previously discussed Lane's Relationship (Lane, 1955) is one resut from this approach. Tractive
force methods imply a tlTeshold channel geometry that can change in response to any variation in
the force balance. Limitations associated with tractive force formulas are:

• Channels must be straight.

• Secondary flows are negligible. This condition limits applications in meandering channels.

• Sediment must be noncohesive and uiform throughout the channel.

• The theory does not allow sediment transport, wlich contradicts field observations.

ASCE (1998a) reports developments that enhanced the applicability of tractive force methods.
Parker (1978) extended the formulation to allow sediment transport. The resuting equations are
complex and were solved only for special conditions. Ikeda et al. (1988) considered sediment
heterogeneity, Ikeda and lzuni (1990) irdLded the effect of vegetation, and Diplas and Vigilar
(1992) applied runerical solutions of the differential equations to solve for the shape of the cross
section.

All tlTee eqLilibriLm approaches (regime theory, extremal hypothesis, and tractive force) have
limitations when applied to channels of interest in engineering applications. For the plfPOSes of
this report, the two most important limitations are:

• Watershed land-use changes impose ever-changing scenarios on the fluvial system to wlich
the streams are constantly adjusting.

• Streams in arid dimates are sLt>ject to drastic changes in response to infrequent flow events.
For example, some alluvial fans embit random behavior in the paths preferred by flow
episodes. An eqLilibriLm cross section cannot be defined for these situations.

In addition, research indicates that changes 0CClf over a wide range of time scales and that, in
addition to fluvial processes, nLmerous dimatic, environmental and geotechical factors are
irM:llved. Induced effects irdLde changes in roughness, bed material composition, vegetation
cover, and planform (ASCE, 1998a). These observations suggest that prediction of cross
sectional adjustments can only be accomplished for site-specific conditions after the most
sigrificant geomorphological factors have been identified. Therefore, any prediction of channel
geometry shoud be based on soU1d field observations.

2.5.2. Fluvial Hydraulics

This section introduces the complexities and modeling difficuties in representing the rnechaJisms
irM:l1ved in fluvial hydrauics. A general review of the sLt>ject can be foU1d in KJight and Sliono
(1995).

Fluvial processes are characterized by complex f1Lid rnechaJics phenomena. Tlis complexity is
the resLdt of spatial and temporal variabilities, some of wlich have been discussed in previous
sections. The following is a SLmrnary of these variabilities (ASCE, 1998a):

BACKGROUND OFRNERINEEROSION•
Topography: Variability is due to planform configLfation and the presence of bed forms.

In addition, overflow into the floodplain dlling large-magnitLde events can
produce geomorphologic changes, wlich are very different from those
stemming from in-channel flows.
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• Roughness:

Sediment

Water and
Sediment
Transport

History of
Events:

Varies accordirg to the different materials alorg the barks and the bottom
and the additional resistance of bed forms.

Materials in the bed and the barks are heterogeneous and may inclLde
both cohesive and noncohesive soils. Armorirg prodLres a sediment
distribution different from that of the bLdk material.

These quantities are govemed by lI'lSteady phenomena. In addition,
sediment S4JPIy is the limitirg factor and does not depend solely on
transport capacity. Therefore, floods of similar magritLde may carry
different amounts of sediment.

The wrent geometric configLration of channels is a ct.rnLdative resLdt of
past events.

•

•

Models have been developed to simLdate some of the processes; rowever, the need to simLdate
variations in the cross section geometry implies that these models must be capable of some two­
dimensional representation. Three-dimensional models are reqLired to simuate important
mechanisms such as secondary wrents in bends; rowever, these models are not cost-effective
for most ergineerirg applications. Therefore, two-dimensional models remain the most
appropriate to make predictions on cross sectional charges.

One of the most significant parameters associated with movement of sediment is the shear
stress because its magritLde determines if bed and streambark materials will be eroded. In
consequence, shear stress is a critical parameter in the detirition of cross section geometry.
ASCE (1998a) presents a sLl11mary of research efforts directed at determirirg the value of the
shear stress. An important phenomenon is the redistribution of shear stresses l.I1der overbark
flow conditions duirg large floods, which tends to affect the sediment transport rate. Dependirg
on the direction of the effect, this stress redistribution can lead to erosion or deposition and thus
to significant cross section adjustment.

Variations in the 10rgitLdinai direction present computational challerges. For instance, many
simLdation models depend on the detirition of cross sections representative of channel reaches.
Therefore, some kind of averagirg must be conducted to prodLre computational sections, which
are not what exists in the channel in reality. The need for a similar procedlfe arises when
selectirg a value for the friction slope representative for the channel reach. This slope directly
affects stream power, which is a fLrdamental quantity in movable-boLrdary models based on
extremal hypotheses. As a consequence of these facts, any prediction in cross section charges
shoLdd not be applied to a partieuar section but must be associated with the reach. In addition,
streamwise averagirg can be partieuarly complicated duirg overbark flow due to new flow
pattems that may develop (ASCE, 1998a). For example, in meanderirg streams the sirwsity of
the flow paths can vary dependirg on the elevation of the water strface.

In prirciple, processes ocetrrirg at the barks are directly responsible for charges in the cross
section geometry. Velocity, shear stress, secondary wrents, and ttrbuence in the near-bark
area control these processes. Knowledge of these processes is imperfect, as evidenced by the
above-mentioned difficUties in ascertairirg the physics of these phenomena. Tools based on
empirical analyses are available to determine the magritLde and distribution of shear stresses
(ASCE, 1998a). WIThin the computational limitations, determination of shear stresses is an
important step. I-bwever, although the shear stress is the most important variable, it is not the
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• only one, and its role must be analyzed in corjLnCtion with a general geomorphic context, the
channel type, and the location in the watershed.

2.5.3. Streambank Stability

In addition to hydrodynamically induced erosion and deposition, another important mechanism in
defining changes in cross section geometry is the OCClJ"rence of mass failll"e of the streambanks
(Photograph 9). ASCE (1998a) discusses seven factors affecting the loss of material in the
streambanks:

•

•

Bank Erosion:

Weakening of
Erosion
Resistance:

Mass Failure:

Basal Endpoint
Control:

Vegetation:

Seepage:

This erosion is the result of hydrodynamic drag, wnch detaches particles
and mixes them with the flow. Grain size and its distribution and the bonding
mechanism among particles dictate resistance to erosion. Erodibility varies
in space due to the various strata along the streambank and the presence
of local heterogeneities. f\bncohesive materials resist primarily by means of
their sLbmerged weight and, to some degree, from grain interlocking.
Cohesive materials resist through particle electrochemical bonding. Critical
shear stresses for cohesive materials are difficUt to determine; however,
research indicates that they are greater than for noncohesive particles.
Consequently, cohesive banks tend to erode less than noncohesive banks.

Erodibility can be increased by weathering processes that tend to loosen
particles. Some of these processes inclLde, freeze-and-thaw cycles and
cracking caused by swelling and shrinkage.

Geotechr1ical stab~ity of banks is similar to slope stab~ity and depends on
the height of the bank and cohesion and friction forces. Failll"e can 0CClJ" as
a plane slip or rotational slip of the soil wedge (Thome, 1982) or toppling of
a vertical slice triggered by a tension crack (Thome and Tovey, 1981).
Another possibility is the failll"e of a cantilever configll"ation associated with
toe erosion (Thome and Tovey, 1981). Mechanisms that trigger mass
failll"e inclLde incision of the channel that increases bank height or, as
mentioned earlier, erosion of the bank toe. FigLf"e 2.7 shows schematics of
these failLf"e mechanisms. Applications of these failLf"e schemes can be
fOl.nd in Darby and Thome (1996a), Thome and Osman (1988), and
Osman and Thorne (1988).

This factor refers to the ability of fluvial erosion to remove the material
deposited by mass failLf"e. If the flow can remove t1is material and continue
eroding the bank, the section will be eliarged. If the flow is lJ'lable to
remove all of the material, a berm will be formed and the section will be
narrowed.

Vegetation tends to increase the stability of material and hence redLCe
erosion rates. Vegetation may aid or prevent mass failll"e. Despite the
evidence that vegetation influences soil erosMty and erodibility and mass
failll"e, there is insufficient lI"Xlerstanding about the complexity of tns role.

Pore pressLf"e increases can be triggered by rapid drawdown of water in
the channel, leaving satLf"ated banks. The water then seeps from the banks
into the stream and may cause piping that leads to erosion of soil layers.
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Bank Advance: This term ercompasses all mechanisms that lead to narrowirg of the
section due to deposition. Morprological charges can cause aggradation
and creation of berms. Colonization by vegetation improves the stability of
these berms.

An important limitation of the Osman-Th::>rne stability analysis procedLres is the fact that pore­
water and hydrostatic confinirg pressures are not inch.oed. Another limitation is that the plane of
failure is assumed to pass tlTough the toe of the embari<ment. This prevents applicability to
4=lper bari< failures, which have been fOLrd to be common (ASCE, 1998b). Simon et al. (1991)
solved some of these srortcomirgs.

Photograph 9. Mass failure of strearrbank caused by ninor flooding event.
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Figure 2.7. Mechanisms ofbank failure. (a) planar slip, (b) rotational slip, (c) toppling, (d) cantilever shear,
(e) cantilever rotational, (f) cantilever tensile (ASCE, 1998a).
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2.6. Computational Models

The foregoi~ sections eviden::e the fact that quantification of geometric cha~es in channel
geometry is a difficUt task and that prediction tools need to be improved to obtain reliable resUts.
Several tech1iques have been introduced in previous sections. This section presents a sLmmary
of curently available computational models to predict geometry cha~es. The material in this
section is a Stmrnary of a comprehensive review prepared by the American Society of Civil
E~ineers Task Committee on Hydrauics, Bank Mechanics, and Modeli~ of River Width
Adjustment (ASCE, 1998b).

Simuation of these complex temporal and spatial phenomena depends on the formuation of a
con::eptual model to represent the physical setti~. Spatial con::eptualization can be
accomplished by selecti~ cross sections at given intervals to represent the channel configlJ"ation.
For most practical applications, the simuation time spans years or decades. The soil material
must be represented by a discrete selection of representative grain sizes.

The next step is to select a computational model for the problem. Models can ra~e from
empirical equations based on field data to physically based ntmerical models. N..rnerical models
are comprised of modues that simuate individual but coLpled processes. Some of these
moduesare:
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• Hydraulic Module:

Bank Process Module:

Sediment Transport Module:

Quantifies the flLid mecharics variables in the flow field,
chetly velocities and water-suface elevations.

Defines streambark retreat or advance as a resUl: of
hydrodynamically indLred erosion and deposition.

Simuates the movement of sediments tlTough the channel
reach. .

ASCE (1998b) reviews 12 nunerical models available to the errJineerirrJ and scientific
commU1ities to simulate channel geometry charrJes. The followirrJ paragraphs describe the main
featLres of these models.

2.6.1. Modeling Approach

The 12 models are based either on a geofluvial or extremal approach. The "geofluvial" approach
couples flow and sediment transport modules with bark erosion and failLre modues. As
described in section 2.5.1, the "extremaF' approach is an eqLilibriLm approach based on
mirimization of energy expenditLre that tends to yield the final configLration of the channel. The
models are listed in Table 2.6 alorrJ with the modelirrJ approach they follow.

Table 2.6. Twelve computational models to predict channel geometry charrJes (ASCE, 1998b).

Model Approach Reference

• Darby-Thome Geofluvial, cohesive bank Darby and Thome (1996b)

CCHEBank Geofluvial, noncohesive bank Li and Wang (1993)

Kovacs-Parker Geofluvial, noncohesive bank Kovacs and Parker (1994)

Wiele Geofluvial, noncohesive bank Wiele (1992)

RIPA Geofluvial, cohesive bank Mosselman (1992)

Simon etal. Geofluvial, cohesive bank Simon etal. (1991)

Pizzuto Geofluvial, noncohesive bank Pizzuto (1990)

STREAM2 Geofluvial, cohesive bank Borah and Bordoloi (1989)

GSTARS Extremal hypothesis Yang etal. (1988)

FLUVIAL-12 Extremal hypothesis Chang (1988)

Alonso-Combs Geofluvial, cohesive bank Alonso and Combs (1986)

WIDTH Geofluvial, cohesive bank Osman (1985)

• BACKGROUND OFRIVERINEEROSION 37



•

•

•

2.6.2. Hydraulics

Models can be are-, two-, or tlTee-dimensional. A fouth category, quasi two-dimensional,
represents the cross section with a series of ore-dimensional stream tLbes.

Models can be steady or lIlSteady. All intermediate approach is to discretize the hydrographs
into steps where flows are assumed steady. This approach is termed "stepped hydrograph" in
ASCE (1998b). Other special enhancements to the hydraulic module include secondary flows,
near-bank lateral shears, and spatial and temporal variability of friction factors.

Friction losses can be modeled using a variety of flow resistance formulas. All important
enhancement would be the inclusion of bed-form resistance, which is not implemented in any of
the models investigated.

Table 2.7 sl.ll1marizes the main features of hydraulic modeling for the 12 models.

Table 27. FeatLl"es of flow routing stbmodels of reviewed models (ASCE, 1998b).

Model Dimension Discharge Secondary Lateral Friction Flow
Variation Flows Shear Factor Resistance
WrthTime Fonnulasb

OarbyThoIre Quasi20a Stepped No Yes limeard Stickler
t¥lrograph space

variable

CCHEBark 3D Ursteadyfbw Yes Yes Constart KeLiegan

Kovacs- 20 Steadyfbw No Yes Constart KeLiegan
Parker

Wiele 20 Steadyfbw No Yes Constart KeLlegan

RPA 20 Stepped Yes No Constart Specified
t¥lrograph

Sirnonetal. Quasi20a Stepped No No limeard Stickler,
t¥lrograph space Oarcy,ard

variable Chazy

PizzUo 20 Steadyfbw No Yes Constart Einstein

S1REAM2 10 Stepped No No Constart Specified
t¥lrograph

GSTARS Quasi20a Stepped No No limeard Stickler,
t¥lrograph space Oarcy,ard

variable Chazy

FLWlA.L-12 10 Ursteadyfbw Yes No limeard Sticklerard
space BlOwie
variable

Abnso- 10 Stepped No No Constart Specified
Combs t¥lrograph

WDTH 10 Stepped No No limeard Stickler
t¥lrograph space

variable

aQuasi20 models refer to th:Jse models tratsimlJate lateral variationofbed topograpty1lToLgh use ofrnIJIiple one-dimensioral

stream bJ:Jes.

bStickler=Stickler(1923); KeLlegan= KeLlegan(1938); Einstein=Einstein (1950); BlOwie =BlOwie (1983). Noneof1l'ese

formt.las accolrtfor1t'e effecls ofbed forms.
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2.6.3. Sediment Transport

Sediment transport is usually estimated by applyi~ the velocity field to the bed material
properties. The sediment continuity equation is used to determine if sediment will be eroded or
deposited.

The models reviewed use a variety of sediment transport methods (Table 2.4). Some models
only allow the use of one formLda, whereas others offer mLdtiple croces to the user. As
discussed in Section 2.4.7, sediment transport calcLdations shJLdd use formLdas that were derived
with materials that resemble the conditions of the problem to be solved. Even ll'der these
circunstances, large variations in the sediment transport rates shJLdd be expected.

Cha~es in the bed topography are a reslit of the net accllYlLdation or removal of material, wnch
can be computed through the sediment continuity equation. Net flux across the channel reach
shJlid account for Io~itudinal and transversal variations of the sediment influx. Nevertheless, a
simplified version of the contirUty equation is routinely implemented alo~ with assllYlptions to
distribute the sediment loss or gain alo~ the channel reach and across the flow section. These
assllYlptions are more restrictive for one-dimensional models. Only three of the models reviewed
do not allow variations of the sediment influx in the lo~itudinal direction. t-bwever, only six out of
the twelve allow transversal sediment influx variations.

All of the models perform bed load computations. seven models allow computation of
suspended loads. Sorti~ of sediments is related to armori~ and is an important mechanism
because it dictates the hydraLdic resistance properties of the bed. Only six of the models allow
for modeli~ of sorti~.

Table 2.8 summarizes the properties of sediment transport equations used in the models
reviewed.

2.6.4. StabilityofStreambanks

Table 2.9 compiles the key featlres of the reviewed models related to the handli~ of mechanical
stability of the streambanks.

As described in earlier sections, cha~es in streambank geometry are caused by gradual erosion
and deposition and mass faillJ"e episodes distributed alo~ the length of the river reach. Most
models simLdate bank retreat due to shear erosion, but only one of the models reviewed
simLdates channel narrowi~ due to deposition. Models based on extremal hypotheses
(GSTARS and FLlNlAL-12) do not have modLdes to simLdate bank stability processes.

SimLdation of fluvial entrainment of bank materials is ential to determine the rate of bank
movement as a resUt of both mass faillJ"e, gradual erosion, and deposition. Only one of the
models reviewed does not simLdate tns process. t--bne of the models include the effects of
vegetation, wave action, seepage-indLred pipi~, or other nonfluvial processes on bank advance
or retreat. t--bne of the models has the capability to accolllt for layered or otherwise
heterogeneous streambank materials. Erosion of cohesive materials is simLdated by some of the
models, but the empirical methods employed are not very reliable (ASCE, 1998b). Mass faillJ"e
of cohesive streambanks is simLdated in several of the models usi~ the procedlJ"es developed
by Osman (1985) and Osman and ThJme (1988). Some of the models can simLdate planar and
Cl.I"ved faillJ"e sufaces.
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Table 2.8. Sediment transport characteristics of reviewed models (ASCE, 1998b).

Model Transport Routing Bed Stream- Trans-Verse Bed Susp. Sorting
Equations Method Material Wise Flux Flux Load Load

Difference Difference

Oarby-Th:>Ine Ergelrdard Q.Jasi20 Sard Yes Yes Yes Yes Yes
Hansen(1967)

CCHEBali< Meyer-Peter- 20 Grawl Yes Yes Yes No No
MLJer(1948)

Kovacs- Kovacsard 20 Grawl No Yes Yes No No
Parker Parker(1994)

Wiele Parker(1979) 20 Sardl No Yes Yes No No
ard Meyer- Grawl
Peter-MUier
(1948)

RPA Ergelrdard 20 Sardl Yes Yes Yes No No
Hansen(1967) Grawl
ardMeyer-
Peter-MUier
(1948)

Simoneta/. Yarg(1973, Q.Jasi20 Sardl Yes No Yes Yes Yes
1984),Ackers Grawl
ardWlite
(1973),ard
Ergelrdard
Hansen(1976)

PiZZlio Parker(1983) 20 Sard No Yes Yes No No

S1REAM2 Yarg (1973), 10 Sardl Yes No Yes Yes Yes
Grat (1971) ard Grawl
Meyer-Peter-
MlJer(1948)

GSTARS Yarg(1973, Q.Jasi20 Sardl Yes No Yes Yes Yes
1984), Ackers Grawl
ardWlite
(1973),ard
Ergelrdard
Hansen(1976)

FUN~-12 Yarg (1973), 10 Sardl Yes No Yes Yes Yes
Parkereta/. Grawl
(1982), Ackers
ardWlite
(1973), Ergelrd
ardHansen
(1967), ard Grat
(1971)

Abnso- Abnsoeta/. 10 Sardl Yes No Yes Yes Yes
Combs (1981) Grawl

WDTH Ergelrdard 10 Sardl Yes No Yes Yes No
Hansen(1967) Grawl
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Table 2.9. Streambark stability characteristics of tre reviewed models (ASCE, 1998b).

Model Deposition Fluvial Type ofBank Longitudinal Cohesive Non-
Entrainment Failure ExtentofFailure cohesiveb

Included

Darby-llDrre No Yes PlararlCuved Yes Yes No

CCHEBark Yes Yes None No No Yes

Kovacs-Parker No Yes None No No Yes

Wiele No Yes None No No Yes

RPA No Yes Plarar No No No

SimonetaJ. No Yes Plarar No No No

PiZZlio No Yes None No No Yes

S1REAM2 No Yes Plarar No No No

GSTARS a a a a a a

FLlM\L-12 a a a a a a

Abrso-Combs No No Plarar No No No

WDlH No Yes PlaranCuved No No No

a Models based on emmal twotheses do rotirdrle barkmecharics modlJes

b Assumed urorm insize

For oorcoresive barks, an important improvement was tre introduction of tre vectorial bed load
equation by Kovacs and Parker (1994), which extended sediment transport corrputations for
large angles. With this capability, tre method can be applied to longitudinal and transversal
slopes 4J to tre angle of repose of tre material. Nevertreless, th3 method coud be futrer
improved with tre co4Jling of two- or three-dimensional flow models to describe tre near-bark
flow field.

All but one model aSSLme that mass failLCe OCCLCS uiformly along th3 reach length. This
assLrnPtion coLdd overpredict mass waste material and was relaxed in tre Darby-Thome model
with tre introduction of a probability of failLCe.

Models FLWlAL-12 and GSTARS based on extremal hypothesis attempt to predict eqLilibriLrn
charnel morphology, and rerre tre resut is total change in tre cross sections instead of th3 rate
at which this change OCCLCS. A portion of tre total change is assigned to tre barks and tre
remainder to tre bed. I-bwever, th3 user must specify tre distribution of th3 streambark change
between tre two barks. According to ASCE (1998b), tre procedLCes implemented in these
models are plausible for oorcoresive materials but inapplicable to cohesive sediments.

2.6.5. Future Directions

The ASCE (1998b) review of available models to simuate geometry changes concludes tre
following:• BACKGROUND OFRIVERINEEROSION 41



•

•

• Some level of prediction is possible with the existi~ knowledge and tools.

• Of the two major approaches, extremal and geofluvial models, the latter seems to be the
most promisi~ although at tns time the models have not fuly transitioned to the e~ineeri~

commLnity.

• No one of the existi~ models seems to be lJ1iversally applicable to all cases.

• Few appropriate data sets exist for rigorous testi~ of available models.

The ASCE (1998b) review lists a series of topics that are critical to improve clITent knowledge of
fluvial geometry adjustment:

• Improvement of cLrrently available models through use of better slbmodels for hydrauics
and bark mechanics.

• AcqLisition of comprehensive field and laboratory data for model testi~ and verification.
These data must irclude cross sectional Sl.l'\l6ys, bed material size distribution and
geotechnical characteristics, and discharge and sediment transport records.

• Better characterization of the boLrdary shear stresses.

• Improved bark mechanical stability modues to properly simulate erosion of cohesive
material and distribution across the channel.

• Definition of the I~itudinal extent of mass faillJ"e.

• Definition of the role of vegetation on flow and geotechnical stability.

• Quantitative models for bark advance and retreat.

• Improvement in the definition of shear stresses for entrainment of cohesive materials.

• Better t.rderstandi~ of the dominant discharge.

• Expansion of bark faillJ"e mechanisms to other commonly observed collapse scenarios.

• U1derstandi~ of the role of overbark flows in cross sectional adjustment.
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• 3. Literature Review

3.1. Research Sources and search

The study team began with an in-depth search of existirg methodologies in use to predict riverine
erosion with emphasis on case studies. A search on the Internet led to identification of several
databases that contained information on the slbject. These databases included American
Geophysical Ulion, American Society of CMI Ergineers, U.S. Geological SLlVey, Urover
(commercial database) and l.lIiversity library databases. The plblication types included marwls,
j0Ul181 articles, proceedirgs, case studies, reports, and textbooks. In addition, applicable literatll"e
was also foL.nd through the team's knowledge and experience in this slbject.

There were three levels of screenirg: an initial screenirg for relevance, a second screenirg for
apparent applicability, and final screenirg to select key docunents. The initial screenirg was
performed usirg key words in database search queries. This iritial screerirg yielded several
h..rdred articles. Abstracts were read when available, and docLrnents were selected for apparent
applicability.

This second screerirg yielded 108 pieces of literatll"e (see Appendix). These pieces of literatll"e
were obtained and briefly reviewed. From tlis list of 108, 35 articles were selected and then
flI"ther cLdled to12 that appeared to have the most promise.

•
3.2. Uterature Summary

To dOCLrnent the resLdts of the literatll"e search, a database application was specifically developed
usirg Microsoft Access. The docLrnents foL.nd in the second level of screerirg (108) were
entered into the database usirg two fonns. The first form contains iritial basic data elements
includirg: article title, reviewer's initials, review date, where it appeared OOUl18I, periodical, etc.),
authors, date of article, nLrnber of pages, iritial reaction to article, and an assessment as to
whether or not the article reqLires fll"ther investigation. If the article reqLired more in-depth
investigation, the second, more detailed form was completed.

The second form included the followirg elements: geograplical location, state and f100dirg
SOll"ce, category of analysis (historic, geomorphic, mathematical), reguatory application or
potential cost information, mappirg feasibility, 6mitations or qualifications, short Sll"nmary of the
dOCLrnent, key words, and a list of relevant references mentioned in the article.

•

3.3. Selected Documents

From the final screerirg, 35 dOCLrnentS remained, and additional criteria fLJ"ther redLCed tlis set
of dOCLrnents to 12. These criteria included geograplic coverage, practical applicability,
mappability, and potential to derive cost information. An attempt was also made to have
representation amorg the three categories of analysis: Iistorical, ergineerirg and geomorplic
methods, and mathematical models. Each of the 12 dOCLrnentS was studied in detail. A
sll"nmary for each is presented in Chapter 4.
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• 4. Analysis of Case Studies

The twelw case stLdies selected covered portions of the Midwestern and Western Ulted
States. FigLl'e 4.1 shows approximate locations of the stLdy areas. The states irM:>lved are:

• Arizona
• Galiforria

• IIlirois

• Iowa
• Mimesota

• Missoui

• Nebraska

• New Mexico

• Texas

• LJl:ah

• Wastirg1:on

• WlSCOl1Sin

A SLl'nmary of basic characteristics of the stLdy sites is shown in Table 4.1.

Figure 4.1. Location ofcase studies.

U. Mississippi/Illinois
Waterway Study

Iowa Streambank
Erosion Study

Platte River, NE
Geomorphic Study

Santa Cruz River, AZ
Geomorphologic Study

Rillito Creek, Tucson, AZ
Probabilistic Study

Arizona Lateral
Migration Standards

Utah River Stability
Studies

King Co., WA
Channel Migration

San Diego Co., CA
Alluvial Studies

•
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• Table 4.1. SLmmary of case studies

CaseStlK:lyli~e Loca~on Drainage Area (m2
) Stream Type StlK:lyMettDdCategory

Atv1AFCA Sedimertand Al:JLquerque, New 1-100 Arroyos Geomorpticand

Erosion DesignGLide rv1eJGCO engireering analy.lis

hlertoryand Analysis of 14streams in Mirresola iiormation notavailable Pererrial Geomorptic (using
Stream rv1eander tistoric dala)

Problems in Mirresola

A ProbabiisticApproach Rillito Creek, nearTu::son, 920 Ephemeral Mathematical (using

to the Special Arizona tistoric dala)
AssessrnertofRiver

Ch3rrel rstabiity

Geomorprobgyard Sarla CIUZ Riverbasin, 3,640 Ephemeral and pererrial Geomorptic (using

Hy:lrobgyofthe Sarla Arizona tistoric dala)

CIUZ River, SoUheastem
Arizona

San Diego CoLrtyAlMal San Diego CoLrty, 40. (Modelh3sbeenn.n Ephemeral and pererrial Mathematical rrxxIeing

StlK:lies Caiforria for1-105 mi2)

CityofAustinTectrical Austin, TeJas 1-30 Ephemeral and pererrial Engineering and

Proceduesfor geomorpticanaiyses

Watershed Erosion

Assessrnens

RiverSlabiityStu:ly, VirginRiver, Sarla Clara 550-3,800 Ephemeral and pererrial Geomorptic

Virgin River, Sarla Clara River, and Ft Pieroe

• Riverand Ft Pierce Wash basin:;, utah

Wash, VidrityofSt

George, utah

Hy:lrobgic and Platte River basin, iiormationnotavailable Pererrial Geomorptic

GeomorpticStlK:liesof Nebraska

the Platte RiverBasin,

Nebraska

Streambarl< Erosion EastNishnabotna River 960-1,450 Pererrial Engineering analy.lisVvith

Abng TIM) Rivers h bwa and the Des Moines geomorpticanaly.lis

River,bwa using tistoricdala

Ch3rrel Migration Sroquamie, Toll, Raging, 30-360 Pererrial Geomorpticand

StlK:lies inKing CoLrty, and Green Rivers, King engineering analy.lis

Wastington CoLrty, Wastington (using tistoric and fiek:l

dala)

Barl< ErosionFiek:l UpperMississippi River 28,900 mi2, for lnois Pererrial Geomorpticand

SLI\\9YReportofthe and IinoisWaterway, Waterway engineering analy.lis

UpperMississippi River Mirresola,Wiscol"5in, (using the fiek:l dala)

and IinoisWaterway bwa, Iinois, and MissoLli

Arizona Slandan:ls for Arizona, stateVvide iiormationnotavailable Ephemeral and pererrial Geomorpticand

Lateral Migrationand engineering analy.lis

Ch3rrel Degradation
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4.1. AMAFCA Sediment and Erosion Design Guide

Document TiDe: Sediment am Erosion Design Guide (AMAFCA 1994)

Agency: A1blXJuerque Metropolitan Arroyo Flood Control Authority

Authors: Robert Musseter, Peter Lagasse, am Michael Harvey

Date: March 1994

Study Method Geomorphic am ergineerirg analysis
Category:

4.1.1. Overview

The AMAFCA Sediment and Erosion Design Glide is a comprehensive design manual containirg
procedures to analyze arroyos am to design control projects. In this doo..ment, hydrologic,
hydraulic, geomorphic, and sediment transport aspects are evaluated for the A1bLK:luerque, New
Mexico, area am specifically for the arroyo drainage system. The analysis procedll"es consist of
ttree levels of analysis with increasirg degree of complexity.

Level 1 is a qualitative study based on planform analysis am bed material evaluations. This level
of analysis is appropriate for cases with limited SOll"ces of information. Level 2 is an engineering
analysis that provides a ClJ"nuiative assessment of channel adjustment based on detailed studies
of bed am bark materials, sediment transport properties, am quantification of channel changes
am local SCOll". This level of analysis can be implemented using a moderate amoLl1l: of
resoll"ces. Level 3 is the most complex level am reqLires application of mathematical am
physical models to simulate the effects of flooding on channel geometry. The Glide concentrates
on Levels 1 am 2; a brief description of Level 3 is given.

The AMAFCA Sediment and Erosion Design Glide defines hazard areas in the form of setbacks
am discusses several erosion control am coLl1l:ermeaSlJ"e criteria. This manual is an application
am L¢ate of a similar dOClJ"nent prepared by Simons, U & Associates (1985).

4.1.2. Detailed Description

This manual provides specific relevant information on hydrologic analysis, the hydraulics of alluvial
channels, am sediment transport analysis. The dOClJ"nent also proposes gLidelines for
assessing the evolutionary stage of arroyos am forecasting the impact of development in the
transformation of existing drainageways into arroyos.

The information presented defines channel design criteria am areas sul:>ject to erosion.
Setbacks, defined in terms of the concept of "Prudent Line," are used to mark a zone of
l.Jl8cceptable erosion risk. The "acceptable risk" in the Prudent Une concept is defined in terms
of the potential flooding effects of a 10o-year event OCClJ"ring at any time within a 3O-year period.
Also included is the ClJ"nuiative erosion effect of all other storms weighted by their probability of
OCClJ"rence.

The AMAFCA Glide provides concise descriptions of geomorphology, watershed processes,
am arroyo channel dynamics. Related topics include rainfall-rt.roff processes, sediment yield,
channel incision am widening, alluvial channel hydraulics, sediment transport, channel adjustments
am stability, am local SCOll". I-bwever, the most important component of the manual in
connection with REHAs is the application of the Prudent Line concept.• ANALYSIS OF CASESTUDIES 46



• Tre general approach is to analyze a given problem with progressively more complex tectriques.
Following the premise that aCCll"ate results can be obtained wlile minimizing costs, analyses can
begin with a qualitative approach, contirue with basic quantitative tecmques, ard, if necessary,
use complex modeling procec!Lres. Tre three levels of the approach are as follows:

• Level 1- Geomorplic and Other Qualitative Analysis

• Level 2 - Basic Engineering Analysis (Hydrology, HydraLiics, and Sediment Transport)

• Level 3 - Mathematical and Physical Model Studies

Tre plJ"POse of this multilevel approach is twofold. First, it allows appropriate characterization
tectriques to be selected according to available data. second, the sequence provides insight
and direction for progression to the next more complex level based on information gathered at the
previous level. As more data become available, iterations among the levels allow for more
accurate solutions. In addition, the approach allows conclusions among the levels to be cross­
checked.

4.1.2.1. Level 1 - Geomorphic and Other Qualitative Analysis

•

Tre foL.rdations of a Level 1 study lie primarily on f1L111ial geomorph:>logy and channel rnecharics.
SuccessfLi application of these concepts requires soL.rd knowledge and considerable practical
experience. Tre goal of a Level 1 study is to develop an L.rderstanding of the f1L111ial system's
response to watershed changes and thus be able to predict changes in bed geometry. In Level
1, geomorplic principles that are applied to predict channel response reqLire limited data but
provide a qualitative assessment.

Data for Level 1 must be able to characterize the conditions of the channel and demonstrate
evidence of trends and changes in the f1L111ial system and the watershed. Tre following are
examples of tlis information:

• Area, vicinity, site, geologic, soils, and land use maps

• J\erialph:>tographs

• Notes and ph:>tographs from field inspections

• Hstoric channel profile data

• Bridge as-bLiIt drawings and cross-section data

• Existing and planned h..man activities (lI"barization, dearing, channelization, sand and
gravel miring, bend cutoffs, dam construction, reservoir operations)

• Bed and bank material characteristics

• Discharge regime

• Data on morph:>logical changes

Tre steps irMllved in Level 1 investigations are described below.

step 1- Define Channel Characteristics

Krowledge of the arroyo or drainageway characteristics provides a basic description of channel
behavior in time and space. Channel incision, widering, and other featlfes are indicators of past
and present stability of channel alignment and banks. Bank stability is measlfed in terms of the
"geotectrical stability nLrnber," wlich is equal to the ratio of bank height to a critical bank height.
Channel stability is assessed by means of the "hydraLiic stability factor," wlich is the ratio of the
desired sediment SLPply to the actual SLPply.• ANALYSIS OFCASESTUDIES 47
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Step 2 - Evaluate Watershed Conditions

T1is step seeks to evaluate sediment yield in response to watershed processes. Evaluation
factors include land use, tunan activity, and vegetation. Cha~es in these variables are dassified
qualitatively; for instarx;e, vegetation can be increasi~, damaged, destroyed, or l.I1Cha~ed. The
objective of this step is to correlate watershed cha~es with channel instability to Ulderstand the
system's response.

Step 3 - Assess Overall stream Stability

The AMAFCA Glide includes charts to interpret planform characteristics as predictors of stability.
Possible channel forms cover straight, meanderi~, and braided patterns. The charts allow
overall stability to be evaluated based on the geotechical stability runber and the hydraLdic
stability factor.

Step 4 -Evaluate Lateral Stability

Field inspections and material analysis can reveal bank configLrations that may lead to failLre.
Alternatively, the bank stability analysis can be completed from data on bank position at different
points in time as indicated in aerial photographs. This step shoLdd also seek to identify any
potential avulsion effects.

Step 5 -Evaluate Vertical Stability

Data records dui~ several years are usually necessary to detect cha~es in bed elevation.
Qualitative assessment of vertical stability problems can be obtained through the use of the Lane
Relationship (Lane, 1955), sediment continLity, or channel dynamic eqLilibrilJ11 corx;epts.

Step 6 -Evaluate Channel Response to Change

The previous steps provide information for Ulderstandi~ channel responses to cha~es or
potential responses to proposed cha~es in the watershed. The Lane Relationship is an
example of a tool to predicts overall channel cha~es.

4.1.2.2. Level 2 - Quantitative Geomorphic and Basic Engineering Analysis

Level 2 improves the general information provided by Level 1 because it assigns quantitative
meaSLres to the general cha~es predicted. Level 2 relies mostly on basic e~ineeri~ principles
to quantify responses. The techrliques used include evaluation of lo~itudinal slope cha~es,

analysis of bed and sediment materials, sediment transport relationships, and frequency analysis
for water and sediment.

The data needed for this analysis includes the followi~ types of hydrologic, hydraLdic, and
sediment transport analyses and information:

•

• Watershed geometry

• Channel geometry

• Hydraulic channel data (roughness, cross sections, alignment)

• Streamflow records

• Land use, soils, and geologic data

• Sediment discharge records
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• Flood frequency records

• Flood hydrographs and dominant discharge

• Particle size gradations

• Reservoir operation policies and sedimentation data

• I-o/drologic and hydraLdic modeling

The following are the steps to be conducted dLling Level 2 investigations.

Step 1- Evaluation ofFlood History

I-o/drologic characterization is critical in understanding the response and morphJlogic evolution of
arid lands. For instarce, arroyos in the Albuquerque area only exhibit flow in response to
individual rainfall events. Analysis of changes in arroyo channels reqLires the development of a
flood frequency cuve for the 2-, 5-, 10-, 25-, 50-, and 100-year events. The MIIflFCA Glide
recommends making an analysis of hydrographs in arroyos using the Development Process
Marual for the City of Albuquerque (City of Albuquerque, 1993).

Step 2 - Evaluation ofHydraulic Conditions

Stability analysis reqLires knowledge of flow characteristics, inclLding velocity, flow depth, top
width, and other similar variables, to assess SCOLl" and sediment transport capacity. A hydraLdic
evaluation can be conducted using l.Jiform flow equations and hydraLdic-profile computer models
(e.g., 1-EG-2, I-EG-RAS). The AMflFCA Glide provides gLidelines to evaluate the relationships
between water sLrface and bed configLl"ation in sand beds. Equations are provided to determine
the amotnt of resistarce opposed by sand-bed channels. Classic corcepts of water sLrface
superelevation at bends and supercritical flow are used to complement the analysis.

Step 3 - Bed and Bank Materials Analysis

This step is essential to establish channel stability conditions and to conduct sediment transport
analyses. Level 2 reqLires a detailed analysis of bed and bank materials to evaluate the
erodibility and stability of the channel, which are fll'ctions of the grain size distribution.
Techliques to measLl"e grain sizes and determine distributions inclLde sieving, phJtographic
methJds, and sedimentation methJds.

When the above methJdologies are not applicable because of particle weight limitations or the
preserce of thin sLrficial layers, sampling techliques shJLdd be applied. The dOCLrnent provides
a refererce to areal, grid, and transect sampling (Kellerhalls and Bray, 1971) and discusses the
application of grid sampling.

Step 4 - Estimation of Watershed Sediment

Sediment production and transport in a watershed Ldtimately determine the amou1l: of material
reaching the stream network. Detention facilities are an important consideration. For instarce,
reservoir trapping of the sediment load may have serious consequerces in the sediment transport
regime downstream of the dam. The analysis must first obtain a qualitative evaluation of
sediment SOLl"ces and erosion processes. Nevertheless, sediment quantification tends to be
imprecise. For this reason, assessments are better conducted by analyzing changes indLCed by
distLrbarces in the watershed with respect to a baseline condition. The MIIflFCA Glide
recommends the use of the Pacific Souttwest Interagency Committee's rating methJdology for• ANALYSIS OFCASESTUDIES 49
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sediment yield (PSIAC, 1968) and the application of the Modified U1iversal Soil Loss Equation
(MUSLE).

Step 5 - Evaluation ofBedArmoring Potential

Incipient motion analysis can be used to assess relative channel stability. The critical point of
balance between hydrodynamic and friction forces can be determined tlTough the use of the
Shields relation, which relates particle diameter to shear stress. Determination of the critical
particle size for a rarge of discharges provides insight into the potential disruption to bed
materials. In the sand beds typical of Albuquerque, even the smallest flows are capable of
settirg some of the bed material in motion. The formation of an armor layer provides a tlTeshold
discharge below which no degradation will OCCLr. Conversely, degradation will 0CCLr for
discharges exceedirg this tlTeshold. The potential for armorirg can be evaluated usirg a simple
relationship developed by the U.S. BLreau of Reclamation (USBR, 1984).

Step 6 - Evaluation ofDegradation/Aggradation Potential

Degradation or aggradation in a channel can be investigated tlTough analysis of sediment
continuity. Comparison between the estimated sediment inflow and the transport capacity of the
channel indicates the change in the sediment stored in the reach. This analysis is usually
conducted assuming a fIXed bed but coud be performed more accLrately if the geometry of
cross sections is allowed to vary in time according to sediment removal or deposition. I-bwever,
the AMPFCA Glide states that this additional degree of complexity is not usually warranted for
arroyos in Albuquerque.

The procedure consists of sLbdMding the channel reach into sLbreaches and determining
hydraulic characteristics using uniform flow calculations or a computer program such as 1-EG-2.
The next step is to determine the sediment transport capacity of each sLbreach using a slitable
method; for instance, the Meyer-Peter/Muler-Einstein Method (Simons, U & Associates, 1985),
Yang's Bed Material Equation, Colby's Method, or a power flllCtion such as the Zeller-Fulerton
Relation. These methods are described in sufficient detail in the AMPFCA Glide. The continuity
principle is applied assuming that the sediment transport capacity of an upstream sLbreach is
equal to the sediment inflow to the next downstream sLbreach.

Step 7- Evaluation ofLateral Erosion Potential

Lateral erosion is best analyzed with a combination of Level 1 and Level 2 techniques. Field
reconnaissance and comparison of channel patterns in aerial photographs can be used to
estimate historic rates of lateral migration. Level 2 techniques include examiring the stability of
barks sLbject to undermiring and tension fracturing. Several researchers have assLrned various
modes of wedge-shaped failLre. The AMPFCA Glide suggests that those proposed by Ponce
(1978) and Osman and Thome (1988) are sLitable for arroyos in Albuquerque.

The method for assessing lateral migration can be chosen depending on the resUts of the
sediment continLity analysis. If the reach is degrading, undercutting of the barks provides the
supply of sediment and bark failLre is the principal cause for lateral changes. If the channel is
nearly in eqLilibrium and neither erosion nor deposition is expected, lateral migration is due to local
erosion of bark material due to planform contigLration. In this case, the best method for
estimating lateral changes irM)lves examiring empirical or historic migration rates. In the absence
of this information, the AMPFCA Glide presents a calciJation method for sediment transport
capacities based on the optimal shape of bends, bend shear stress, and sediment continLity.

Step 8 - Evaluation ofLocal Scour
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• This step analyses the local erosional pheromena caused by bridge piers and other similar
obstacles in the flow. The Colorado State Uiversity equation is recommended for computation
of pier SCOll" (Richardson etal., 1991). Local SCOll" also 0CClI"S downstream of check darns and
other grade control structll"es. Estimation techiques irx:ILde procedll"es in the Design Guide for
Riprap-Uned Flood Control Channels (AMAFCA 1983) and the Veronese equation (Pemberton
and Lara, 1984). The SCOll" effects of revetments, Spll"S, and abutments can be quantified usirg
the methods in the paper "Evaluatirg Scoll" at Bridges, ~drauic Ergineerirg Cireuar I'b. 18,"
(Richardson et al.. 1991). The AMAFCA Glide suggests procedll"es to evaluate SCOll" indLCed
by the presence of floodwalls. An equation presented in "~drauic Design of Hgt-way ClJverts"
(FHVVA 1985) can be applied to quantify local SCOll" at CLdvert outlets.

4.1.2.3. Level 3 - Quantitative Analysis Using Numerical Models

•

This level involves the application of runerical models that implement the govenirg equations for
physical processes in sediment transport and erosion. The Glide provides o~ a general
description of the procedLres involved. Various scenarios usirg these mathematical models need
to be simuated on computers. Because Level 3 demands considerable reSOLrces, ~s application
must be considered against project reqLirements, time, and budget constraints.

Models are subject to the .Iim~ations in the theories that attempt to assign a mathematical
representation to a physical pheromeron. The large degree of l.I1certainty in et.rrent
t.rx:Ierstandirg of sediment and erosion processes suggests that modelirg resuts must be
examined critically. In the end, the information from Levels 1 and 2 must be used to Lrderstand
and validate the predictions of runerical modelirg.

There are runerous models available. The simplest ones are rrovable-bed models that simuate
hydraulics while 4)datirg charnel geometry to accoLrt for the effects of sedimentation and
erosion. Examples of these models are the USACE's 1-EC-6 and BRI-STARS (Molinas, 1993).

Other models, su::h as tre FLO-2D or FLWlAL-12, incorporate sediment transport caleuations
in hydraulic simuations. FLO-2D is a twlXlimensional, filite-difference flood routirg model that
applies the ful dynamic equations for charnel flow and irx:ILdes aggradation and degradation.
The FLO-2D model offers the option to inclLde any sediment transport equation. FLO
Ergineerirg, Irx:., distributes FLO-2D.

FLWlAL-12, developed by Dr. I-bward Charg, of San Diego State Uiversity (Charg, 1988),
was developed to simuate water and sediment routirg in charnels. River charge inclLdes
aggradation and degradation and allows the inclusion of physical constraints affectirg charnel
erodibility. This model is one-dimensional, and the space domain is represented by cross
sections alorg the charnel.

Physical models can be bLiIt in a hydrauics laboratory and often produce better resuts than
runerical simuations due to the computational lim~ations in the mathematical models. Physical
models are expensive, and their need must be justified by the project objectives.

4.1.2.4. Prudent Line Analysis

The defilition of an erosion hazard by means of a PrLdent Line is based on the concept of
acceptable risk. The standard used in the AMAFCA Glide considers both the short-term
floodirg and erosion impact of the 10o-year event and the lorg-term Ct.rnuative erosion effect of
less severe events over the span of 30 years.

•
These are the steps for determinirg PrLdent Lines:
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1. Conduct a Level 1 analysis to characterize vertical and lateral stability of the arroyo.

2. Conduct a Level 2 analysis to determine the hydrauic behavior of the system.

3. Conduct a Level 2 analysis to characterize sediment transport in the channel and assess the
potential for lateral migration caused by both the 1ao-year event and the cunuative effect of
less severe events.

4. Use the results of the previous steps to delineate erosion hazard areas by plotting the
estimated extent of both short- and long-term erosion at several cross sections. Figlf"e 4.2
shows three cases of hazard area delineation.

The PMPFCA Glide refers to computer programs that have been developed to assist in the
determination of Prudent Lines.

The final portion of the glide is devoted to selection and implementation of erosion control
meaSll'es. In addition to the Prudent Line, the docunent recommends the definition of a
"maintenarx::e line" beyond wlich protective meaSLres must be implemented. to prevent fLrther
erosion.

4.1.3. Applicability

T1is marual offers a systematic approach to characterization of riverine erosion hazards. It does
rot appear plausible that the resLdts from Level 1 analyses alone will be sufficiently aCCll'ate.
Level 3 analysis reqLires information and reSOlf"ces that may rot be available to most
commuities. A combination of Level 1 and Level 2 appears to provide a adequate aCCll'acy
wlile imposing only moderate demands on the effort that must be U1dertaken.

The PMPFCA Glide is directed specifically to arroyos in the A1bLquerque area. I-bwever, the
methodology can be readily expanded to other fluvial systems.
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• Erosion on one bank only
Hazard area limited by erosion
bounda/)' on one side and
1OO-year floodplain on the other

__ Long-term erosion
~~=~ (cumulative)

~ Short-term erosion
.>o,;~~~ (100-year flood)

_._._._.. 1OO-year floodplain limit

Erosion on both banks,
1DO-year floodplain
contained in erosion area
Hazard area limited by erosion
boundaries on both sides

•
_---e8 Erosion hazard area limit (Prudent Line)

Figure 4.2. ''Prudent Line" definition (PNfN=CA 1994).

4.1.4. Limitations

The limitations in the mettoclology stem mostly from tt'X>se in the individual analysis techniques
utilized. The main SOLrces of LIlCertainty are the inherent inaCCll"acies in sediment transport
computations.

One important assLl11ption is that bark-related sediment is provided by only one bark. Tlis is
usually the case for cuved reaches but not for iritially straight channels. In this case, the
mettmology adopts a conservative approach by extending the erosion area on both sides mess
there is evidence that a geologic featLre might exert some degree of erosion control. In addition,
the Pn..dent Line concept may not be applicable in cohesive soils.

The mettms proposed can be applied in vertically stable or degradational reaches; however,
behavior of aggradational reaches is more difficUt to predict due to LIlCertainty in the
development of flow paths.

4.1.5. Relevant References

A1bLquerque Metropolitan kroyo Flood Control Auttx>rity (1983), Design Guide for Riprap-Uned
Flood Control Channels.

City of A1bLquerque (1993), Development Process Manual, section 22.2, Ifi1drology," VolLrne
2, Design Criteria, prepared by the DPM Drainage Design Criteria Committee.

Chang, H. H. (1988), FLUVIAL-12: Mathematical Model for Erodible Channels - User's Manual,
San Diego, California.
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Federal Hgl"Mlay Administration (1985), Hydraulic Design ofHighway Culverts, U.S. Department
of Transportation, f-o/draulic Design Series I\b. 5.

Kellerhalls, R. and D.1. Bray (1971), "Sampling proceclll"es for coarse fluvial sediments," ASCE
JOllnal of tre f-o/draulics DMsion, V. 97, I\b. HY8, p. 1165-1179.

Lane, E. W. (1955), "Design of stable channels," Transactions of tre American Society of CMI
Engineers, 120, p.1234-1260.

Molinas, A (1993), User's Manual for BRI-STARS (Bridge stream Tube Model for Alluvial
River Simulation), National Cooperative Hgl"Mlay Research Program, Project I\b. 1-R15-11.

Osman, A M., and C. R. Thome (1988), "Riverbank Stability Analysis I: Tt'eory," ASCE JOll"nal
of f-o/draulic Engineering, vol. 114, HY2, pp.134-150.

Pacific Soutl"Mlest Interagency Committee (1968), Factors affecting sediment yield in the Pacific
Southwest areas, Water Management SLbcommittee, Sediment Task Force.

Pemberton, EL, and J. M. Lara (1984), Computing Degradation and Local Scour, Technical
Guidelines for BlI"eau of Reclamation, Engineering Research Center, Denver, Colorado.

Ponce, V.M. (1978), "Generalized Stability Analysis of Channel Banks," American Society of CMI
Engineers Journal of tre Irrigation and Drainage DMsion, V. 104, I\b. 1R4, p. 343-350.

Richardson, E.V., LJ. Harrison, and S. R. Davis (1991), Evaluating Scour at Bridges, f-o/drauic
Engineering Circular I\b. 18, U.S. Department of Transportation, Federal Hgl"Mlay
Administration, Tl.I"ner Fairbanks Hgl"Mlay Research Center, McLean, Virginia.

Simons, U & Associates, Inc. (1985), Design Manual for Engineering Analysis of Fluvial
Systems, prepared for Arizona Department of Water Resoll"ces.

U.S. Bureau of Reclamation (1984), Computing Degradation and Local Scour, Technical
GLidelines for tre BlI"eau of Reclamation.

4.1.6. Mappability

Tre methodology proposed is sLited for mapping pll"poses and allows differentiation between
short-and long-term erosion areas. A certain degree of engineering judgement must be applied
during tre actual delineation of erosion-prone areas wren erosion appears to be controlled by
localized features.

4.1.7. Cost

I\b information on cost is presented in tre AMAFCA dOCl.l"nent. Dr. Peter Lagasse, member of
tre PWG, estimates $10,000 per stream mile, of wlich $5,000 are used for conventional
baseline hydrology and hydrauic studies.

4.1.8. RegulatoryPotential

Tre concept of tre Prudent Line as a regLdatory tool was implemented by AMAFCA following tre
example of otrer jurisdictions. Trese jurisdictions, for instance Fort Collins, Colorado (Grimm,
1996), and Tucson, Arizona (Simons, U & Associates, 1985, Kresan, 1988), have implemented• ANALYSIS OF CASE STUDIES 54
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similar approaches based on tlvee levels of analysis to delineate erosion hazard areas. The
Prudent Line approach may not apply to cot-esive soils.

4.1.9. Summary

The AMAFCA Guide presents a series of techiques and procedures to analyze lateral and
vertical movement of large fluvial channels. The emphasis of tt-e manual is to provide a techical
basis for design of flood control projects. Hydrologic, hydraulic, geomorptic, and sediment
transport aspects are evaluated.

The general approach to sediment transport is slbdivided into tlTee levels with increasing
degrees of complexity. Level 1 is based on planform analysis and basic bed material evaluations.
Level 2 provides a cumulative assessment of channel adjustment based on detailed stLdy of bed
and bank materials, sediment transport properties, and quantification of channel changes and
local scour. Level 3 i/lllOlves application of matt-ematical models to simliate tt-e effect of floods
on channel geometry.

The main outcome of tt-e methodology is tt-e development of a Prudent Line approach that can
be used for delineation and regliation of erosion hazard areas.
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4.2. Inventory and Analysis ofstream Meander Problems in Minnesota

Document Title: Inventory and Analysis of Stream Meander Problems in Minnesota
(MacDonald etal., 1991)

Agency: S1. Anthony Falls f-o/draulic Laboratory

Authors: Thomas E. MacDonald, Gary Parker, and Dave P. Leuthe

Date: August 1991

Study Method Geomorphic Equations (usil1l historic data)
category:

4.2.1. Overview

The stLdy was fLrded by the Legislative Commission on Minnesota ResOlrces, State of
Minnesota. The purpose of this quantitative geomorphic stLdy is to identify meanderil1l streams
and rivers in the state of Minnesota experiencil1l bank erosion problems and to analyze the
erosion problem both quantitatively and qualitatively. The report focuses on the analysis of 16
stream reaches ral1lil1l from very small (Kanaranzi Creek, bankfull width 25 ft) to very large
(Minnesota River, bankfLdI width 290 ft). The names and locations of stream reaches are listed in
Table 4.2.

The analysis was condLded usil1l historic aerial photographs and topographic maps as basic
data SOLrces. Several parameters, inclLdil1l valley center line and stream center line, were
measLred for each reach from digitized photographs taken at two different time periods. The
average annual shift of the stream was estimated usil1l the computer program MEANDER. The
stLdy then attempted to establish a relationship between stream shift and the various stream
parameters. several relations were obtained.

The stLdy includes literatLre review, geographic, hydrologic and geomorphic information for each
stream or river analyzed, description of aerial photographs and maps used for analysis, and
reslits from the stream shift estimation program MEANDER. The last part of the doet.rnent
discusses plottil1l and mlitivariate linear regression analysis that were performed to seek
relationships between stream parameters and reslits. The program MEANDER has been used
in studies in other states, sLdl as Illinois (Garcia, et al.,1996).

4.2.2. Detailed Description

This report consists of two parts. In the first part, stream reach descriptions, consistil1l of tables,
grOlrd and aerial photographs and graphics, provide information on each stream reach analyzed
and present reslits for each reach. The second part explains how the data and meaSLrements
were gathered and how this information was used to obtain the reslits.
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• Table 4.2. Streams and location of stLdy reaches.

Stream Location

Selection of stream reaches was conducted tIYough the Mirnesota Department of Nab..ral
ResOlrces. Charnel stitt was measlJ"ed over a chosen time period to demonstrate that
sufficient stitt had OCClITed for meani~u measlJ"ement. For most reaches, tlis time period is
approximately 20 years.

Data Collection and Preparation• 4.2.2.1.

Big Fork River

Buffalo Creek

Cottonwood River

Hawk Creek

Kanaranzi Creek

Minnesota RiverA

Minnesota River B

Mississippi RiverA

Mississippi River B

Nernadji River

Rice Creek

Root River

Rum River

Wild Rice RiverA

Yellow Medicine River

Zurrbro River

Koochiching County

Mcleod County

Brown County

Renville County

Rock County

Nicollet and Big Earth Counties

Scott County

Mkin County

Mkin County

Carlton County

Anoka County

Houston County

Isanti County

Norman County

Yellow Medicine County

Wabasha County

A base map for each reach was created by photograplically eriargi~ a portion of a USGS 7.5­
minute topographic map. The aerial photograplic maps were then reproduced to the same
scale. Stream and valley centerlines were digitized and smoothed to create coordinate data
sets. I-o/drologic and hydrauic information collected inclLdes two-year storm discharge, bari<ft.jl
width, stream depth, and charnel slope. In addition, bed materials were analyzed to develop
grain size distributions for each site.

4.2.2.2. Shift Measurement

The stLdy a used a Lagra~ian reference system to meaSlJ"e stream stitt. With the Lagra~ian

reference, attention is focused on the area surroLrdi~ the stream centerline. Centerline
movement is measlJ"ed in the direction rormal to the stream bali< or, altematively, the stream
centerline.

The first step in the shift measlJ"ement process was to equally space and smooth cartesian x-y
coordinates for the stream centerline at the begirri~ and end of the time period, as well as for
the valley centerline. A piecewise spline fl.l"c1:ion was fitted to each centerline. Then, the a~u1ar

aligrrnent of the stream centerline and the stream ClJ"vatlJ"e were computed for each coordinate.
The next step consisted of measuri~ the rormal distance between each point in the initial
centerline and the centerline at a later time. The rormal slift at each coordinate was then broken• ANALYSIS OFCASESTUDIES 57



• down into downvalley and crossvalley components. In the last step, each component was
integrated over the entire reach to yield an average am..al shift rate.

4.2.2.3. Results Summary

Many useful resuts are obtained tlTough the shift measlJ"ement process. These inch..de the
stream sinuosity, average sinuosity cha~e per year, average nonnal shift per year, average
transverse shift per year, average lo~itudinal shift per year, and shift ratio. The average nonnal
shift is the most basic and usefu infonnation because it indicates how much and how fast the
stream banks were eroded dui~ the period studied. Therefore, the nonnal shift coud be used
as a basis for predicti~ fub....e shift.

The floodplain area reworked by the stream per unit stream le~th per year was computed by
integrati~ the area between the stream centerline at the begimi~ and end of the time period.
This infonnation allows floodplain managers to predict how much land surroundi~ the stream
reach would be affected by meanderi~.

4.2.2.4. Relationships Between Stream Parameters and Measured Results

•

•

Relationships were sought amo~ stream parameters (slope, sinuosity, 2-year discharge,
bankful width and depth) as well as between independent stream parameters and the dependent
shift parameters. It was found that the average nonnal shift rate is stro~1y correlated to stream
depth and discharge. In both cases, the correlation coefficient is higher than 0.73. Similar stro~
correlations were found between areas reworked by the stream, and depth and discharge.

4.2.3. Applicability

The report offers a systematic approach to characterizi~ stream shifts. The computer program
MEANDER is available from S1. Anthony Falls ~drauic Laboratory. It is able to compute the
average shift rate for a time period provided that stream reach data are available for the
begirri~ and end of the study period.

The relationships produced by regression analysis might be applicable to other stream reaches
with similar hydrologic and geomorphic conditions. The aCClJ"aCY of usi~ such relationships to
predict stream shift was not reported.

4.2.4. Limitations

The study focused on the shift of stream centerlines over time; however, bank movements were
not studied in depth. The shift rues only apply to the reaches where they were developed. This
observation is partieuarly important for smaller streams, which often cha~e rapidly in space.
Likewise, the given shift rates apply best for the period covered by the study, although they may
be used for short-term predictions. Rapid cha~es in land use 0CClJ"ri~ in many watersheds
may limit the applicability of the methodology.

The study is based on descriptive infonnation; it was not aimed at reveali~ causes of stream
shift and erosion from either a geomorphic or an e~ineeri~ point of view.

4.2.5. Relevant References

Garcia, M.H., L. Bittner and Y. Nino (1996), MaU1ematical Modeling of Meandering Streams in
Illinois: A Tool for Stream Management and Engineering, 2nd edition, Lhversity of Illinois at
U"bana-Champaign.
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Hasegawa, K (1989), "U1iversal bank erosion coefficient for meandering rivers," ASCE JOl.mal
of f-o/drauic Engineering, vol. 115, f\.b. 6.

Parker, G. (1982), Stability of the Channel of the Minnesota River near State Bridge No 93,
Minnesota. St. Anthony Falls f-o/drauic Laboratory, U1iversity of Minnesota

Parker, G. (1983), ''Treary of meander bend deformation," River Meandering, Proceedings of
the Conference Rivers '83, New Orleans, Louisiana.

4.2.6. Mappability

A stream centerline slift graph was prepared for each reach and presented in the report. It is
easy to overlap it with a base map to produce a map to show the meander history and to predict
stream slift in the near futLre. I-bwever, there is not sufficient information provided in the report
to produce bank erosion maps.

There are two possible directions to ertlance the methodology for the pLrpose of mapping
riverine erosion hazard areas. The model MEANDER coud be used to delineate the stream
banks instead of the centerline. The historic migration progress of the stream banks can be
traced and the prediction can be made based on the historic trend. Another option is to use
hydrauic models to simuate interactions between the stream bank and the flow (Hasegawa,
1989) and use the resuts to estimate the width of the erosion band. This procedLre may provide
more aCCLrate resUts, but sigrificant amotnt of additional work is needed.

4.2.7. Cost

f\.b cost information was reported.

4.2.8. Regulatory Potential

A1tho~h the stL.dy focused on the slifts of stream centerline, the method, with additional effort,
can be fLrther developed to meet the needs of measLring and estimating stream bank
movements.

The State of Minnesota is not reguating riverine erosion; therefore, the information obtained from
the stL.dy has not been used for the reguation pLrpoSes.

4.2.9. Summary

Sixteen stream reaches in Minnesota were analyzed for stream slift and meander properties.
Aerial photographs for a minimLrn of two different times, approximately 20 years apart, and
topograplic maps were used to produce x-y coordinate data files for valley centerlines and
stream centerlines. The computer program MEANDER was used to meaSLre various
components of stream slift. The most usefu parameters computed were the average normal
slift and the rate of floodplain area rework by the stream reach. The resUts of the computer
analysis were used in a regression analysis to determine relations between stream slift
properties and stream parameters. The most usefu relations inch.de average normal slift versus
depth, average normal slift versus discharge, rate of area rework versus depth, and rate of area
rework versus discharge.

•
The methodology may be fLrther developed to meet reguatory needs.
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4.3. Probabilistic Spatial Assessment of River Channel Instability

Document TIffe: A Probabilistic Approach to the Special Assessment of River Charnel
Instability (Graf, 1984)

Agency: Arizona State U1iversity

Author: William L. Graf

Date: 1984

Study Method Mathematical method (usirg historic data)
category:

4.3.1. Overview

The paper reported a stLdy fLrded by the Phoenix District of the U.S. Army Corps of Ergineers
(Graf, 1984). The purpose of the stLdy was to provide an approach to predict the behavior of
arid region rivers. The stLdy was stimliated by the author's observation that economic analyses
for flood mitigation in arid and semi-arid regions fail to take into aCCOl.nt destn.dive charnel
migration and erosion. The approach presented in the paper combined geographic, geomorphic,
hydrologic and statistical techiques to predict futll'e charnel locations. A case stLdy of Rillito
Creek near TlCSon, Arizona, for a period from 1871 to 1978 provided a demonstration of the
probabilistic method of erosion damage assessments and mappirg.

The stLdy began with an analysis of past charnel locations usirg historic aerial photographs,
maps, and ergineerirg suveys. Cell maps were developed from the above information, and the
probability fll1C1:ion of each cell for a given historic period was defined, allowirg the erosion
probability of a given cell to be calcliated. This probability is directly proportional to the
magnitLde of am..al floods duirg this historic period and inversely proportional to the 4)stream
and lateral distances from the cell to the charnel. The overall probability of erosion was derived
from a series of historic probability parameters. These values were then mapped to create a
spatial representation of the erosion hazard. The final prodLd is a map showirg long-term
erosion probability alorg the stream.

A practical planirg implication of a probabilistic approach for prediction of charnel migration and
erosion is that it permits the economic assessment of potential losses l.I1der "no project"
condition. In the case stLdy, the method was used to IU1 a simliation for a 5O-year period. It is
estimated that, given the land value in 1984, the erosion alorg the creek over the period
represents an economic loss over $2 million, which is five times greater than the potential
inl.l1dation losses.

4.3.2. Detailed Description

The paper consists of foll' major parts: methodology, case stLdy, discussion of limitations, and
conclusions.

4.3.2.1. Methodology

•
The followirg steps are illltOlved in development of an erosion probability map.
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• Step 1· Develop a cellular map for each historic period. The base map was divided into square
cells, 100 meters on the side, each designated as "charner' or "noncharnel" for any partiCLdar
period.

Step 2. Develop a probability function that relates the erosion probability for a cell to its location
and hydrologic condition. The fluvial geomorplic literatlJ"e suggested that location with respect
to the active charnel and the magnitude and frequencies of floods dLling the period in question
are two most important factors in deciding the probability of a cell being eroded (Gregory, 1977).
The following three-parameter erosion flJ1C1:ion was used

(4.1)

•

where 80, b1, 1>2, and b3 are empirically derived coefficients, Aj, is the probability of erosion for a
given cell located at coordinates (i, J), d[ is the distance laterally across the floodplain to the
nearest active channel cell, du is distance upstream to the nearest active channel cell, r is the
retum period of the peak arrual flood that occurred in year k, and n is the I1lIl1ber of years in the
period of interest.

Using tlis function, the value of the probability of erosion for each cell in the period was
calcuated.

Step 3. Develop a transition matrix. The transition matrix, in wlich columns are based on the
lateral distance from a cell to the charnel and rows are based on the upstream distance along
the floodplain from a cell to the charnel, summarizes the statistical characteristics of all non­
charnel cells for a partieuar time period. Each period of analysis, covering a few years,
produces a transition matrix. Values of erosion probability for a selected cell vary from period to
period. For example, assume that an element, a11' in the matrix represents all cells located 100
meters downstream and 100 meters laterally from a charnel at begirring of the period. If there
are 59 of su::h cells and 30 where eventually eroded, 30/59 =0.51 is the probability that cells with
those distance characteristics woud be Utimately eroded. If the sum of the retum intervals of the
annual floods dLling the period in question is 132 for the period, the ordered set for cells 100
meters downstream and 100 meters laterally from the charnel is (0.51, 100, 100, 132).

Step 4. Estimate values ofcoefficient ao, b1, b2 and b3 ofEqn. 4. 1. Each period of analysis can
produce a transition matrix contairing several ordered sets consisting of Aj, d" dIP and the
summation of r values. The ordered sets from several periods provide the data to determine
values for these parameters using regression methods.

Step 5. Predict erosion. Assuming that the observed fraction of eroded cells is a reasonable
indicator of the probability of futlJ"e erosion for similarly situated cells, Eqn. 4.1 can be used for
any initial conditions to predict erosion probability. Galeuation of erosion probability can be made
for a variety of time spans by maripuating the values for the sum of the annual flood retum
intervals. The function can generate a new transition matrix for futlJ"e changes. The I1lIl1ber of
cells for each location type (e.g. 200 meters of lateral distance from the active charnel) can be
mUtiplied by the appropriate probability to predict the number of cells likely to be eroded over a
given time period. The probabilities for the cells can also be mapped to present the spatial
variability.
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The method was applied to Rillito Creek, located on the northem edge of Tucson, Arizona. Rillito
Creek flows 18.4 kilometers hough an alluvil.l11-filled fau~-block valley to its jLnCtion with the
Santa Cruz River. At its mouth the Rillito drains an area of 2,378 square kilometers (918 square
miles). The am.al rainfall over most of the basin is 20 - 40 centimeters (8 - 16 inches).

The locations of the charrel were defined based on 25 nstoric documentary records during the
period of 1871 to 1978. A review of these records shows that an unstable period extended from
1871 to about 1937. Lower Rillito Creek has consistently been more unstable than the upper and
middle reaches. All reaches have shown decreasing instability over the 107-year period.

Transition matrices were developed wlich provided empirical values of the constants in Eqn. 4.1.
Three matrices depicted changes for the periods of 1871-1912, 1912-1918, and 1918-1937.
Seven matrices describe the more stable periods of 1937-1941, 1941-1949, 1949-1954, 1954­
1960, 1960-1967, 1967-1972, and 1972-1978. Prediction resUts indicate that the probability of
erosion of all cells declines when distance from the charrel increases. During the unstable period
(1912-1937), tlis decline was less abrupt than in tt-e more stable period (1937-1978). In tt-e
earlier period, distance from a cell laterally to a stream channel was as important as its distance
upstream to a channel; in the later period, however, the importance of lateral distance declined
more rapidly than the distance upstream to the nearest channel cell.

As a test of the accuracy, Eqn. 4.1 with constants defined empirically for the 1937-1972 period
was used to predict the 1978 map using the 1972 map as the starting condition. The resUting
erosion probability map identified hazardous zones of instability and other more stable areas.
During the test period, erosion was confined to cells that were mapped with the Iighest
probability of erosion in the 1978 map except for six cells, wlich had been apparently influenced
by gravel mining activities.

4.3.3. Applicability

The paper provides an approach to predict channel erosion by estimating probability of erosion
for each cell. The approach depends on Iistoric records; therefore, it is applicable to areas
where sufficient Iistoric records are available.

When long-term predictions are needed, the probabilistic method is based on simuations utilizing
random numbers as opposed to given probabilities to generate a series of flood events. For
example, if the prediction is for a SO-year period, the caleuation uses a single SO-year event, two
25-year events, and so forth. The order of these events is randomly generated. Therefore, tre
exact course of the events in changing channel locations is not a primary product of the
simuation. The most stable resUt is the number of cells lost rather than the specific location
identity of those cells.

4.3.4. Limitations

Mhough the Rillito Creek example indicates that probabilistic approach to erosion damage
assessment is possible, there are a number of concerns.

First, the author indicated that the method proposed in tlis paper was experimental and it
reqLired further testing in other areas. I-bwever, no additional testing has been urx:lertaken for
other watersheds. Second, the method was designated to accommodate the contirually eroding
conditions along Rillito Creek. When a cell adjacent to the existing channel is eroded, no
concomitant deposition is predicted for the opposite bank. T1ird, the length of the Iistoric channel
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record is critical in establishirg a series of probabilities for erosion of cells. If the records are too
short, the resUt will be dominated by short-term behavior of the system. The most important
corcern is that the method is based on established trends of the charrel system and asslJTl6S
the contiruation of those trends. Although similar assunptions of system stationarity are common
in ergineerirg and hydrologic deterministic models, stationarity may not be asstrned for erosion
problems.

4.3.5. Relevant References

Gregory, K.J. (1977), River Channel Changes, John Wiley, New York.

Graf, W. L. (1981), "Charrel instability in a braided, sand bed river," Water ResOl..rces
Research, vol. 17, 1\b.4, p.1087-1094.

Graf, w.L. (1983), "Flood-related chanrel charges in an arid-region river," Earth SLlface
Process and Landforms, vol. 8, p.125-139.

4.3.6. Mappability

Several erosion probability maps of Rillito Creek, either for historic periods or for prediction, are
irclLded. Usirg different colors, the maps depict the erosion risk of each cell by its erosion
probability. A probability map can be created for each charrel stLdied.

4.3.7. Cost

Cost information was not reported.

4.3.8. RegulatoryPotential

The probabilistic erosion maps coud be used for reguatory pLJ"POSes. For example, use of the
land cells with higher erosion risk coud be restricted.

4.3.9. Summary

The most important advantages of the cell map are that it can be developed by a Geographic
Information System and that it can be used to reflect charrel migration and erosion through
empirical fl..rC1:ions sunmarizirg the past observed behavior of the charrel. Geographic analysis
of the likelihood that a given cell of land will experierce erosion is based on the fl..rdamental
corcept of distarce decay away from a neighborirg charrel and the magritLde and frequerx;y of
flood events. Based on the assunption that charrel systems possess stationarity, fl..rC1:ions
derived from historic records were used to extent past experierce to predict probable futll'e
behavior. The probabilistic analysis that relies on grid cell maps of the near-chamellandscape
can be used to s~plement more traditional ergineerirg modelirg approaches.
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4A. Geomorphology and Hydrology ofthe Santa CRIZ River,

Southeastern Arizona

Document Title: Charnel Cha~e on the Santa Cruz River, Pima CoU1ty, Arizona 1936­
86 (Parker, 1995)

Agency: U.S. Geological Survey

Author: Jom T. C. Parker

Date: 1995

study Method Geomorplic analysis (usi~ historic data)
Category:

4.4.1. Overview

This stLdy condlded by the U.S. Geological Survey (USGS) evaluated chamal cha~es on the
Santa Cruz River in Pima Coll1ty, Arizona. The investigation covered geology, geomorphology,
and hydrology of the river and was a project of the USGS in cooperation with the Pima Coll1ty
Department of Flood Control and Transportation District.

4.4.2. Detailed Description

Tlis investigation focused on the major geomorpnc and hydrologic processes affecti~ chamal
morphology in the Santa Cruz River. Tns investigation also examined the climate and hunan
activities that have affected the location, magritLde, and timi~ of sLK::h cha~es.

The methods used in tns investigation incllde the followi~:

• Docl.l11entation of chamal cha~es;

• Examination of factors that control the temporal and spatial pattems of the chamal cha~e,
inclLdi~ the effect of hunan activities; and

• Evaluation of available modeli~ techiques for chamal cha~es.

The primary methods used in tns stLdy were interpretation and analysis of aerial photographs
sLPplemented by field observations and pLtllished and LJ1JLtllished geomorpnc, topograpnc,
geotechical, and nstoric data. The stLdy area is the 70-mile reach of the Santa Cruz River
through Pima CoU1ty. At the downstream end of the stLdy, the river basin has an area of 3,641
square miles. The Santa Cruz River is ephemeral from the LPstream end of the stLdy area to the
sewage treatment plant in norttmest TLK:Son. Six stLdy reaches alo~ the 70-mile-lo~ main
stem of the river in Pima CoLnty were defined on the basis of morphology, nstoric stability, and
chamal cha~i~ processes.

The coverage and quality of the aerial photographs used in tns stLdy varied from one location to
another. A base map was developed from an aerial photograph taken in 1936 to dOCl.l'Tlent
lateral chamal cha~e. The two reference systems used for 10~itLdinal river position were axial
distance, the distance alo~ a straight line through the axis of a river reach, and river distance, the
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distance along the meandering thalweg of the channel. The use of axial distance provides a fIXed
reference for measuing changes in channel width or pos~ion, whereas river distance changes
over time as channels lengthen or shorten.

The Santa Cruz River shows a tremendous arnoLnt of physical variation through the 7G-mile study
area. From 1936 to 1986, an increase in the top width of the channel and a decrease in river
length characterized channel changes. Most of the channel straightering was the resUt of tunan
intervention. The increase in channel width woud have been greater if not for channelization and
bark protection work. Most of the channel widering resuted from the large floods of 1977 and
1983. In the Cortaro and Marana reaches, most of the channel changes il"M:llved lateral slifts in
channel pos~ion.

Lateral channel changes occurred by three basic mecharisrns: meander migration, avt.dsion and
meander cut off, and channel widening. Meander migration is the spatially continuous movement
of the channel across ~s floodplain by the iritiation of meanders and sLbsequent lateral extension.
Meander migration tends to be the dominant mechanism of change duing low to moderate
discharge. Avt.dsion and meander cut off occur when overbark flow incises a flow path into the
floodplain, causing large, ablWt slifts in channel pos~ion. In general, channel widening resuts
from high flows that erode barks made of cohesionless soils.

Vertical and lateral channel-change mecharisrns operate in concert w~h bark-retreat
mecharisrns to prodLre widering of arroyos in incised reaches. Most of the reaches through
TLX:SOn qualify as incised reaches. Most of the arroyo widering 0CClI"S when the channel is
deeply incised into poorly resistant sand and silt. The most rapid rates of arroyo widering have
occured in connection w~h the migration of confined meanders. Uiike channel widering, arroyo
widering is not readily reversed. Nonetheless, this type of widening was reversed on the most
deeply incised parts of the San Xavier reach of the Santa Cruz River.

f-o/drologic and dimatic factors, sLCh as the magritude, dLration, and intens~ of precip~ation

events, and the frequency of flood events generally control the timing and magritude of channel
changes on the river. Changes in channel geometry caused by SLX:Cessive floods or changes in
roughness caused by vegetation growth also contribute to the temporal variabil~ of channel
changes. Spatial variabil~ of channel change in the Santa Cruz River, sLCh as the location of
channel change and ~s magritude in response to a given discharge, is largely controlled by
topographic, geologic and tunan-introdLred factors. These factors indude sediment SOLrces,
bark materials, vegetation dens~, pre-existing topography, control size and quant~ of bed load,
resistance to erosion, valley and channel slope, and channel geometry.

The flood history of the Santa Cruz River in this centLrY shows three distinct periods: 1915 to
1929, 1930 to 1959, and 1960 to 1986. The large floods in 1915 to 1929 and 1960 to 1986
caused sLbstantial channel changes throughout the study area. Some reaches, however, were
characterized by considerable lateral instabil~ throughout the study period, induding 1930 to
1959 when annual floods were generally moderate.

The floods of 1977 and 1983 were the two largest floods of record on the Santa Cruz River. The
1983 flood was the single largest episode of channel change to occur on the Santa Cruz River
since at least 1915. That flood prodLred an enormous magritude of channel and arroyo
widering and lateral slifts in channel pos~ion throughout the study area.

Available models for prediction of channel change generally do not address lateral changes, and
those that do lim~ the types of channel change mecharism that can be modeled. The application
of probabilistic models of channel changes is not appropriate on the Santa Cruz River because of
the change in resistance to erosion w~h time.
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• In conclusion, the general stability of various reaches can be evaluated by recognition of major
channel-changing rnechansms operating in a reach and identification of the local topographic,
geologic, and eulual controls on channel changes.

4.4.3. Applicability

The meth:x:ls used in this study have identified mechanisms of channel change on the Santa Cruz
River, timing and magntude of tre channel change with respect to floods, and physical conditions
associated with channel instability. A relation exists between hydrologic regimen and tre rate and
magnitude of channel change. This relationship is modified by resisting forces and hydrauic
conditions such as channel morphology. The author suggests that flrtrer analysis of tre historic
database would increase lfiIerstanding of the river system. I-bwever, it woud oot produce the
quantitative information necessary to predict channel change in response to floods.

4.4.4. Limitations

There are a few limitations with tre meth:x:l used in this study related to the coverage, quality and
resolution of photographs and the time interval between photograph series. U1Iess trere is
evidence that such photographs have been taken before and after flooding, it is difficUt to
determine tre extent of erosion and channel change due to a given magnitude and voh..me of
discharge. Also, the author suggests that additional research needed includes analysis and
evaluation of the following factors: tre natLre of bank material, in partieuar their cohesive
properties; rnechancal processes, such as cracking and piping; stream bed material
composition; interactions between streamflow and soil-hydrologic processes in channel banks;
and formation of armored channels and point bars in rapidly varying flow.

4.4.5. Relevant References

Baker, V.R (1977), "Stream-channel response to floods, with examples from central Texas,"
Geological Society of American Buletin, v. 88, p. 1057-1071.

Fan, S. S., ed. (1988), T'vVelve Selected Computer Stream Sedimentation Models Developed in
the United States, Washington D.C., Federal Energy Reguatory Commission report.

Guber, A L. (1988), Channel Changes of the Xavier Reach of the Santa Cruz River, Tucson,
Arizona, 1971-1988, lJ1)wlished Master's thesis, U1versity of Arizona, Tucson, Arizona.

Hays, M. E. (1984), Analysis of Historic Channel Change as a Method for Evaluating Flood
Hazard in the Semiarid South'vVest, Master's thesis, U1versity of Arizona, Tucson.

Klimek, K (1974), 'The retreat of alluvial river banks in the Wisloka Valley (South Poland),"
Geographia Polonca, v. 28, p. 59-75.

Kresan, P.L. (1988), "The Tucson, Arizona, Flood of October 1983- Implications for Land
Management Along Alluvial River Channels," in Baker, V.R, RC. Kochel, and P.C. Patton,
eds., Flood Geomorphology, John Wiley & Sons, New York, New York.

Parker, J. T. C. (1995) Channel Change on the Santa Cruz River, Pima County, Arizona, 1936­
86, U.S. Geological SLrvey Water-SLpply Paper 2429.
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Sabol, G.V., C.F. Nordin, and EV Richardson (1989), Scour at Bridge structures and Channel
Aggradation and Degradation Field Measurements, Arizona Department of Transportation
Research Project.

Siezak-Pearthree, M., and V.R Baker (1987), Channel Change Along the Rillito Creek System
of Southeastem, Arizona, 1941 through 1983, Arizona BLreau of Geology and Mineral
Technology, Geological SLrVey Branch, Special Paper 6.

Webb, RH., and J.1. Betancourt (1992), Climatic Variability and Flood Frequency of the Santa
Cruz River, Pima County, Arizona, U.S. Geological SLJVey, Water SLPply Paper 2379.

4.4.6. Mappability

The rates of lateral channel migration through bank erosion, meander propagation, and channel
avtJsion can be measured from sequential aerial photographs. Limitations include the quality and
resolution of the photographs and the le~th of time between photographic series. U1Iess
photographs have been taken immediately before and after a major flood, it is difficUt to know
just how much erosion and channel migration is due to a given magnitude and volLrne of
discharge. It can also be diffiCLdt to distingLish the changes that have OCCLrred from natLral
processes from those related to human activity. The methods used in this study were relatively
coarse and, according to the author, aCCLrate to no more than 10 meters on the average,
although tlis aCCLracy varied considerably depending on the .location, photograph quality, and
availability of registration points. Greater aCCLracy can be achieved, but at greater cost. The
most important information that can be obtained from mapping channel movements is the extent
of geological controls on channel positions and relative rates of erosion. By overlaying channel
position through time with suficial geology and geomorphology, the effect of different quatemary
urits and landforms (e.g. terraces, paleochannels) can be clearly seen, and the uits most
susceptible to erosion can be determined. The author emphasized the use of geologic­
geomorphic mapping here because he tlinks that, especially in the arid and semi-arid regions, it
is the most sigriticant control on the location of channel change. The rate at which such change
takes place is govemed by the magnitude and frequency of floods, which in dry climates is
extremely difficUt to forecast; however, by Lrderstanding geological controls, at least the location
of greatest hazards can be delineated.

4.4.7. Cost

No cost information was provided in the dOCLrnent, since the author was a student employee with
limited experience when he did this project. An experienced geologist or hydrologist may take a
few months to map channel change in a reach of about 100 miles.

4.4.8. RegulatoryPotential

If the limits of sigriticant channel erosion and migration can be determined on the basis of
geologic controls, such controls can be used to delineate areas of most sigriticant hazard.

4.4.9. Summary

The primary methods used by the author in tlis study were the interpretation and analysis of
aerial photographs sLPplemented by interpretation of field observations and geornorplic,
topographic, and Iistoric data. Although an appropriate model for predicting channel change on
the Santa Cruz River has not been identified, the stability of reaches relative to one another and in
time can be evaluated through recognition of the local controls and the major channel-changing
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mechanisms operating in a reach. Much of tre charml change that has OCCUTed dlling tre
stLdy period has been lunan-incll.ced.

ANALYSIS OFCASESTUDIES 68



• 4.5. San Diego CountyAlluvial studies

Document Title:

Agency:

Author:

Date:

study Method
category:

4.5.1. Overview

San Diego CoLrty Alluvial StLdies

San Diego County

I-bward Chang, San Diego State U1iversity

1984

Mathematical modeling

•

The County of San Diego, california, was the subject of a runber of stLdies aimed at
investigatir(;) the effects of erosion in floodplain management of alluvial charnels. A slbstantial
portion of ttis work was accomplished tlTo~h the work of Dr. I-bward Chang, of San Diego
State U1iversity, using several versions of lis model, FLLMAL. In its latest version, tlis finite­
difference model computes hydrauic profiles, sediment transport, and streambed geometry
changes for a given flooding event. Streams that were analyzed inclLde the San LLis Rey, San
Diego, and San DiegLito Rivers and Moosa canyon Creek.

The resUts of hydrauic modeling were used as a starting point to estimate potential charnel
changes as a resut of the 1ao-year event. The resUts were complemented with geomorplic
and engineering information to arrive at definition of erosion hazard areas. The CoLnty developed
floodplain management procedlJ"es that incorporate effects of erosion and sedimentation in the
form of setback restrictions and a ResOlJ"C8 Protection Ordinance.

4.5.2. Detailed Description

4.5.2.1. Computer Modeling

•

The FLLNIAL model was initially developed in 1972 and has lJ"ldergone several ertlancements
thro~h the years. The latest version is called FLLMAL-12 and is capable of simuating water
and sediment routing thro~h natlJ"81 and artificial charnels of general configlJ"ation for a given
flow period. The model has been tested and calibrated with several streams in semi-arid and
hlJ"nid environments. A1tho~h intended for peremal streams, with additional effort, the model
can simLdate ephemeral streams (Chang 1988a,b).

FLLMAL-12 simuates changes in charnel geometry resUting from aggradation and degradation
processes. These processes cause changes in width and alignment as well as variations in the
bed topography. Limiting conditions can be formuated to model the effect of physical constraints
sLdl as bedrock outcrops, grade control stn.dlJ"es, and bali< resistance. Typical applications
inclLde general erosion and deposition stLdies, bridge SCOlJ" evaluations, sediment transport
analyses, gravel miring impact assessment, and design of bali< protection and grade control
stn.ctlJ"es.

The folJ"ldation for modeling river changes lies on the tenderx;y of natlJ"al streams to reach a
state of dynamic eqLilibrilJ"n il1llOMng, water, sediment, and charnel resistance and geometry.
The eqLilibriLrn conditions are characterized by uiform sediment discharge along the charnel and
uiform stream power expenditlJ"e /'OS, where ris the lJ"it weight of the water-sediment mixtlJ"e,
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Q the discharge, am S the energy gradient. The stream adjusts the power expemttlf'e by
scoLJirg the bed am reducirg the width or fillirg the bed am irrreasirg the width. FLLNlAL-12
computes charges in bed geometry by implementation of these principles. The main
components of FLLNIAL-12 are:

Water Routing: Uses the contin..ity am momentLrn equations to determine temporal am spatial
variations of stage, discharge, energy, am other hydraLdic variables. Tlis modLde inclLdes
evaluation of both 10rgitLdinai am transverse flows.

Sediment Routing: Tlis modLde computes sediment transport capactty am actual sediment
discharge am solves the sediment contirlLity equation. Six formulas are provided as options for
sediment capactty computation: Ergelurd-Hansen, Yarg's U1it stream power, Graf, Ackers­
Whtte, Meyer-Peter & MLdler, am Parker's formula for gravel.

Channel Geometry Changes: Uses the erosion or deposttion data computed by the sediment
routirg modLde to predict how the section geometry is affected. From the energy gradient, the
modLde computes the direction of width adjustment. The rate of width adjustment is computed
based on sediment rate, bark stabiltty properties, am bark erodibiltty. Mer the width is
adjusted, the remaimer of the total correction is applied to the channel bed am distributed
accordirg to the tractive force.

Channel Migration: CLrvatlf'e-imuced SCOlf' am deposttion are computed from the flow
CLrvatLl"e alorg the stream. Transverse sediment transport is used to predict charges in the· bed
topography at a given cross section.

FLLNIAL-12 can simLdate a river system for an imefirite period, as lorg as a hydrograph is
available. The computation depems on the assLrnption of a stable portion of the stream that can
provide sLitable bol.l1dary comttions.

4.5.2.2. Definition of Hazard Areas

•

The ColJ1ty of San Diego used the modelirg resLdts of FLLNlAL-12 to define erosion am
sedimentation hazard areas. The followirg are the general steps to accomplish tlis objective:

1. Gather information to develop an irput data set for FLLNlAL-12. Obtain the hydrograph for
the 1ao-year event am model the charnel reach startirg wtth the existirg configlf'ation.
Define the 1ao-year floodplain limtts for the final conflQlf'ation of the charnel.

2. Use photographs, maps, listory of past charnel charges, am geomorplic am ergineerirg
investigations to evaluate the resLdts of hydraLdic modelirg am to identify erosion am
sedimentation hazards. Use ergineerirg jLdgement to develop a "safety factor" for these
hazard areas (Charg, 1998).

3. Delineate hazard areas on floodplain maps am establish setback reqLirements.

4.5.3. Applicability

The procedlf'e adopted by San Diego ColJ1ty is a fLdIy developed example of erosion-hazard
area delineation. In principle, the methodology can be transferred to other regions. A major
advantage is the incorporation of physically based models of most of the major factors intluencirg
charnel charge.
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4.5.4. Limitations

The methodology calls for analysis of erosion and sedimentation produced by the 100-year
event. Even though the 100-year event is likely responsible for slbstantial modification of the
charnel geometry, the approach does not include the potential effects of other floods which may
change the charnel and invalidate the starting condition used to model the 100-year event. Most
likely, a study revision should be lI1dertaken every time the channel suffers major atterations
(Chang, 1998).

The methodology does not incorporate procedures to analyze the rate of erosion. FLWlAL-12
does not limit the simtiation time; however, it does need to have a defined flow record for the
entire dLration of the simtiation.

FLWlAL-12 is a complex movable-bed model that requires specialized skills to rtI1 and interpret
its resuts. CareW attention is needed to ensLre that field conditions match the assLrnptions in
the model. Modeling of alluvial channels using FLWlAL-12 can be expensive. These skills and
reSOLrces may not be available to some jllisdictions.

Specific procedures need to be defined to evaluate the resuts of modeling and use them to
delineate hazard areas.

4.5.5. Relevant References

Chang, H. H. (1982), "Mathematical model for erodible channels," JOLrnaI of the ~draLdics

Division, American Society of Civil Engineers, 108(HY5), p. 678-689.

Chang, H. H. (1984), "Modeling of river channel changes," ASCE JOLrnaI of ~draLdic

Engineering, vol. 110, I\b. 2, p.157-172.

Chang, H. H. (1984), 'Water and sediment routing through CLrved channels," JOLrnaI of the
~draulics Division, American Society of Civil Engineers, 101(HY4), p. 644-658.

Chang, H. H., and D. Stow (1991), "Computer simLdation of river channel changes induced by
sand mining," Proceedings of the Intemational Conference on Computer Applications in
Water ResoLrces, JLdy 3-6, Taipei, Taiwan, vol.1, p. 226-234.

Chang, H. H., and J. C. HII (1977), "MinimLrn stream power for rivers and dettas," JOlJ"na1 of the
~draLdics Division, American Society of Civil Engineers, 103(HY12), p. 1375-1389.

Cooper Engineering Associates (1987), Flood Plain Management Study for Moosa Canyon
Creek, prepared for Couiy of San Diego Department of Plblic Works, JLdy.

National Research Coml (1983), An Evaluation of Flood-Level Prediction Using Alluvial River
Models, National Academy Press, Washington, D.C.

4.5.6. Mappability

San Diego Couiy has produced floodplain maps that show erosion hazard areas. The
procedLre to actually define the extent of hazard areas is mostly based on engineering judgement
used to complement the resLdts of hydrauic modeling. The methodology can be used to prepare
erosion hazard maps provided that a consistent set of procedLres and gLidelines is available to
derive the extent of these areas.
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4.5.7. Cost

No information on cost is presented. A1th:lugh there are large cost differences according to the
physical setting, Dr. Chang estimates that the cost is in the order of several thousand dollars per
mile. The cost per mile decreases for large studies.

4.5.8. Regulatory Potential

San Diego County developed procedures for management of alluvial streams. The Colllty also
developed a floodplain mapping procedure and a Resource Protection Ordinance. There are
three management options:

1. Based on past events and existing information, the stream is identified as a "special erosion­
sedimentation" area.

2. An erosiorVsedimentation study is conducted including alluvial hydraulic modeling of the 100­
year flood and additional geomorpnc and engineering investigations. Flood elevations for the
10o-year event are computed for the final configlJ"ation of the channel. Setbacks are defined
based on the results of tns study.

3. In cases of sand and gravel miring where there are sLbstantial bed and width changes, an
equilibrilJ"n invert is used for hydraLJic modeling.

The ResolJ"ce Protection Ordinance mandates that all proposed development be located beyond
the setbacks for the erosion-sedimentation hazard area as shown in Colllty floodplain maps.
Development is ony allowed if dOCLrnentation is presented to demonstrate that adequate
protection can be provided in a manner compatible with the natlJ"al characteristics of the stream.

4.5.9. Summary

San Diego Colllty has developed floodplain management procedlJ"es for alluvial channels. The
procedlJ"es are based on hydraLdic modeling using FLWlAL-12 complemented with geomorpnc
and engineering studies to define erosion and sedimentation hazards. Tre methodology
evaluates the effects of the 10o-year event on the channel geometry. Development in hazard
areas is restricted by setbacks that become part of floodplain maps.
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4.6. City ofAustin Technical Procedures for Watershed Erosion

Assessments

Document Title: Tecmcal ProcedlJ"es for Watershed Erosion Assessments (Oty of
Austin, 1997)

Agency: Drainage Utility Department, Austin, Texas

Author: Raymond Chan & Associates, Austin, Texas

Date: 1997

Study Method Engineering and geomorphic analyses
Gategory:

4.6.1. Overview

This dOClJ"nent was prepared by Raymond Chan & Associates for the Drainage Utility
Department of the City of Austin, Texas. The report slJ"nmarizes the procedlJ"es to conduct 17
watershed erosion assessments w~lin the City's jLlisdiction. An individual report was prepared
for each watershed stLdy. The stLdies were performed in 1997 and irdLded ony watersheds
greater than 640 acres.

The procedlJ"es seek to characterize the changes in charnel geometry, identify potential erosion
problems, and estimate sediment yield as a resut of charnel erosion. Major tasks to accomplish
these objectives irdLde:

• Stream inventory,
• Erosion problem identification,
• Characterization of lJ"OOrization effects,
• Prioritization of property protection and charnel restoration,
• De'v'elopment of an Erosion Hazard Indicator,
• Nick point identification and management strategies,
• Identification of meander migration, and
• Estimation of charnel enlargement and sediment yield.

4.6.2. Detailed Description

4.6.2.1. Introductory Material

•

An imial discussion on stream eqLilibrilJ"n corcepts describes land use changes and the response
they generate in charnels and watersheds. For example, aggradation can be the resut of
deforestation in fa\tQr of agricutlJ"e. Afforestation as replacement of meadowlands often resuts
in charnel erosion and enlargement due to both sLPpression of tlick grass tlJ"f and SLPply of
debris that can cause log jams. In general, de'v'elopment introduces an imial ircrease in sediment
loading that translates into aggradation due to redLred charnel capacity. After de'v'elopment, the
sediment SLPply decreases but flows increase in rate and \tQ1lJ"ne due to larger impervious
slJ"faces. Although the most noticeable effect is enlargement of the charnel, most of the stLdies
cited in the dOClJ"nent eviderce the wide range of morphological responses depending on
watershed and stream characteristics. The most important factors are:
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• Basin area,
• Temporal variability, rate, ard \oQlune of discharge,
• Quantity, particle size, ard transport rate of the sediment,
• Resistance of bed ard bark materials,
• Type and spatial distribution of riparian vegetation,
• LongitLdinal valley gradient,
• MagnitLde, timing, and distribution of Ll"balization influence in the watershed, and
• Scale of featlres in the fluvial system.

A typical featLl'e is the formation of an inset charnel within the enlarged charnel. The inset
charnel conveys the low flows. The Techical ProcedLl'es docunent uses nunerous references
to examine fluvial responses to Ll"balization and stream charnel e\oQlution. A large portion is
de\oQted to the concept of charnel eqLilibriLrn and its foLl' possible states:

• Neutral: no charnel form alterations U1der small distLl'bances,
• Stable: temporary alteration followed by retLrn to original state upon cessation of small

distLl'bance,
• Unstable: permanent alteration following a small distLrbance without achieving a new stable

behavior, ard
• Metastable: no alteration following a small distLl"bance but general system alteration towards

a new eqLilibriLrn state as a consequence of a major distLrbance.

A fluvial system may move from one state of eqLilibriLrn to another either smootHy or
catastroplically. The transition ard new state depend on the characteristics of the stream and
the spatial ard temporal distribution of the distLrbance. Most engineering analyses use "regime
theory," wlich assunes that the system is in a state of metastable eqLilibriLrn. That is, the river
reacts to major flooding events, but its form is dictated mostly by events with a retl.rn period
between 1.5 and 2 years (barkfLiI discharge). The docunent cites literatLl'e docunenting the
slift of dominant discharges to the 2- to 3-month event (mid-barkfLil discharge) when the
watershed U1dergoes Lrbalization.

The Technical ProcedLl'es docunent ends its introdLdory section with a description of
watersheds in the City of Austin ard the stLdies that were cordLded in them, mostly using the
Rapid Geomorplic Assessment (RGA) protocol. The docunent concILdes that the stream
charnel morprology within the City of Austin appears to be consistent with regime theory.

4.6.2.2. Impervious Cover Computation

The Uliversity of Texas performed this computation using a grid layout to determine drainage
area ard impervious cover. The calculation was done for each reach at geomorphic SLrvey
sections. Little detail is provided on the GIS-based model that was applied to accomplish tlis
task. Impervious cover is estimated for both existing ard futLl'e corditions.

4.6.2.3. Watershed 'Vital Statistics"

•

Basic characteristics are gathered to provide a general assessment of the watershed. SoLl'ces
of information inclLde USGS topographic maps, the Travis ColJ1ty soil SLrvey, development data
from the BLI'eau of Economic Geology, maps to identify parks, and drainage improvement plans
from the City's Drainage Utility.

The resLits are presented in a watershed report that details drainage area, existing ard futLl'e
impervious cover, SLrnmary of watershed development, stream length ard slope, major
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• tributaries, soil description, list of parks, Lnique watershed featlres, and existirg and ll'COmirg
irtrastructlre projects.

4.6.2.4. Urbanization Effects

The regional regression equations developed by the USGS are used to estimate existirg and
futlre peak discharges for the 2- and 1O-year events. These equations require usirg the
impervious fractions previously computed. The flows are computed for every reach and every
geomorphic SLrvey cross section. The percent increase in the peak flows can be used as an
indicator of management needs for the watershed.

4.6.2.5. Stream Inventory

•

Erosion Priority Rating

The ptrpOSe of this task is to identify and prioritize erosion problems. A field SLrvey of the stream
is conducted to select reaches, measlXe geomorphic parameters, assess erosion problems,
determine probable causes, assign prior~ies, and formuate mrrigation options. Streams are
investigated if the drainage area is at least one square mile. A stream inventory form was
developed for this pLrpose.

Items to be noted inclLde bLildirgs, parkirg lots, bridges and ptblic facil~ies, retairirg walls, trees,
utility poles and utility crossirgs, fences, steep banks w~hin parks, and sigrificant loss of land.
Priorities were assigned as:

Priority 1 - A primary stn..dLre, road, or ptblic facility CLrrently ttTeatened and reqLirirg
immediate attention.

Priority 2 - Other ~ems such as retairirg walls, fences, trees and woodlands CLrrently
t1Yeatened. This also inclLdes areas that are facirg stbstantialland loss due to erosion.

Priority 3 - Items not CLrrently ttTeatened but that may be in darger in the futlre due to erosion.

A detailed geotech1ical investigation is performed later on Priority 1 areas. The irtormation
gathered inclLdes assessment of vegetation, stbstrate material, bank soil strata, cross section
measlrements, indicators of erosion potential, slope stability, and structlre stability.

Identification ofErosion Causes

Protographs are used to dOCLrnent the cond~ions of the creek. The objective is to collect this
irtormation at various points in time to observe charges in bottom width, bank slopes, vegetation,
baseflow conditions, and channel stbstrate. This irtormation can be used to assess
maintenance needs in the watershed. causes of erosion inclLde:

• Effects of development (widerirg, downcuttirg, aggradation, slope failLre, plartorm charge,
channel straighterirg due to increased velocity)

• Pipelines alorg and crossirg the stream
• Manroles
• Storm sewer outfalls (pipes and channels)
• Rock berms causirg SCOlr roles, bank widerirg, and Lpstream aggradation
• Severe bends
• Erodible soils
• Past channelization projects
• CLdverts w~rout energy dissipators• ANALYSIS OF CASESTUDIES 75
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• In-channel distubances

Inset Channel Geometry

Periodic measlJ"ements of inset charnel width and depth are taken at the bankful level in riffle
sections. These meaSlJ"ements are used in geomorphic analyses. Bankful indicators include
exposed roots, moss lines, exposed alluviLm, and vegetation type and condition.

Reach Qassification

The stream is sLbdMded into reaches defined according to the following criteria:

• In straight charnels, length is at least 20 bankfull widths with the bankfull width given by the
1.2-year event. In meandering charnels, the length is greater than two meander
wavelengths,

• A 10 percent increase either in the flow rate of the basin imperviousness, or
• Effective drainage area greater than one square mile.

These reaches are also termed response segments and are used to examine ongoing
geomorplic processes.

The docunent stresses the point that morphologic classifications are not appropriate in cases
where development is causing charnel adjustment because the form-process relationslip is being
disrtpted. No classification system has been devised for lJ"ban streams. Therefore, it is more
appropriate to classify charnels according to the erosion susceptibilitY of bOlrdary materials. For
the City of Austin, it was determined that the charnels respond in one of three basic pattems:

• Valley formation: banks and bed are both susceptible to SCOlJ",
• Charnel widering: banks are more susceptible to SCOlJ", and
• Charnel downcutting: bed is more susceptible to SCOlJ".

The susceptibilitY to SCOlJ" is computed as the SlJ"n of stickiness, plasticitY, and firmness indexes
as produced by standard soil consistency tests.

Reaches are classified according to three standard types: alluvial charnel, rock-bed charnel, and
rock-controlled charnel. Stn..c1ual charnels are viewed as a folJ"th type. These designations are
assigned based on a combination of examination of maps and photographs and the field SlJ"vey.
Reaches can be classified flJ"ther using a system developed by Krighton (1987) wlich describes
the boll1Clary material composition of sLbstratlJ"n, sLbstrate, and least resistant bank. These
materials can be rock, lI1CIistlJ"bed overblJ"den, alluvilJ"n, or armor. Tlis classification system is
used in determiring the eriargement ratio.

Geomorphic AssessmentofReaches

The docunent cites three adjustment scenarios:

• Imial phase: Roughness and depth adjust rapidly to changing conditions. Affected featlJ"es
are microforms with relaxation times of the order of 10° year.

• Second phase: Width is modified tntil depth and roughness are adjusted. Affected featlJ"es
are mesoforms with relaxation periods between of the order of 101 to 1if years.

• Tlird phase: Longitudinal slope is adjusted and reaches eqLilibrilJ"n with width, depth, and
roughness. Tlis is a macroform featlJ"e with relaxation time of the order of 1if to 103 years.• ANALYSIS OF CASESTUDIES 76
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The Tech1ical ProcedLres docl.l11ent indicates that true representation of any f1Ll11iaI system
soolJd take into account micro, meso, and macroscale feahres. I-bwever, too fine spatial and
temporal variability of microforms makes meaSlJ"ement and monitoring impractical. On the other
extreme, macroform dimensions and time scales are too large to be of practical management
value. Consequently, geomorphic assessments are to be based on mesoforms with a general
U1derstanding of the other scales involved.

Relaxation periods for distLrbances applied on mesoforrns are defined as 10 to 55 years for
alluvial and rock-bed charnels; oowever, no gLidance is provided to select a value. No relaxation
period was defined for rock-controlled charnels, but 55 years is suggested for use in
computations.

Each reach is analyzed through Rapid Geomorphic Assessment (RGA) to determine its stability
conditions. A RGA form is used to check for too presence of geomorptic processes indicative of
aggradation, degradation, widering, and planform adjustment. Scores for these processes are
used to arrive at a Stability Index (SI) that describes the reach as stable, transitional, or in
adjustment. The resuts of these analyses can be sLrnmarized in a color-coded map showing the
stability classification for each reach. I-bwever, too 81 does oot indicate the intensity of
geomorphic actMty, wootoor the processes are still active, or the sequence in which they
OCClITed. These iSSLes need to be resolved with additional historic or anecdotal data.

.
In addition to the RGA form, the fluvial geomorpoology field recorrnissance form records a large
amount of information:

• General site data,

• Pootograptic records,

• Bark material composition for several stratigraplic Lrits (soil consistency, particle size, soil
class, and plasticity index),

• Envirormental integrity (charnel alteration, sediment deposition, embeddedness of coarse
material in fine material, bark condition, riparian vegetation),

• Sketch of planform geometry,

• Field erosion process classification (shear dominated, falling-stage dominated, arrl'or
controlled by other nonfluvial processes like expansion-contraction, chemical weathering,
rainfall impact, and arimal trampling and bLrrowing),

• Rosgen (1994, 1996) classification (entrenchment ratio, widttv'depth ratio, siruJSity,
sLbstrate, sLbstratLrn, slope), and

• Marring's rating CLrve.

4.6.2.6. Enlargement Potential

The theory to estimate charnel enlargement was proposed by Morisawa and LaFIlJ"e (1979) and
modified to produced the Austin Enlargement CLrve. The basic assLrnptions.are:

• Change in impervious land cover in the watershed is a sLitable sLrrogate for instream
erosion potential changes,

• • ScolJ" adequately represents instream erosion potential,
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• Channel enlargement varies inversely with drainage area and channel bol.filary resistance,
and

• For the pLrpOSes of assessirg response to charges, channels can be classified in three
categories: rock controlled, rock bed controlled, and alluvial.

Morisawa and LaFIlJ"e (1979) developed a cuve in wlich eriargement is a function of area with
imperviousness greater than 5 percent. T1is cuve was modified by providirg different cuves for
each of the three channel categories as observed for the City of Austin. T1is approach does not
include the effect of past channel maintenance activities. Another cuve termed "channel
relaxation ClJ"ve" is used in the computation, but the document does not mention its origin. The
procedlJ"e to estimate channel enlargement is the followirg:

1. Usirg regional regression equations, compute the bankfull discharge for existirg conditions.

2. Determine bankfull depth as an average of field-observed values and those computed usirg
Mamrg's formLJa. calculate flow area ABFLEXT'

3. Usirg land use maps and other information, determine the average age of development
impactirg the stream W.

4. Define the relaxation period Wcorrespondirg to the channel type. Compute tre ratio ttl t,.

5. Compute existirg and future watershed impervious cover. Review the Stability Index SI and
study any existirg photographs to check whether the development pattem and impervious
cover conclusions are sensible.

6. Determine the Utimate eriargement ratio for existirg conditions RE EXT lLT from the
Morisawa-LaFlure cuves modified for the City of Austin. Use tt It- in the "channel relaxation
cuve" to determine RE EXT I RE EXT lLT' where RE EXT is the existirg eriargement ratio.
Compute REEXT'

7. Compute the pre-development bankfLJI channel area as AaFLPRE =ABFLEXTI REEXT,

8. Obtain RE Fur lLT from the modified Morisawa-LaFlure cuves usirg the future impervious
cover. Compute future bankflil channel area from ABFLFurlLT =AaFL PRE X REFur lLT .

9. Compute the difference between AaFL Fur lLT and ABFL EXT' T1is difference will provide an
estimate of sediment yield.

10. Determine the appropriate eriargement process. The channel may be widerirg,
downcuttirg, or both. Downcuttirg may be constrained by grade-control stl'l..dures such as
cLdverts. Widerirg may be restricted by resistant channel boundaries.

11. Analyze the possibility of further bank failure due to eriargement and the ensLirg increase in
top width. For example, near vertical or unvegetated slopes are unstable, and widerirg may
cause catastroplic failure and increase sediment yield. The increase in the top width can be
viewed as an erosion hazard indicator.

12. Compute sediment \Qlurne yield as channel length times the total bank loss. T1is estimate
will be useful oriy as a plamrg tool due to variability alorg the channel reach. Use a sLitable
density (e.g., 120 pounds per cubic foot) to compute the weight of sediment yield.
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• 13. Determine the new cross section. This requires assessment of bank faillJ"e mechanisms
and estimation of final bank slopes. Another consideration is the distribution of widenirg
between the two banks accordirg to the relative resistance of bank materials.

14. Formuate management options dependirg on all of the observed conditions. For example, if
the watershed is near utimate development and the creek has nearly achieved its final
contiglJ"ation, only local erosion problems may need to be addressed.

4.6.2.7. Nick Point and Meander Management

•

Nick points and meander issues will be identified in the stream inventory phase to complement the
stream stability analysis. Nick point migration indicates downcuttirg of the stream bed that may
result in bank instability, which in tlJ"n causes channel widening and increased sediment load.
Similarly, meander migration involves erosion and may affect structlJ"es located on the banks.

Nick points can 0CCLr natlJ"ally or be the result of structlJ"es sl.d1 as pipeline crossirgs and
bridges. Migration of nick points may rarge from a few inches to tundreds of feet per year,
dependirg on the resistance properties of the bed material. The migration rate is usually an
indicator of the associated problem because it indicates the rate at which the channel is
recontiguirg itself in response to outside impacts. I-bwever, the severity of any migration rate is
often dictated by the structll"es in danger. For example, a few inches of annual migration may
have serious consequences on the geotechnical stability of the stream banks.

Characterization of nick points involves field dOCLrnentation of location, height, sLbstrate and
substratLrn description, featlJ"es affectirg nick point movement, and distance to grade control
structlJ"es that may stop migration. Mitigation meaSlJ"es for nick point problems usually involve
the introduction of a control. The two major options are buial with material to avoid exposlJ"e of
the bed and introduction of hard outcrops (rock or concrete) to intelTl4Jt beddirg planes of soft­
hard materials.

Meander severity is treated accordirg to the methods in Hckin and Nanson (1984). Erosion
proceeds in the outer bend of meanders whereas deposition takes place in the inner bend. Most
of this process takes place in the downstream third of the meander length. Therefore, meanders
move both laterally normal to the valley slope and down slope parallel to the valley. Hckin and
Nanson (1984) determined that the rate of channel migration is directly proportional to stream
power and channel width and inversely proportional to bend radius, bed material shear
resistance, and bank height. FLrther, the migration rate is rnaximLrn when the ratio of bend
radius to channel width rlWBFL is between 2 and 3. This conclusion was derived from streams in
prairielands but was extrapolated to the Austin area.

The procedlJ"e in the dOCLrnent consists of identifyirg channels with a sirl.OSity of 1.2 or greater
and then determinirg the rlWBFL ratio. If the ratio falls wittin the fast-migration range, this factor is
taken into consideration when developirg management options.

The Tecmcal ProcedlJ"es dOCLrnent proposes a prioritization scheme based on scores assigned
to the threatened resOlJ"ces and the potential problems. ResolJ"ce values vary from a rnaximLrn
of 100 for a major road to 35 for a yard. Little information is provided on how the scores are
actually estimated; however, the process is systematic and leads to rankirg of reaches based on
the significance of erosion and affected structlJ"es. The procedlJ"e is implemented by means of
spreadsheets.

•

4.6.2.8.
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The Tecmcal ProcedLCes dexunent devotes one chapter to the development of restoration
meaSLCes at the charnel and watershed levels. These meaSLCes can involve floodplain
management, charnel geometry modifications, vegetation restoration, flow modification, and
slbstrate manipulation. The Teemcal ProcedLCes dOClJTlent outlines an 11-step procedLCe to
identify and design appropriate restoration meaSLCes.

4.6.3. Applicability

Most of the teemques described in the Teemcal ProcedLCes dOCllTlent are directly applicable to
the riverine erosion investigations. The dOClJTlent offers a systematic procedLCe based on
geomorplic and engineering principles to analyze erosion problems. A major contribution of the
methodology is its emphasis in examining the temporal variations of charnel evolution as a
furx:tion of contirting development. Although mapping the extent of hazard areas is not one of its
objectives, the Technical Procedures document suggests that chamal enlargement computations
combined with geotecmcal stability considerations can be used to delineate erosion hazard
areas.

The methodology was developed specifically for streams in the Austin area but, in principle, can
be modified for other regions.

4.6.4. Limitations

The methodology depends on the development of site-specific charnel enlargement CLCveS,
wlich may be costly to obtain. I-bwever, a carefully designed research program may provide
sufficient information to typify stream systems into regionally valid categories. SLd1 an approach
would lessen the bLCden when conducting studies at a national scale. The limitations of sLd1
regional studies must be taken into accoLnt when conducting site-specific analyses.

Delineation of hazard areas reqLires development of new procedLCes for geoteemcal bank
stability analysis. The Teemcal ProcedLCes dOClJTlent alludes to the need for these procedLCes,
but a national methodology reqLires explicit definition of methods. These can be easily defined
from a variety of SOLCceS.

The methodology only computes total charnel enlargement and does not distribute it among the
two banks and the stream bed. Tlis limitation may be alleviated in cases where erosion takes
place either at the banks or at the bottom. f\bnetheless, a procedLCe needs to be devised to
handle all situations.

4.6.5. Relevant References

Hckin, E.J., and G.C. Nanson (1984), "Lateral migration rates of river bends," ASCE JOLrnaI of
I-tfdraulic Engineering, vol. 110, f\b. 11, p.1557-1567.

Knighton, A D. (1987), "Downstream River Charnel Adjustments," in River Channels:
Environment and Process, Institute of British Geographers special plblication, K Richards
(ed.), Basil Blackwell, Inc., New York.

Morisawa, M., and LaFILCe (1979), "l-tfdraulic Geometry, Stream EqLilibriLrn and U'barization,"
in Adjusfments of the Fluvial System, D. D. Rhodes and G.P. Williams (eds.), Proceedings
of the 10th annual Geomorphology SymposiLrn Series, Binghamton, New York, Kendall H..nI:
DlbLque, Iowa.
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Rel1lNick, W.H (1992), "EqLilibriLlTl, diseqLilibriLm, and roneqLilibriLm lardforms in the
landscape," in Geomorphic Systems, J.D Plillips and W. H. Rel1lNick (eds.), Proceedirgs of
the 23rd am.al Georrorphology SymposiLl11 series, Birgharnton, New York, Elsevier,
Amsterdam.

Rhoads, B. L. (1994), "Fluvial Georrorphology," Progress in Physical Geography, 18(4), p. 588­
608.

Rosgen, D. L. (1994), "A classification of natLral rivers," Catena, 22, pp. 169-199.

Rosgen, D. L. (1996), Applied River Morphology, Wildland Hydrology, Pagosa Sprirgs,
Colorado.

Sirrons, Li & Associates, Inc. (1985), Design Manual for Engineering Analysis of Fluvial
Systems, prepared for Arizona Department of Water Resources.

Thome, C.R, and MK Tovey (1981), "Stability of composite river banks," Earth Suface
Processes and Landforms, 6, pp. 469-484.

Thome, C.R, and M.R Welford (1994), 'The eqlilibriLl11 concept in georrorphology," Annals of
the Association of American Geographers, v. 84, f\b. 4, p. 666-696.

Thome, CR, and J. Lewin (1982), "Bank processes, bed material rrovement, and planform
development," in Adjusfments of the Fluvial System, D. D. Rhodes and G.P. Williams (eds.),
Proceedirgs of the 10th am.al Georrorphology SymposiLl11 Series, Birgharnton, New
York, Kendall H...nt DLbLque, Iowa.

4.6.6. Mappability

The resLits of tlis methodology prodLCe maps for indicators of erosion and localized erosion
featLres sld1 as rick points. The color-coded maps show channels in adjustment, transition, or
stable conditions. Tlis kind of information is usefU for watershed and stream management but
rot for delineation of riverine erosion hazard areas. The maps need to be enhanced to show the
resLit of channel enargement computations.

4.6.7. Cost

f\b information on cost is presented in the glideline docunent. Mr. Tom Hegemier of Rayrrond
Chan & Associates estimates an average cost of $2,000 per mile.

4.6.8. Regulatory Potential

The methodology coud potentially be enhanced to allow reguation based on delineation of
hazard areas.

4.6.9. Summary

The Techrical ProcedlJ'es docunent proposes a systematic methodology aimed mainy at
characterization of erosive state of a stream. Geomorplic and ergineerirg methods are outlined
to classify channels and determine if they are adjustirg tlTough ligh georrorplic activity, in
transition to a new eqlilibriLl11 form, or stable. The basic tool is a set of ClJ'veS to estimate
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charrel eliargement. The docurent presents tecmques to analyze localized featl..res sLCh as
nick points and meanders.

While in its present form the methodology is extremely usefu as a watershed and stream
management tool, refinements are needed to allow delineation of hazard areas.
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4.7. River Stability studies for Virgin River, Santa Clara River, and
Fort Pierce Wash, utah

Document TiDe: River Stability StLdy, Virgin River, Santa Clara River and Ft. Pierce
Wash, Vicirity of St. George, Utah (CI-QM HII and J.E. Fuler/Hydrology
& Geomorptx>logy, 1996)

Agency: City of St. George, Utah

Authors: CI-QMHII and JE Fuller/Hydrology & Geomorptx>logy, Inc.

Date: 1996

study Method Geomorphic analysis
Category:

4.7.1. Overview

This report describes the resLdts of an investigation of river stability for three major watercOLrses:
the Virgin River, the Santa Clara River and the Fort Pierce Wash, in the vicirity of St. George,
Utah. The objective of the stLdy was to develop a floodplain management plan to help the City of
St. George better manage flood and erosion hazards associated with development in floodplains
located within the city limits. As a resLit of the stLdy, erosion hazard boU1dary corridors along
each of three rivers have been established. The report describes the mettx>dologies and
assunptions used to develop the erosion hazard boU1daries. The erosion hazard boU1dary
corridors are presented on aerial maps.

The basic approach used in the stLdy is geomorphic analysis, entailing the following tasks: data
collection, field reconnaissance, historic evaluation, and geomorphic evaluation. HydraLdic and
sediment transport analysis and modeling were not included.

4.7.2. Detailed Description

Hstoric evaluation and geomorphic evaluation are essential parts of the study. Evaluation of
historic river charrel changes and U1derstanding of the natLre of past river behavior provide a
basis for predicting the type of charrel changes that coLdd 0CClI" in the futLre. Geomorphic
evaluation allows predicting where futLre aggradation, degradation, and lateral charrel migration
are likely to 0CClI". Similar mettx>dologies for historic and geomorphic evaluation were applied to
all three streams. In the following sections, the mettx>dologies are described in detail for the
Virgin River and in brief sunmaries for the other two streams.

4.7.2.1. Historical Evaluation, Virgin River

The Virgin River is one of the major tributaries of the lower Colorado River. The drainage basin of
the Virgin River covers about 3,800 square miles of southem Utah and northem Arizona. Its
perenrial flow and fertile floodplain have stpported agricLitLral actMties since prehistoric times.
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The historical evaluation of the Virgin River was based on following types of data:

• Hstoric descriptions from pioneer diaries (1853 to 1902)
• Hstoric aerial maps and groU1d photographs (1902 to 1995)
• Topographic maps and cadastral sl.lVey maps (1870 to 1992)
• Hydrological and dimatic data
• Published engineering reports

Review of historic description shows that the appearance and character of the Virgin River have
sLbstantial1y changed. The river observed by the pioneers was narrower, had grassy banks and
was lined by tall trees and swampy grassland. The river seen in the earliest photographs (1902)
is wide and braided with a barren active floodplain and vertical cut banks.

A total of nine aerial photographs, dating back to 1938, and a cadastral SLrvey map of 1870
were compared to identify the type and extent of changes on the active river channel and
floodplain. Map overlays were prepared from each set of historic aerial photographs to compare
the locations of the active channel and floodplain. Measurements made from the overlays
indicate that the active channel of the Virgin River decreased in width by about 62 percent from
1938 to 1993 (684 to 257 feet), and the rnaximun active floodplain width decreased from 5,100
to 2,200 feet. The largest measlJ"ed lateral migration distance due to bank erosion was more
than 900 feet.

Hydrologic and dimatic information was analyzed. There were 12 floods with discharges greater
than 10,000 cLbic feet per second (approximately a 5-year flood) recorded for the Virgin River at
Virgin, Utah, with the largest recorded natlJ"al flood in December 1966. Comparison of the 1960
and 1966 aerial photographs indicated that the active channel of the Virgin River slifted
sigrificantly within the floodplain and that bank erosion reached Lp to about 800 feet in some
places. Another large flood, the January 1989 Quail Creek flood, OCCU"fed due to a reservoir
fabe. Channel movement was not as sigrificant as other historic natlJ"al floods due to the
flood's short dlJ"ation. The paleoflood I¥drologic stLdy revealed that there were at least 12
floods larger than the 1966 event and that there have been at least two floods larger than the
Quail Creek Flood since about 900 AD.

From the historical evaluations, the following important condusions were obtained:

• The Virgin River has been sLbject to large, erosive floods for at least the past 1,000 years.
These erosive floods have caused the active channel to frequently slift locations within the
geologic floodplain.

• Channel movement and/or bank erosion of 800 to 2,000 feet was not lJ'XX)mmon duing the
7 to 14 year period between dates of aerial photographs.

• Duing the past 35 years, the Virgin River has become narrower and deeper, and the active
floodplain has become densely vegetated.

The geomorphic evaluation estimates where futlJ"e aggradation, degradation, and lateral channel
migration are likely to OCCU". Several river stability assessment methodologies were used
indLding river-dassification based teemques, interpretation of historic river response, USACE
allowable velocity and hydrauic geometry procedlJ"es, Federal Hgtmay Admiristration gLidance,
and sediment continLity relationships. As empirically based methodologies, they are more
appropriate for predicting the direction of expected channel change than the exact magritLde of
futlJ"e channel changes. The authors believe that "methodologies that allow precise determination•
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of future (loi1f"term) river behavior simply do not exist." I-bwever, the authors also believe that
"by application of the geomorphic principles and methodologies, combined with the interpretation
of the historic information, a reasonable assessment of the potential for futlf"e erosion can be
made." The erosion corridor was defined based on past river behavior and the existing river
channel conditions. Engineering judgement was used in developing approximate futlJ"e erosion
hazard corridor limits.

The study sLmmarized variables that affect river behavior into eight categories: hydrology, flow,
flood characteristics, riverbed and bank sediment, climate, time scale, channel vegetation and
watershed characteristics. Sources for data for these categories used for the geomorphic
evaluation include:

• Hstoric records on channel change,
• Aerial photographs and maps,
• I-Ec.2 output from the effective FEMA Flood Insurance Study, and
• Engineering and scientific reports.

A visual SLrVey was conducted, and observations on above variables were recorded. Tre
longitudinal profile and channel bed elevation data were analyzed. ResUts indicate that 10i1f"term
SCOlf" of LP to 12 feet has ocetrred since the 1960s and that net 10i1f"term scour has probably
been OCCUTing in the study reach since at least 1862. Channel degradation on this scale tends to
reduce bank stability and increase the potential for lateral erosion.

Stability of channel reaches was evaluated using two classification systems for the Virgin River
study reach: the Federal Hghway Admiristration (FHllVA, 1991; Brice, 1983) system and the
Rosgen system, both described in detail below.

Federal Highway Administration classification system: The method (FHllVA 1991) was
developed primarily for the evaluation of river stability near bridge structlf"es am uses readily
identified river characteristics to predict stability. The system assigns a relative erosion potential
classification based on the 12 river characteristics below:

• River Size: The potential for and scale of lateral erosion increase with river size.
• Flow Habit: Peremal rivers tend to be more erosive than ephemeral rivers, except in arid

regions where flash floods and trlStable bank materials cause sigrificant lateral erosion.
• Bed Materials: The Virgin River has a sandy gravel bed and stratified sam am gravel bank

materials susceptible to SCOlf".
• Valley Setting: Channel reaches with low relief (less than 100 feet) typically have more

erosion-prone banks.
• Floodplains: Channels with wide floodplains (more than 10 times channel width) typically

experience more lateral channel movement than channel with narrow floodplains (2 to 10
times channel width).

• Natlf"al Levees: Rivers with natlf"allevees tend to have low rates of lateral migration.
• Apparent Incision: Rivers with vertical cut banks are generally trlStable.
• Channel BotrlClaries and Vegetation: Alluvial rivers are more susceptible to lateral erosion

than non-alluvial rivers. The Virgin River is an alluvial river except for a small portion. Banks
with less than 30 percent woody vegetation and banks with cohesive soils are generally less
susceptible to SCOlf". The Virgin River does not have these characteristics.

• Sinuosity: The Virgin River has a sinuosity less than 1.5 and probably is not sLbject to
meander geometry relationships.

• Degree of Braiding: Braided rivers are laterally trlStable. The Virgin River study reach was
generally braided form 1938 to 1967 and retains some characteristics of a braided river at
high flows today.

• Degree of Anabranching: The study reach is not anabranched, as defined by FHllVA
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• Variability of Width ard Development of Bars: Rivers with relatively Lriform width ard
narrow, reguar point bars terd to have slow lateral migration rates. The study reach has
irreguar channel widths ard wide irreguar bars; therefore, it is sLilject to rapid migration.

Ulder tlis dassification system, the Virgin River study reach scores Iigh in all of the categories
that irdicate lateral instability. It irdicates that the river reach has Iigh potential for rapid erosion
ard lateral channel movement.

Rosgen Classification System. The Rosgen system (Rosgen, 1985, 1994, 1996) was
developed from data from the intermoLl1tain region of the westem Ulited States ard has many
adherents among state ard Federal agencies in Utah. The system dassifies river reaches into
different types based on its slope, channel type, bed materials, entrenchment, erodibility ard type
of sediment.

The Rosgen bank erosion matrix (Rosgen, 1996) was used to evaluate bank erosion potential.
The bank erosion matrix assigns measurable parameters describing bank conditions. These
parameters inclLde bank heighVbankfull height, root depttYbank height, root density, bank angle in
degree, am surface protection. Points are assigned to each parameter, wlich are then are
SLmmed ard adjusted for bank material composition ard stratification. A Iigh total score
irdicates Iigh erosion potential. The banks of the Virgin River in the study reach scored in the
range of very high to extreme categories of bank erosion potential.

The study evaluated the potential for bed erosion by comparing the permissible velocity,
established by USAGE (1995) for design of non-scouing flood control channels, with the average
channel velocities determined from Flood Insurance StLdies. The resuts showed that floods with
1G-year or greater retLm periods woud exceed the permissible velocities. The USAGE criteria
relating flow depth ard velocity to the movement of bed materials ard erosion of cohesive bank
materials (USAGE, 1990) irdicate that the Virgin River will erode its bed ard banks at flow rates
sLilstantial1y less than the 1G-year flood velocities ard depths. The criteria developed by Thorne
ard Osman (1988) as well as by Rosgen (1996) were used to evaluate bank stability. Resuts
irdicated that the vertical-cut banks along the Virgin River are l.I1Stable. Finally, the channel
migration rates duing the period of record were determined by comparing channel locations in
sequential aerial photographs. The resUts show the potential for very rapid bank migration within
the study reach.

Sediment data were obtained from several engineering reports (SCS, 1990; Biowest, 1995) ard
USGS meaSlJ"ements at the t-k.rricane, Utah, station. These sediment data terd to SLPport the
theory that much of the geomorplic work on the Virgin River is accomplished duing floods,
instead of duing bankful discharges ard low flows.

Based on condusions of Iistoric ard geomorplic stLdies ard engineering jLdgement, an erosion
hazard corridor was defined.

From the above analysis, the study condLded that the Virgin River is sLilject to extreme bank
erosion, lateral channel movement, am channel changes in bed elevation. Bank erosion with
accompanying lateral migration of LP to 2,000 feet over the past 120 years was identified using
nstoric maps ard aerial photographs. H.rnan modifications in the floodplain of the Virgin River
ard attempts to control erosion have generally been l.I1SuccessfU duing the 14G-year period of
settlement. t--b trerd toward increase of the river stability was identified. For all these reasons, a
wide erosion hazard corridor was established.

•
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Santa Clara River is a tributary of the Virgin River. Its drainage basin covers about 545 square
miles of mOl..ntainous terrain north of the City of St. George, Utah. The river has perenial flow;
its floodplain has been exploited for agrictJtlre. Although floods and flood-related channel
changes have occlJ"red dLling the last 140 years, the lateral position of the channel within its
floodplain has been very stable. Ony in recent years has flood-related channel instability caused
problems for landowners.

The same historic and geomorphic analyses used on the Virgin River were applied to the santa
Clara River. Evaluation of the historic channel changes of the Santa Clara River reaches
demonstrated the following conclusions:

• The Santa Clara River experienced a period of channel bed degradation dLling the late
1800s that caused the main channel to become incised. I-bwever, the channel pattem
apparently did not change sigrVficantly. The channel was relatively stable from 1938 to
1994. DLling this period the watershed experienced an extended drought, the record flood,
and many oirer large floods.

• Recent channel instability is concUTent with a period of hlJ"nan distlJ"bances of the floodplain
and channel. U1distlJ"bed reaches have been stable since 1938. Recent channel instab~ity

is dLe to relatively small-scale bark faill.f"es, but generally the bark has not eroded beyond
the limits of the incised channel.

• Geomorphic evaluation consisted of field visual SlJ"Vey, hydrauic data analysis (from FEMA
Flood InslJ"ance Studies), channel longitudinal profile development and analysis, and river
stability evaluation using the FHVVA and Rosgen classification systems.

• The study reach has been relatively stable, except where bark vegetation has been
distl.f"bed. Hstoric channel degradation has over-steepened barks in portions of the study
reach.

• Hazard of bark erosion and lateral channel movement is high where bark vegetation has
been removed and is moderate elsewhere.

• Long-term SCOlJ" has lowered the channel bed elevation by as mLd1 as 12 feet since 1850
and has increased the potential for bark erosion and lateral channel movement.

• Overall, the study reach is stbject to lateral erosion and degradation where bark vegetation
is distl.f"bed.

Based on these conclusions, the resUts of the historic analysis and engineering judgement, an
erosion hazard corridor for the Santa Clara River was defined.

4.7.2.5. Fort Pierce Wash

•

The Fort Pierce Wash drainage basin covers about 1,600 square miles of southem Utah and
northem Arizona. Its watershed consists primarily of poorly vegetated, arid, high desert areas
with dry washes in hilly, bedrock terrain. The study reach has ephemeral flow; recently, near­
pererrial discharge has begLll to flow in the wash. The discharge comes from irrigation retlJ"n
flow, mining tailwater and other SOlJ"ces related with lJ"banization of the St. George area.
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• Hstorical evaluation ard geomorphic analysis were applied to evaluate stability of the stLK:ly
reach. Charnel changes that OCCLlTed along Fort Pierce Wash duing the historic period are
sLmmarized as follows:

• The wash has lIlCIergone significant modifications of its charnel ard floodplain in tre past 30
years. The active charnel in tre distu'bed reach has changed from a wide, braided river to a
narrow, confined charnel choked by dense growth. The disturbed reach narrowed by more
than one order of magnitude. Lateral charnel movement has not been a sigrificant hazard
along Fort Pierce Wash since 1938, partly because that none of tre floods recorded in tre
past 90 years for the study reach exceeded tre 2G-year recurrence interval.

• I-lman activities on tre floodplain, mainly sard ard gravel miring ard urban development,
have strong impacts on channel changes. Miring has moved material from charnels ard
floodplain, ard two mining pits have intercepted the main charnel in two places.
Development has encroacred on tre floodplain.

• The geomorphic evaluation irdicated that ht.man impacts have had the greatest effect on
channel stability in tre study reach. Lateral channel stability has not been a problem in tre
past ard is not expected to cause sigrificant problems in tre future, except for areas near
tre sard ard gravel miring reach.

An erosion hazard corridor was developed along the study reach.

Based the on above analysis, the stLK:ly recommended floodplain management plans for each
river. The general recommerdations for management of all reach3s include tre following
elements:•
4.7.2.6. Recommended Management Plans

• Adopt tre erosion hazard corridor.

• Amerd tre existing flood control ordinances ard policies to include river management
policies. These policies woud SLPport preservation of tre natural river systems, promote
lard uses that are compatible with a natural river system, ard limit construction of structural
improvements within tre erosion hazard corridor. Exceptions woud be given to measures
that protect existing structures needed for pLblic safety or where the charnel tlTeatens to
move outside of the establisred erosion hazard corridor.

• Reguate all new developments within tre corridor by reqLiring a special use permit.

• Establish a no-bLild zone dose to tre banks. Habitable structures shoud be set back a
mirimurn distance from tre top of tre bank.

Specific recommerdations are made for each of tre studied rivers.

4.7.3. Applicability

The report described a typical river stability stLK:ly in arid areas. The stLK:ly analyzed Iistoric
records to interpret river behavior in tre past and used geomorplic analysis based on field
observation ard Iistoric data to predict tre erosion potentials for the future. Two river stability
dassification systems, one developed for natiorwide use ard anotrer based on regional features,
were used to evaluate tre stability of stLK:ly reach3s. T1is methodology is applicable to other
rivers.
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Based on the analysis, erosion hazard corridors were defined for all studied river reaches. The
corridors were developed based on the following factors:

• Judgement
• Hstoric bark movement distances meaSLres on maps and photographs
• Meander geometry relationsnps
• Regime/hydraulic geometry relationsnps to identify LI1Stable/stable reaches
• Geometric mapping of soillrits
• Presence of permanent improvements, such as bark protection, bridges, and pipeline

crossings, that woud be protected and repaired.

Although the above elements do not generate a specific distance to use as setback from barks,
they provide a soLnd base to support proper engineering judgement to delineate erosion
corridors. The maps in the report illustrate these corridors.

The study recommended management plans for each river studied. The common elements of
the management plans are applicable to other rivers with similar natl1al and tunan-introdlX:ed
characteristics.

4.7.4. Limitations

It is dear that using the procedLres described in the report to determine erosion corridors
reqLires specialized knowledge and that the quality of the work woud largely rely on the project
engineer's experience and judgement.

4.7.5. Relevant References

Biowest, Inc. (1995), Virgin River Geomorphic and Hydrologic Studies Related to Channel
Forming Flows, Reported prepared for Utah Division of Wildlife ResoLrces, Salt Lake City,
Utah.

Federal Hghvvay Admiristration (1991), HEG-20: Stream stability at Highway Structures,
Wasnngton, D.C.

Rosgen, D. (1985), "A Stream Classification System," in Riparian Ecosystems and Their
Management - Reconciling Conflicting Uses, Proceedings of the First I\brth American
Riparian Conference, April 16-18, 1985. TLK:Son, Arizona.

Rosgen, D. L. (1996), Applied River Morphology, Wildland f-tydrology, Pagosa Springs,
Colorado.

Soil Conservation Service (1990), Virgin River - utah, Cooperative Study, prepared in
cooperation with Utah Division of NatLraI ResoLrces.

Thome, C. and A Osman (1988), "Riverbark Stability Analysis. II: Applications," ASCE JOLrnaI of
f-tydrauic Engineering, vol. 114, t-b. 2, p. 151-172.

U.S. Army Corps of Engineers. (1990), StabilityAssessmentfor Flood Control Channels (Draft).

U.S. Army Corps of Engineers (1995), Hydrologic Design of Flood Control Channels, EM111G­
2-1601.
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4.7.6. Mappability

The study mapped listoric river chamellocations for the Virgin River from 1874 to 1993, and
erosion hazard corridor boll1Claries along the studied reach for each of three rivers.

4.7.7. Cost

No cost information is reported. Mr. Jon Fuler, a member of the PWG, estimates that the cost is
approximately $1,000 per mile for the geomorplic analysis.

4.7.8. RegulatoryPotential

The resUts of the study can be used for floodplain management as well as reguation. The study
recommended necessary revisions to ordinances of the City of S1. George to incorporate
floodplain management policies that would reduce tunan-induced damages to the river systems.
Specifically, the study recommended reqLiring a special use permit to reguate all new
development within the erosion hazard corridor. To obtain a permit, the developers within a
corridor must meet follOWing reqLirements:

• Meet NFIP reqLirements for development witlin a floodplain.

• Provide an engineering and geomorplic study prepared by a professional engineer licensed
to practice in the State of Utah and certifying that the proposed development will not be
affected by erosion over a 1DO-year plarring period.

• Demonstrate that proposed bali< stabilization, if any, will not deleteriously affect reaches or
development lpstream or downstream.

• Demonstrate the stability of proposed bali< stabilization, if any. Local SCOlJ", long-term
degradation, channel movement, and bank erosion must be explicitly addressed in the bank
protection design.

• !-bId the City harmless from any and all claims resuting from erosion or any other f100d­
related damage to development witlin the erosion hazard corridor.

• Provide for perpetual maintenance of the bali< stabilization at no cost to the City or any other
ptblic agency.

• Provide a maintenance and access easement adjacent to any bali< stabilization project.

• Obtain necessary floodplain, wetlands (404), and water quality (401) permits or approvals
for any constr'Lction activities at no cost to the City.

4.7.9. Summary

The report describes listoric and recent channel changes on the Virgin River, Santa Clara River,
and Fort Pierce Wash in the City of S1. George, Utah. The dOClJ"nSnt describes methodologies
used to predict futlJ"e river behavior and erosion. These methodologies rely heavily on
interpretation of listoric channel behavior but also include consideration of engineering and
geomorplic techiques for evaluating channel stability. The listoric, geornorplic, and engineering
analyses were used to slpport flood control and erosion management for the City of S1. George.
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• 4.8. Hydrologic and Geomorphic studies of the Platte River Basin,
Nebraska

Document TiDe:

Agency

Authors:

Date:

Study Method
category:

4.8.1. Overview

Relation of Channel-Width Maintenance to sediment Transport
and River Morprology: Platte River, South-Central Nebraska
(Karli~er et a/., 1983)

U.S. Geological Suvey

Michael R. Karli~er, Tromas R. Esctner, Richard F. Hadley,
and James E. Kircher

1983

Geomorphc analysis

•
This stLdy was LJXIertaken as a resUt of the need to maintain a specific channel width alo~ the
Platte River, south-central Nebraska, for migratory-bird habitat. The stLdy reach extends from
Ashland, Nebraska, to just ~stream of the confluence with the NJrth Platte River, near Keystone,
Nebraska. Three different metrods were developed to estimate the water discharge necessary
to maintain the ClITent channel width. The methods include an empirical estimation based on
combini~ a sediment-water discharge relation with a steady state flow dlXation cuve,
investigation of macroforms and channel geometry as an aid in predicti~ the ClITent channel
width, and use of Parker's equations (Parker, 1977).

The report reviews, in detail, the channel geometry, sediment characteristics, and vegetation
effects before applyi~ the three methods.

4.8.2. Detailed Description

The hstory of channel cha~e was investigated through observations of cha~es in the channel
pattem, width, depth, slope, and bed forms. Information was collected from aerial protographs,
USGS maps, topographc SlXVSys, and field inspections. The data were analyzed and plotted to
represent cha~i~ conditions over time.

The channel's sediment characteristics were also analyzed. Both bed sediment and bank
sediment samples were collected and analyzed to determine trends in sediment size. The
stream distances versus the median sediment size were plotted to obtain a representation of the
sediment characteristics for the entire river section. The effect of cha~es in vegetation on
channel width and sediment transport was also considered.

Once the channel conditions were investigated, three methods were applied to obtain the
discharge necessary to maintain the channel width.

Method One

The first method involves determini~ a predominant discharge for whch a specific amoU1t of
sediment will be transported, thus ensLJi~ that the channel width remains the same. The first
step is to determine a relationshp between sediment transport rate and water discharge, and a• ANALYSIS OFCASESTUDIES 91



• flow-dlXation ClIVe for tre site of interest. Sediment transport is computed usil"9 tre Modified
Einstein Method, and a power regression equation is determined to relate sediment transport
rate to water discharge. Ths relationship can be used with tre flow dLration Cl.J'Ve to assign
probabilities of exceedence to sediment transport. Tns sediment dlJ"ation cuve is tren used to
compute tre expected sediment transport rate. Tre water discharge associated with tre
maximlll1 contribution to tre expected sediment transport rate is assLrned to be tre "effective
discharge" responsible for carryil"9 most of tre sediment load. Tns discharge must be
maintained if tre channel shape is to remain LU1altered. Ths discharge transports most of tre
sediment by virtue of both its magritude and tre frequency of OCCLrrence. Trerefore, tre
"effective discharge" is that for wnch tre prodLd of discharge times probability of OCCLrrence is
maximlll1.

Method Two

Tre second method involves determinil"9 a relationsnp between discharge and rnacroform
characteristics. Tre premise is that macroforms can be colorized by vegetation and alter tre
flow section; trerefore, tre flow regime stould be able to transport these macroforms
downstream if the chal1'lel is to remain LIlattered.

Macroforrns are large bed forms that are submerged any duril"9 ngh flows and are proportional
to tre channel's dimensions. In tns study, tre followil"9 equation was used to determine tre flow
necessary to move a rnacroform downstream.

[ ]

1fn

Q= ~-.!::L
2atAL sina

(4.2)

wrere hs is the depth of SCOlX, Lt tre rnacroform length, a tre al"9le formed by the intersection of
tre channel bankline with tre crestline of tre macroform, and a and n are regression coefficients.
Tre time reqLired to move a urit width of macroform a distance AL is termed tAL'

Ths discharge has a lower limit equal to tre flow that causes a minimLm water depth over tre
macroforms necessary for incipient sediment motion. In tre Platte River, tns depth was
estimated as 20 em.

Method Three

Tre tnrd method involves tre application of Parker's equations (Parker, 1977), wnch specify
conditions for balance of sediment transport and deposition to attain eqLilibriLm. Trere are t1Tee
regime equations. Tre first one relates grain size to particle fall velocity and channel slope. Tre
second and tnrd equations relate water and sediment discharge to variables describil"9 particle
size and channel featlXes includil"9 grain size, charnel slope, and charnel width.

Parker's equations aSSLrne that 1) charnel reacres are straight; 2) bed and bank materials are
noncoresive; and 3) sediment grain sizes are Lriform tlTougtout tre reach. Because tre tnrd
condition does not h:>ld for tre Platte River, average sediment size was inferred from field
measlXements. several parameters (charnel width, discharge, depth, and slope) were
measlXed at five locations alol"9 tre river reach. Tre data were tren inserted into tre equations
to determine tre sediment size. Tre observed width versus sediment size was plotted for tre five
locations, trereby enabling tre user to apply Parker's equations for any site witnn tre reach.
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4.8.3. Applicability

The first and third metroos are applicable for the pLfPOSes of the REHA stLdy. The corcept of a
predominant discharge, described in the first metroo, cotJd be used by commLrities as a
rnoritoril'9 tectrique. A chal'ge in the resUtil'9 flllCtion could indicate chal'ges in channel
rnorprology. In addition, the calculation of widths based on a given discharge from the first and
third metroos cotJd be approximately mapped to illustrate erosion hazard areas associated with
the various discharges.

The second metroo is not applicable for the study of REHAs beyond usage as an indicator of
channel stability.

4.8.4. Limitations

There are several limitations associated with each metroo. f\bne of the three metroos consider
channel meandering. The metroos are generally ony applicable to straight channel reaches.

Altrough not an insllTnOlrtable limitation, it srotJd be noted that to use the first metroo data must
be available to establish the sediment versus water-discharge relation and the f1ow-dlJ"ation ClJ"ve

for each site of interest. Sediment transport equations yield greatly varyil'9 resUts dependil'9 on
the parameter values used and the equation selected. In consequerce, large variations can be
expected in any derived quantities.

In addition to the fact that the second metroo has mirimal application to the REHA stLdy, the
report indicates that the derivation of Eqn. 4.2. may suffer from some statistical inconsistencies.

There are several limitations associated with the use of the third metroo. In addition to beil'9
applicable only to straight channel reaches, Parker's equations are limited by the asslJ"nption that
the bed and bali< materials are non-cohesive. Parker also indicates that appropriate particle
sizes are arnol'9 the smaller sizes. The report indicates that the dependerce of the design
sediment size on the channel slope is asslJ"ned negligible for the calibration ClJ"ve and the ClJ"ve is
based on maximlJ"n widths due to constrairil'9 vegetation. Special consideration needs to be
made when usil'9 the calibration ClJ"ve for other sites.

4.8.5. Relevant References

Parker, G. (1977), Self-Formed straight Rivers with Stable Banks and Mobile Bed in Non­
Cohesive Alluvium. Part I: The Sand-Silt River, Department of eMI El'9ineeril'9, Uiversity
of Alberta, Alberta, canada.

Andrews, E. D. (1980), "Effective and Bar1<ftJl Discharges of Streams in the Yampa River Basin,
Colorado and Wyoming," JOlJ"na1 of Hydrology, v. 46.

4.8.6. Mappability

The first and third metrods presented in this stLdy cotJd serve as bases for assessil'9 the effects
of channel chal'ges and can be used to approximately map channel chal'9es to illustrate erosion
hazard areas.

4.8.7. Cost

• f\b cost information was provided.
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4.8.8. RegulatoryPotential

The methodology, in partieuar methods 1 and 3, coud potentially be emanced to be used as a
tool for reguatory puposes.

4.8.9. Summary

Ths stLdy of tre physical characteristics of tre Platte River charrel provides a basis for
LJ'1derstanding tre charrel-forming processes in tre stream. Trese characteristics and
LJ'1derstanding are used to estimate discharge and charrel width relationships. This stLdy
consists of a qualitative assessment of geomorphic and charrel conditions on tre Platte River
with some quantitative assessments il1ltOMng meaSlJ"ements and analysis of tre bed and bark
materials. The three methods described can be used to determine tre discharge necessary to
maintain a specific charrel width. Tre first and tlird mettms may be applicable to tre REHA
stLdy in estimating charrel widths for given discharges. I-bwever, tre mettms have several
limitations and their applicability to other sites needs to be fLrther investigated.
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4.9. streambank Erosion Along Two Rivers in Iowa

Document Title: Streambank ErosionAlo'1J Two Rivers in Iowa (Odgaard, 1987)

Agency: Iowa Institute of I-o/draLdic Research, Uiversity of Iowa

Author: A Jacob Odgaard

Date: 1987

Study Method Hstoric analysis and geomorphic equations
Category:

4.9.1. Overview

Ths research paper is one of the early studies COndLCted in the Uited States to relate the rate of
bark erosion to river characteristics. The U.S. Geological SLUVey supported the research. The
objective of the study is twofold: to evaluate the contribution of bank erosion to the sediment load
and, more importantly, to identify and quantify specific channel characteristics correlated to bank
erosion.

The study was based on Ikeda's theory of river meanders, which assures that the rate of bank
retreat is proportional to the difference between the near-bank depth-averaged mean velocity
and the reach-averaged mean velocity at bankful discharge (Ikeda et al. 1981). The analytical
framework for this study is an algebraic relation between the migration rate and channel
characteristics based on Ikeda's theory and a meander flow model developed by the author.

The study first evaluated the rates and the processes of bark erosion for reaches of two streams
in Iowa: the East Nstmbotna River and the Des Moines River. The streams are alluvial with
point bars and their widths vary from relatively constant alo'1J the length (eqLiwidth) to wide
bends. The evaluation was made usi'1J historic records (aerial photographs, maps, and stream
records), field measlJ"ements, and soil analyses. The erosion rates were then correlated to
channel characteristics sLCh as width, depth, ClJ"vatlJ"e, arc a'1J1e of channel centerline, channel
slope, friction factor, and bank vegetation. The correlation was studied usi'1J the migration
model, which simuates the velocity distribution in the bends and the location of the erosion
OCCLITence. The final step of the study was to estimate the total sediment influx to the river from
cutbank erosion.

4.9.2. Detailed Description

The paper consists of three major parts: the migration model, two case studies of the East
Nstmbotna and Des Moines Rivers, and conclusions.

4.9.2.1. Migration Model

A meander flow model describes the meander bends as constant-radius ClJ"veS whose migration
is a combination of downvalley translation and lateral expansion. Two basic assLmptions behind
this model are the followi'1J:

• The rate of bank retreat is proportional to the difference between the near-bark, depth­
averaged mean velocity and the reach-averaged mean velocity at bankful discharge, and
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• • The velocity distribution in bends, or lag in velocity's response to cuvatLre change,
determines the distance from the crossover point to the first erosion OCClfTence on the outer
bark.

The migration rate and the bark erosion were related using the following relationship:

v/u =e Ub'/U (4.3)

•

in which v is the linear rate of bark retreat, U is the reach-average mean velocity, e is an erosion
constant, and ub'is the difference between the near-bark depth-averaged mean velocity and the
reach-averaged mean velocity U at bankfull discharge. An equation for the near-bark depth­
averaged mean velocity was obtained by soMng the contirlLity and momentLm equations and an
equation for lateral stability of the streambed (Odgaard, 1986). The solution is for steady,
sLbcritical, tLrbulent flow in constant radius segments. The coefficient e is the equivalent of the
scou" factor (Parker, 1983).

The migration model predicts the "zero point for v." which is the point of first outer bark erosion
OCClfTence. The location of this point along the bend depends on the radius-width ratio, bend
angle, and Lpstream channel geometry. The model predicts that sine-generated bends with
large radius-width ratio migrate by having both downstream translation and lateral expansion; and
the same prediction applies to bends with smaller radius-width ratios if the bend angle is large.
For sine-generated bends with relative small radius-width ratios and small bend angles, the
migration is driven by downstream translation oriy.

The average rate of erosion along the eroding part of the bark was assLrned to be
approximately half of the maximLm linear rate of bark retreat. The areal rate of erosion per bend
was obtained by multiplying the average linear rate of bark retreat by the bend angle and the
radius of cuvatU"e referring to the channel centerline. The volLrnetric rate was obtained by
multiplying the areal rate and the height of the cutbark. SLmmation over all bends along a river
yields the total volLrnetric rate of cutbark erosion.

The method was applied to the East Nsmabotna River and the Des Moines River.

4.9.2.2. East Nishnabotna River

The East Nsmabotna River is located in souttwestem Iowa where it drains about 960 square
miles of the Missoui River basin. The East Nsmabotna basin consists of loess deposit with
about 30 percent day content and a thickness of about 18 feet. The erosion stLdy covers a
40.6-mile reach of the river between Atlantic and Red Oak. Flow and sediment data for channel
sections were obtained from the USGS Water ResOl.rces data for Iowa (1961-1986), and
photographs for channel segments were obtained from the AgricU1:U"al Stabilization and
Conservation Service of the U.S. Department of AgricU1:U"e. Two field investigations, one made at
near bankful stage and another at extreme low flow, were conducted to sU"vey the cross
sections. Soil samples were collected duing the field investigations.

The 40.6-mile reach was sLbdMded into 136 straight and constant radius segments; from them,
72 were selected as stLdy bends. All 72 bends experienced bark erosion duing the period of
analysis. Hstoric bark retreat was determined by sLperimposing sequential photographs using
the techique described by Brice (1982). The data analysis also induded defiling the location of
erosion OCClfTence relative to the crossover points and determiling the channel's bankful width,
cutback height, cuvatU"e, bend angle and bed level variations over the period of record. The
channel characteristics were then used as an input to the migration model to predict bark erosion
retreat, erosion velocity, and location of the first outer bark erosion point.
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• The stLdy compared erosion velocities measured in the East Nismabotna River alorg the
cutbanks w~h the erosion velocities predicted by the migration model. The resUts showed the
observations of erosion velorny followed the same general trend of model predictions. I-bwever,
there was significant scatter between the observed first outer bank erosion point and the one that
the model predicted.

The stLdy then estimated the average bend retreat rate, v. While the actual value of v varies
from bend to bend, the average bend was migratirg at a rate of 25.6 feet per year. The areal
loss from outside banks alorg the lower half of the study reach was estimated, based on historic
measurements, to be 13.7 acres per year, or about 0.6 acre per mile per year. A10rg the ll'per
half of the reach, the loss was 5.0 acres per year, or about 0.28 acre per mile per year.

4.9.2.3. Des Moines River

•

The Des Moines River flows to the southeast across central Iowa to ~s confluence w~h the
Mississippi River in the southeastem comer of the state. The study covered the lower 143 miles
of the river, downstream from the Red Rock reservoir. The valley length of this reach is
approximately 115 miles and adjacent drainage area is 2,200 square miles. The floodplain
consists of alluvial depos~s w~h silt and clay on top of a mixture of sand and gravel. A total of 45
bends were identified comprisirg 45 percent of the 143-mile reach. The study reach was divided
into three subreaches w~h about equal number of bends in each. Erosion data were obtained
from a study conducted by the U.S. Army of Corps of Ergineers (USACE, 1979), in which areal
losses were determined from historic aerial photographs taken between 1938 to 1976.

The analysis of the historic data showed that over the 37-year period, a total of 2,996 acres were
lost along cutbanks. The arnal loss rate, 0.56 acre per mile, is almost the same as the East
Nsmabotna reach (0.60 acre per mile). The bank retreat for average bends in three reaches
varied from 7.8 to 12.1 ft per year. The amount of\Qlume loss and the amount of sediment influx
to the water were also estimated.

The meander flow model was used to predict the erosion retreat usirg the measured channel
characteristics as the input. The values for three reaches were then plotted to compare w~h the
measurements from the historic data. The plot showed a good correlation between the
measured and predicted values.

4.9.2.4. Conclusion

The above analyses showed that there were several similarities between the study reaches of
the two rivers, although they are different in channel size and discharge patterns. The East
Nshnabotna River has natural flow, and the Des Moines River has controlled releases from the
Red Rock reservoir. Both reaches were experiencirg cutbank erosion in bends at a rate of 13 to
26 feet per year. The erosion constant, which is a measure of the erodibility of the bank
materials, is about the same for these two reaches. The study also found that the erosion
velocities were generally higher by a factor of about 2 or more in banks flanked by matures trees.

The analyses indicated that the theoretically developed relation between erosion velorny and
channel characteristics, as described in the meander flow model, is valid.

The author cordLded that the similarity between the two rivers in terms of erosion rates and
pattem suggested that the findirgs were typical for the region, irdLdirg Iowa and possibly
neighborirg states, because of a notable Lriforrnity in the region's floodplain features.
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4.9.3. Applicability

The study provided a relatively simple approach to predict charnel erosion from charnel
characteristics by application of a meander flow model. The model is applicable to other river
reaches in the region to estimate annual erosion rate; however, additional procedlJ"es must be
developed to develop riverine erosion maps.

4.9.4. Limitations

A1th:lugh the two examples of the East Nishnabotna and Des Moines Rivers indicated that
applyirg the meander flow model to the erosion damage assessments is possible, there are two
main concerns.

First, the model was only tested in two rivers. From figLres included in the paper, it appears that
the model was able to predict the erosion velocity with reasonable aCClJ"acy; however, the
prediction of the first erosion point was not satisfactory. The paper did not present more
comparisons of observed or measlJ"ed data with the prediction.

Second, the study did not generate any maps to identify the erosion hazard area, alth:lugh the
estimated first OCClJ"rence of erosion coLdd be used as an indicator of tigh erosion hazard areas
on maps. The applicability of usirg the modelirg reslits to develop erosion maps needs to be
fLrther explored.

4.9.5. Relevant References

Brice, J. C. (1982), Stream Channel stability Assessment Report FHWAI~82-021. Federal
Hgtway Admiristration, Wastington, D.C.

Ikeda, S.G., G. Parker, and K Sawai (1981), "Bend theory of river meanders; 1: Unear
Development," JOLrnaI of FILid Mecharics, v. 112, p. 363-377.

Odgaard, A J. (1984), Bank Erosion Contribution to Stream Sediment Load, Iowa Institute of
I-o/drauic Research Report 280, Uiversity of Iowa, Iowa City.

Odgaard, A J. (1986), "Meander-flow Model, 1, Development," ASCE JOLrnaI of I-o/draLdic
Ergineerirg, vol. 112, p. 1117-1136.

Parker, G. (1983), 'Theory of Meander Bend Deformation," in River Meandering: Proceedings
of the Conference Rivers '83, American Society of Civil Ergineers, New York.

u.s. Army Corps of Ergineers, Rock Island District (1979), Des Moines River Bank Erosion
Study, Iowa and Missouri stage 2, Final Feasibility Report.

4.9.6. Mappability

ProoedlJ"es must be developed to convert model predictions into the boLrdaries of erosion
hazard zones.

4.9.7. Cost

•
Cost information was not reported.
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4.9.8. RegulatoryPotential

The approach, including the meander flow model, procech..res to collect and analyze historically
recorded data, and comparison of the measlJ"ed!recorded and predicted bank erosion to test the
model, has a potential to provide techical SLpport for regLdating riverine erosion hazard areas.

4.9.9. Summary

The processes of bank erosion and retreat rates were evaluated for reaches of two alluvial
streams in Iowa. The evaluation was made using historic records (aerial photographs, maps and
stream flow records), field measlJ"ements, and soil analyses. The model simulates the erosion
velocity in the river bends and the location of erosion occmence. The total sediment inflLD< was
also estimated for the studied channel reaches.

The migration model and the methodology to use the model to predict erosion location has the
potential to be used as a tool to identify the erosion hazard areas. I-bwever, the model needs to
be bther tested and mapping procedlJ"es must be developed before the methodology can be
applied for the plJ"poses of riverine erosion hazard mapping.
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• 4.10. Channel Migration studies in King County, Washington

Document TiDe:

Agency:

Authors:

Date:

Study Method
Category:

Tolt arK:! Ragirg Rivers Charnel Migration Study, Kirg COLnty,
Wastington (Shannon & Wilson, 1991)
Green River Charnel Migration Study (Kirg CoLnly SLrface Water
Management DMsion, 1993)
Charnel Migration in the TITee-Forks Area of the Snoqualmie River
(Kirg CoLnly SlIface Water Management DMsion, 1996)

Kirg CoLnly Department of NatLral ResoLrces, SlIface Water
Management DMsion

Shannon & Wilson, Inc.
Susan Perkins, Kirg CoU1ty SlIface Water Management DMsion.

See dates next to dOCLment titles

Geomorplic aOO ergineerirg analysis (usirg listoric aOO field observed
data)

•

•

4.10.1. Overview

These tlTee studies were performed for floodirg SOLrces in Kirg CoU1ty, Wastington, with
known erosion hazards. The basic premise of the studies is that futLre river migration rates arK:!
types of channel migration in each river will, on average, be similar to past behavior LI1CIer the
same water arK:! sediment discharge regime. The mettxxls used in the study are primarily
geomorptic arK:! ergineerirg analysis based on tistoric data, detailed study of bed arK:! bark
materials, arK:! quantification of charnel charges analysis. The studies provide detailed analysis
arK:! mappirg of erosion hazard areas.

4.10.2. Detailed Description

The mettxxlology consists of cornpilirg tistoric aerial pt'otographs, SLrveyS, arK:! available maps
for the period of study. The periods of study include 1942-1993, 1898-1992, aOO 1936-1991
for the Snoqualmie, Green River, arK:! Toft arK:! Ragirg Rivers studies, respectively.

4.10.2.1. Study Procedures

Each of the studies was cordLded irK:!Mdually. In general, the studies used the followirg
procedLres:

• Investigating channel characteristics of study areas. The investigation consists of field
SLrveyS arK:! review of tistoric maps, aerial ortropt'otographs, arK:! aerial pt'otographs.
FeatLres examined duirg the field SLrvey included geologic materials, river bark height arK:!
composition, levees arK:! revetments, vegetation type arK:! age, presence of erodirg barks,
abarK:!oned charnels, deposition zones arK:! descriptions of river arK:! floodplain morpt'ology.
Sediment samplirg was also corK:!Lded. Erosion zones were identified as a resllt of the
investigation.

• Determining historic channel migration rates. The average tistoric charnel migration rate
for each reach was determined by firstcomparirg the charnel locations on maps or aerial
pt'otographs at different time periods, then calcLdatirg the average migration rate for each
charnel reach where erosion had OCCLrred.
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• Estimating potential for erosion and enlargement of floodplain channels. The enlargement
potential was estimated by calcLdatirg the boLrdary shear stress that flowing water woLdd
exert on each chamal dLrirg a 100-year flood. Factors affectirg chamal migration rates
were analyzed.

• Determining hazard area from future channel migration. The prediction of the probable limit
of futLre migration was determined based on an assllTlption that futLCe rates and types of
channel migration will, on average, be similar to the past behavior Lrder that same water and
sediment discharge regime. The basic elements of the prediction are as follows. The
appropriate listoric period to use for prediction was determined based l.{>On whether
hydrologic charges had sigrificantly influenced chamel migration. Next, the probable outer
limits of futLre chamel migration were determined based on listoric meander belt width and
measLCed bend amplitLdes for each reach, ignorirg existirg or potential revetments and
levees.

• Developing mitigated channel migration hazard map. The outer limits of futLre migration
were modified to accOl..nt for constraints. Major roads and sLbdMsions were recogrized as
likely to be protected from erosion hazards; constraints were added into the natLCallimits of
the chamal migration to produce a Mitigated Chamel Migration Hazard Map. The mitigated
hazard area was then sLbdMded into areas of severe and moderate hazard, usirg
caleuated listoric chamel migration rates.

The above general procedLCes were followed in the all three stLdies; however, each stLdy was
somewhat different, dependirg l.{>On stLdy area characteristics.

4.10.2.2. Study Area Characteristics

The Snoqualmie stLdy investigates 12 miles of the LPper reach of the river, inclLdirg its three
forks, with a contributirg drainage area of 358 square miles. The Tolt and Ragirg Rivers are
tributaries to the Snoqualmie River; the stLdy encompasses a 5.9-mile reach of the Tolt River
with a drainage area of 101 square miles and an 8.1-mile reach of the Ragirg River with a
drainage area of 33 square miles. The Green River stLdy investigates 20 miles of river, inclLdirg
the I-bward Hanson dam. All of the stLdied rivers are experiencirg rapid migration. I-lman
actMties, sLCh as gravel minirg and loggirg, are prevalent in many of the stLdy areas. Some of
the areas also have flood control StructLCes, levees, and/or bani< protection. The stLdies provide
dOCLCnentation on the hydrologic and geologic conditions of the areas, sLCh as the largest floods
of record, bani< composition, and sediment size.

4.10.2.3. Estimation of Channel Migration

For each stLdy, the rivers were dMded into distinct reaches based on different rates and types of
chamel migration and correspondirg differences in river morphology. The report provides a
description of the morphology of each reach.

Average listoric chamel migration rates were caleuated for each reach. The procedLCe for
caleuatirg migration rates involved dMdirg the reach into 100 or 200 feet intervals (dependirg on
the size of the reach). For each station where erosion OCCU"red, the distance between the
chamel edges was measLCed from su::cessive maps. The resLits are tabuated as migration
rates OCCLCrirg for specified time periods. Some of the periods are selected based on charges
in the flow regime or bani< protection. For example in the Green River stLdy, migration rates are
caleuated for the pre-dam era (circa 1900-1940) and the post-dam era (1960-1992). For the
Snoqualmie stLdy, caleuations inclLded 1942-1961 (the pre-bani< armorirg period) compared to
1961-1993 (the post-bani< armorirg period). Other comparative caleuations were made to
illustrate the effects of major chamel-alterirg events sLCh as large floods or chamel avlJsions.
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Tre reports also discuss the factors affectirg charnel migration rates. Patterns of shear stress
and charnel stability, charges in gradient, bed elevation, bank materials, vegetation, flood control
stn.ctLfes, bark arrnorirg, levees, and charnel straighterirg were all examined to determine the
factors affectirg the charnel migration rates over time. Tre Sooqualmie stLdy also considered
charges in channel siru>sity and bend geometry.

4.10.2.4. Estimation and Mapping of Future Channel Migration

Tolt and Raging Rivers: Both short-term (10 years) and lorg-term (100 years) erosion hazards
were mapped for the Tott River. To map the 1D-year hazard, the study assLmed that bark
erosion would OCCLf any in the followirg locations: cLfrently erodirg areas, outer barks of bends,
"more probable" avtJsion sites, and sites likely to erode as a result of Lpstream channel st1flirg.
Tre calculated average migration rate over each reach was selected from periods of record at
least 10 years in length, which inclLde one or more severe floods. In this stLdy, two records met
this qualification, and the higher of the two migration rates was selected. Tre selected migration
rate was then multiplied by the time period, and the resultirg width was mapped. Tre widths
were mapped from the existirg charnel location assLlllirg the channel woud migrate laterally.
Tre 1ao-year hazard was divided into areas of high and moderate hazards. Tre Iigh-hazard
zones were calculated by multiplyirg the calculated average migration rates for the entire period
of record by 50 years. The resultirg widths were mapped assLlllirg the charnel woud migrate
in both directions from the existirg charnel. The moderate hazard zones were calculated by
mutiplyirg the calculated average migration rates for the entire period of record by 100 years.
Tre resutirg widths were mapped assunirg the charnel woud migrate in either direction from
the existirg charnel.

AvtJsions were also considered in the Tott and Ragirg River stLdy. Tre likelihood of an avtJsion
OCClITence is categorized as either "more probable" or "less probable." "More probable" is
defined as an existirg creek or side charnel that diverges from the main charnel of the river in a
downstream direction. "Less probable" is assigned when one or more conditions woud have to
charge for an avtJsion to 0CCLf. AvtJsions were mapped for the Tolt River based on either rates
of growth of avtJsion for reaches where avtJsion data were available or the Iighest shiftirg and
widerirg rate. An avtJsion on the Tott River was assLmed to start as a 3D-foot wide charnel,
erode at the Iigher avtJsion rate for 10 years, and then drop back to the normal charnel
migration rate for the remainder of the prediction period. For the Ragirg River, where avtJsions
were less sigrificant, an avtJsion was assLmed to start as a 3D-foot wide charnel, then erode at
the normal migration rate for the remainder of the prediction period.

Green and Snoqualmie Rivers: several additional iterns were considered in the mappirg for
these two rivers. First, based on hydrologic charges, the appropriate Iistoric period was
selected. For example, in the Green River stLdy, there was evidence to suggest that some of
the reaches had charged sigrificantly as a resUt of the diversion of the Wlite River and
construction of I-bward Hanson Dam. Trerefore, when makirg migration predictions, more
recent migration behavior was used instead of the entire period of record. second, two
geomorphological charnel characteristics were used to estimate the outer bOlrdary of the
erosion hazard area: the meander belt width and the bend amplitLde. Tre meander bett width is
used to estimate the rnaximLrn valley width OCCLpied by all the mapped charnels for the relevant
time period. Tre bend amplitLde is used to map the median amplitLde of the bends that grew in
each reach duirg the relevant time period. Tre hazard zone was then extended from the existirg
charnel the greater of the two distances (the meander belt width or the bend amplitLde). If the
extension reached a valley wall or Iigh terrace, the hazard area was extended in the opposite
direction. As indicated on the maps provided with the report, the resUtirg hazard area
encompassed all former river charnels in both stLdies. Tlird, another map was prodLCed, wlich
scaled back the erosion hazard area to reflect the effects of existirg roads, levees, and bark
protection.• ANALYSIS OF CASESTUDIES 102
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An l.l1derlying assunption for the Green River and Sooqualmie studies was that the river woLdd
slift into aliligh avulsion potential channels and then migrate laterally according to the migration
rates calCLdated for the reach. Hgh aVlision potential is defined as creeks am well-defined
former channels that are flooded deeply and frequently (at least once every two or three years),
diverge from the main channel in a downstream direction, and are (or coud become) directly
connected to the river.

Lastly, the erosion hazard area was fLrther divided into severe and moderate hazard areas by
using a procedure similar to the one used in the Tolt and Raging River study. For the severe
hazard area, it was assl.l11ed that duing a 10o-year period the river woud migrate for 50 years
in each direction from its present position. The caleuated migration rate mutiplied by 50 years
resuts in the widths that were mapped. The moderate hazard area is defined as the land
between the outer bOl.ndary of the severe hazard area and the outer bol.l1dary of the mitigated
channel migration hazard area.

4.10.3. Applicability

These studies are applicable to the REHA study. The final prodLds of the studies are maps
delineating erosion hazard zones. The maps provide a general erosion hazard area am fLrther
divide the area into zones of different degrees of hazards. Although the studies are all in the
same colrty, they encompass a variety of basin sizes, flood control strLdLres, and land-use
conditions.

4.10.4. Limitations

Many assLrnptions and selections seem slbjective. For example, studies do not provide
justification for the time periods and methodology used to define the moderate am severe hazard
area zones that woud be necessary for the pLrpoSes of the REHA study. The selection of
barriers to migrating channels is somewhat slbjective. I\b stability analysis was done to
determine how effective these strLdLres woud be in preventing channel migration.

The channel migration estimates are based on listoric data; therefore, years of photographs am
dOCll11Elntation of the migrating channel must be available to perform the type of analysis used in
the studies.

There are some errors associated with the mapping. For example, if the area used to caleuate
the migration rates is too small, the depicted widths may be inaccu-ate.

The studies do not consider the effects of landslides due to l.l1dercutting of valley walls.

The basis of using listoric trends for a prediction is the assLrnption of stationarity. Although the
assLrnption may be applicable to study areas that are not sigrificantly impacted by the hLrnan
activities, tlis is not always valid for most cases.

4.10.5. Relevant References

Dl..ITle, T., w.E. Dietrich, and D. Nmick (1976), ''Ire Yakima River Between the selah and Ulon
Gaps", in Jones and Jones, 1976, Hydrology: Seatue, Report to the City of Yakima
Department of Parks and Recreation, Appendix A

Dl..ITle, T., and W.E. Dietrich (1978), "A River of Green", in Jones & Jones, 1978, Hydrology,

Sedimentation, Channel Migration, and Flood Diking Along the Green River: Seatue,
Report to the City of Yakima Department of Parks am Recreation, Appendix A
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4.10.6. Mappability

The studies provide runerous maps. The maps depict Iistoric charnel locations, locations of
geologic ard man-made chalYlel constraints, l..II'mnstrained chalYlel migration hazards, ard
mitigated chalYlel migration hazards.

4.10.7. Cost

No cost information was included in the report. King CoLrty ard Ms. Susan Perkins, a consUiant
to the CoLrty, estimated that it cost between $3,000 to $6,000 per river mile to complete the
channel migration hazard studies. The cost per mile woud be less for large projects. The
estimate includes digitizing maps into GIS format.

4.10.8. RegulatoryPotential

CLrrently, a formal regulatory policy is in place adopted by the Colrty Council as part of the King
CoLrty Flood Hazard RedLdion Plan in November 1993. Tre King ColJ1ty Suiace Water
Management Division recommerded the adoption of the policy to prevent futll"e development in
chalYlel migration hazard areas tITough lard use reguation. The hazard maps prodL.red by the
studies were transmitted to the King CoLrty Department of Development ard Environmental
Services to use in reguating development Lrder the Sensitive Areas Code. King CoU1ly has also
implemented a 10D-foot buffer zone for class 1 streams in accordance with the King CoLrty
Sensitive Areas Ordinance.

4.10.9. Summary

The three studies performed for King CoLrty are based on engineering ard geomorplic analysis.
The methodology applied includes compiling Iistoric data, cordLding field investigations,
researcling ard analyzing chalYlel characteristics, calcliating chalYlel mitigation rates, ard
mapping erosion hazard areas.

The studies are appropriate for the pll"poSes of the REtiA. study. J-bwever, some of the
limitations such as defiling ard providing justification for the severe ard moderate erosion hazard
designations need to be resolved.

The main resUt of the studies is the prodLdion of maps depicting erosion hazard areas, wlich
are being used for reguatory pll"poSes.
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4.11. Bank Erosion Field Survey Report of the Upper Mississippi River
and Illinois Waterway

Document TItle: Bank Erosion Field Suvey Report of the LPper Mississippi River and
Illinois Waterway - Interim Report for the LPper Mississippi River­
Illinois Waterway System Navigation StLdy (Illinois State Water
Suvey,1997)

Agency: USAGE, Illinois State Water Suvey (ISWS), and Iowa Institute of
Hydraulic Research (III-R)

Authors: Nani Bhowmik and David Soong, ISWS; Tatsuaki Nakato, III-R; Mike
Spoor, USAGE, l-lIntington District, Jeff Anderson, Anderson
Environmental services, and Dan Johnson, USAGE, Rock Island District

Date: November 1997

Study Method Geornorplic and engineering analysis based on listoric data
Category:

4.11.1. Overview

Tlis report sLlllmarizes findings from several phases of the LPper Mississippi River! Illinois
Waterway (lJI'v1R1IWW) bank erosion stLdy, wlich is a part of the Uv1R1IWW system navigation
stLdy. The USAGE Districts of Rock Island, S1. LoLis, and S1. Pau led the stLdy l.I1der the
authority of Section 216 of the Flood Control Act of 1970. The objective of the stLdy is to
examine the feasibility of navigation improvements for a 50-year planning horizon from 2000
tlTough 2050.

Tasks completed to the date of pLblication of the report inclLde a literattre review, an aerial
reconnaissance suvey, and field suveys to qualitatively assess the relative significance of
commercial navigation on bank erosion. The research team consists of the ISWS, the Lhversity
of Iowa's III-R, and the USAGE's Rock Island, S1. Pau, S1. LoLis, and I-lntington Districts. The
principal authors for tlis report are ISWS and III-R.

Field suveys were condLded in the Fall of 1995. The suveys covered 854 miles in the Uv1R
and the IWW. The stLdy team selected 72 erosion sites (29 sites on the IWW and 43 sites on
the Uv1R) for detailed stLdy.

The report sLlllmarized approaches and findings of the field suvey. The suveys evidenced that
approximately 115 bank miles on the IWW and 240 bank miles on the Uv1R are severely eroded.
These figtres arnol.llt to approximately 20 percent of the total bank length of the IWW and 14
percent of the Uv1R that are actively eroding. The severely eroded reaches are marked on
navigation charts.

The next phase of the stLdy was to develop a model to assess the risk of bank erosion based on
site-specific field data for existing and futtre conditions in the Uv1R1IWW.
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4.11.2. Detailed Description

The objective of the field survey is twofold:

• DocLmentirg bank corditions alorg both sides of the surveyed rivers on their navigation
charts ard identifyirg major erosion sites; ard

• Selectirg representative sites, collectirg data on each site, ard developirg explanations as to
the causes ard failtre mechanisms of erosion at each site.

4.11.2.1. Data Collection and Parameter Classification

The study developed a systematic approach to selectirg the study sites. First, the sites were
initially selected based on aerial oblique videotape, photographs, ard information from operation
ard maintenance persornel of the USACE. The final selection of the sites was done dLrirg field
reconnaissance. The sites were dassified as "detailed study" ard "observation" sites. The
location of each site was selected from maps ard was located usirg a Global Positionirg System
(GPS) dLring the field trip. Each site was then mapped on the navigation chart. Stardard
procedtres were used to collect bank data. The field data were then entered into a database for
each river.

Field parameters were dassified accordirg to site location, site attributes, ard erosion attributes.
The study adapted a near-shore bank failtre model in bank assessment. The model
characterizes a typical bank section using three feattres: scarp, berm, ard bench. Soils were
classified based on the Ulfied Soil Classification System.

4.11.2.2. Characterization of Bank Erosion and Failure Mechanisms

The report described, in general terms, the characteristics of the riverbank ard near-bank
benches: soil, slopes, depositional feattres, failtre ard erosion mechanisms. Stage histograms
were developed for selected sites for relatirg erosion patterns, bank slopes ard other feattres to
hydrologic corditions described by stage-dtration data.

4.11.2.3. The Illinois Waterway

The field survey was corducted by the ISWS, the Iit-R, ard the USACE.

The report described each site in detail; a site map showirg the locations of bank erosion was
prepared for each study site.

Detailed field data were collected at a total of 29 study sites ard 3 observation sites. Data
collected at all sites indude bank sections, core samples of bank materials, ard meastrements
of at least one cross section. A total of 80 bank sections from 29 eroded sites were meastred.
All sites were groll'ed into six bank types based on their physical feattres (slope ard height of
scarp, slope ard shape of bench, soil type, vegetation cover, near-bank ard tn:Jerwater
materials, ard ordinary high water level) ard erosion potential, which is defined as "the most likely
erosion processes." I-bwever, the groll'irg is somewhat sLbjective; the report did not develop
quantitative criteria for all physical feattres. Some qualitative descriptions, such as "gently
slopirg," were used for the dassification. lhler this system, types 1 ard 2 irdicate high potential
for erosion, types 3 ard 4 irdicate moderate potential for erosion, ard types 5 ard 6 irdicate
active but less severe erosion. Hydrologic corditions prior to the field strvey were provided to
compare with the corditions prior to two previous SlJ'Veys in 1984-1985 (Warren, 1987) ard
1988 (Hagerty, 1988).
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Du"ir-g tre field data collection, tre SlJV6y team identified tre probable causes of erosion at all of
tre bank sections investigated. The study found that 27 percent of bank sections showed
erosion occurring ony at high stages, while 63 percent of tre bank sections had erosion witlin tre
normal range of stage fluctuation - between tre ordinary high water marks and normal pool
stage. This observation indicates that erosion cannot be completely attnbuted to large floods; tre
rework and transport processes, as caused by waves and currents, are significant at stages
between tre normal pool and tre high water marks.

The study identified major erosion causes. About 74 percent of tre bank sections showed
evidence of seepage effects, 28 percent showed evidence of waves and seepage impacts, and
24 percent showed impacts of traffic-induced disturbance.

Analysis of tre erosion mechanisms at all measLl'ed bank sections indicated that about 10
percent of locations are in types 1 and 2 (high erosion potential), 21 percent in types 3 and 4
(moderate erosion potential), and 17 percent in types 5 and 6 (low erosion potential). The
remaining bank sections showed some deviation from trese defined types or a combination of
different types.

4.11.2.4. The Upper Mississippi River

The field SlJV6y was conducted by tre ISWS, IIHR, and tre USACE.

A total of 43 sites distributed along tre river through Minnesota, Wisconsin, Iowa, Illinois, and
MissoLJi were selected as major stLdy sites. The sites were classified into six types according to
observed bank erosion featLl'es: soil type and deposition, slope of scarp, formation of terraces,
and bank failure featLres. The classification method and criteria for tre classification are different
from those used in tre IWW SlJV6y.

A detailed site description and site map showing tre location of erosion bank were prepared for
each site. Based on individual geomorphologic and hydrauic characteristics, traffic-wave induced
erosion potential was estimated for each stLdy site.

The report provided a descriptive sunmary of findings of tre field sl.l'V8y. MLCh of tre sLmmary
is descriptive. The study did not estimate bank retreat due to erosion; however, it described tre
field observations of impacts of tre Great Flood of 1993 at most of tre stLdy sites. The stLdy
conciLded that flood effects appear to be more signifICant than otrer erosion mechanisms. Stage
recession after floods is greater in tre 4Jper ends of pools, and gradients and exposed bank
reights for emergent seepage are larger in 4Jper ends of pools.

On tre basis of tre field stLdy, approximately 14 percent of tre Mississippi River banks were
estimated to be actively eroding as of 1995.

4.11.3. Applicability

The dOCLmSnt reported tre findings of field sl.l'V8ys of tre U\IIR/IWW System Navigation StLdy.
It did not present or discuss any systematically defined methodology; in fact, tre two parts of tre
stLdy (IWW and U\IIR) are different in many aspects, most significantly, in tre selection of site
parameters and tre classification of erosion mechanism. Both methods may be applicable to
some locations, but it is difficUt to make a general evaluation for overall applicability to otrer
locations.
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4.11.4. Limitations

The report provided detailed bank erosion information of l1v1P and IWW in 1995; these resuts
and findings are site-specific and not transferable.

4.11.5. Relevant References

Browmik, N.G. and R. J. Schicht. Bank Erosion of the Illinois River, Report of Investigation 92,
Illinois State Water Survey, 1980

Bhowmik, N.G., M. Demissie, and C.-Y. Guo. Waves Generated by River Traffic and Wind on
the Illinois and Mississippi Rivers. Illinois State Water Survey Contract Report 293, 1982

Hagerty, D. J. Illinois Waterway Bank Evaluation. U'published report, sLbmitted to the U.S.
Nmy Corps of Engineers, Rock Island District. 1989

Spoor, M.F. am D.J. Hagerty. Bank Failure and Erosion on the Illinois Waterway. Proceedings,
Intemational Symposiun on Sediment Transport and Mcx:leling, ASCE, t\lew YOl..., 600-605,
1989

Warren, R.E. The Impact ofBank Erosion on Prehistoric Culture Resources in the Lower Illinois
River Valley. Technical Report 87-211-10, Illinois State Museun Society, Springfield, IL,
1987

4.11.6. Mappability

There are two types of maps developed from the field surveys. The site map developed for
each stLKly site shows erosional banks identified dlJing the site investigation. Overall resuts of
the field survey are presented in Charts of the Illinois Waterway and Upper Mississippi River
Navigation Charts. In these navigation charts, banks are classified into eight categories and
color-coded accordingly. The categories are the following: scarp approximately 4 feet or Iigher,
scarp approximately less than 4 feet, moderate to minor erosion with occasional vegetation,
mostly sand bench with vegetation growing on ~per bank, altemate erosion and disposal,
dredge material disposal, stable, and riprap/rock outcrop/bank protectiorVseawali.

Only erosion sections along the riverbanks were mapped; the lateral span of erosion at a location
was not srown on either site maps or navigation charts.

4.11.7. Cost

t\b cost information was reported. Additional information provided by the ISWS indicated that the
total costs for the IWW survey were about $190,000; the average cost per mile was about $660.

4.11.8. RegulatoryPotential

The stLKly is designed to investigate impacts of navigation on bank erosion; the report mainly
contains descriptions of the field surveys and findings. A1trough some information may be used
for riverine erosion evaluation, its overall usefuness for reguation Pl.l"poSes is limited.
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4.11.9. Summary

As a part of the U'v1R1IWW System Navigation Study, a field investigation of the curent state of
bank erosion on the UMR and the IWW was conducted. The plJ"pose of the study was to
estimate the relative sigrfficance of navigation impacts in the context of riverbank erosion
processes.

For the selected sites on the IWW, the research team observed mutiple erosion processes at
most of the selected bank sections. The most frequently identified erosion mechanisms are
seepage, stage fluctuations, flood flows, navigation traffic, wave action and eddies, and distlJ"bed
flow.

Bank faillJ"e and erosion conditions on the U'v1R also showed significant flood impacts. Analyses
of sLrlicial soil samples showed that the banks were mantled by primarily sand and gravel in the
upper reach of the river, silt and sand in the middle reach, and clay and silt in the lower reach
Most of the bank failure and erosion sites showed that flood damage is the dominant erosion
cause.

Based on resLJts of field Slrvey, the study team recommended developing correlations between
apparent navigation-induced erosion and physical parameters, including proximity to narrow
charnel reaches and locks, mooring and fleeting activities, soil and sediment characteristics, and
land use. The risk assessment study will develop models to assess the risk of bank erosion,
which is identified as directly related to the increase in commercial navigation and recreation traffic
in the rivers.
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4.12. Arizona standards for Lateral Migration and Channel Degradation

Document Title: State Standards for WaterCOlf'Se System Sediment Balance (Arizona
Department of Water ResOlJ"Ges, Flood Warnirg, and Dam Safety
Section, 1996)

Agency: Arizona Department of Water Resources, Flood Warnirg, and Dam
Safety Section

Authors: Simons, U & Associates

Date: September 1996

Study Method Geomorphic and ergineerirg analysis based on historic data
Category:

4.12.1. Overview

The Standards dOClJl1ent presents the followirg tlTee gLidelines to characterize erosion hazard
areas:

GLideline 1: Lateral migration setback allowance for riverine floodplains in Arizona,

GLideline 2: Channel degradation estimation for alluvial channels in Arizona, and

GLideline 3: Evaluation of river stability impacts associated with sand and gravel minirg.

GLidelines 1 and 2 are the most relevant for the plJ'POSes of evaluatirg riverine erosion hazard
areas. GLideline 1 provides procedlJ"es for estimatirg the setback distance alorg streams witlin
wlich erosion is expected. GLideline 2 presents procedlJ"es applicable to estimate degradation
in natlJ"al channels. The GLidelines present three levels of methodologies with increasirg degree
of detail in the analyses. Level 1 offers a preliminary assessment, Level 2 reqLires additional
effort and provides refined estimates, and Level 3 allows for detailed analyses generally needed
only for special cirClJ"nStances.

4.12.2. Detailed Description

4.12.2.1. Guideline 1 - Lateral Migration Setback Allowance for Riverine
Floodplains in Arizona

TIis GLideline provides techniques to estimate the setback where development must be
restricted alorg a stream to minimize the potential damages caused by erosion of the
streambari<s. Three levels of analysis are available with increasirg degrees of complexity.

Levet1

T1is level reqLires as basic data the drainage area to the point of interest and the peak 10o-year
discharge. The method is applicable to basins with an area less than 30 square miles. The
setbacks are given by
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• Setback =2.5 (Q100)O.5 for charnels with ClJ'Vatlre such that rc :::; 5T (4.5)

•

•

where Q100 is the 1DO-year peak discharge in cubic feet per second, rc is the radius of ClJ'Vatll"e
measlJ"ed at the centerline of the stream, and T is the top width of the charnel. The minimlJ"n
setback is 20 feet for a straight charnel and 50 feet for a et.rVed charnel. The setback is
measured in feet outward from the 1DO-year floodway or the top of the charnel bank, whichever
is greater. In charnel bends, the setback is applied to the outer bend.

Level.2

The Standards suggest that this level can be used to demonstrate stability of the banks dlJing the
1DO-year flood and to justify a smaller setback than that produced by Level 1 computations.
T1Tee methods are provided: Allowable Velocity Analysis, Tractive Stress Analysis, and Tractive
Power Analysis.

In the Allowable Velocity Analysis the velocity of the 1DO-year peak flow within the stream is
compared to a maximlJ"n velocity below which erosion does not OCClJ". The SOlJ"ce of tlis
maximlJ"n allowable velocity is a chart developed by the Soil Conservation Service (now the
I\JatlJ"al ResolJ"ces Conservation Service). Two ClJ"veS in the chart show the variation of the
maximlJ"n permissible velocity as a function of grain size as indicated by the diameter for wlich 75
percent of the material is finer (075). One ClJ"ve applies for sediment-laden water (more than
20,000 parts per million) and the other for dear water (less than 1,000 parts per million). The
conditions in Arizona reqLire the ClJ"ve for sediment-laden water. The velocity thus fol..fd is then
mUtiplied by correction factors to accoUlt for channel alignment, bank slope, and flow depth.

The Tractive stress Analysis is sLbdivided into two cases: Case 1 applies when the 075 of the
sediment is between 0.25 and 5.0 inches. Case 2 applies when 075 is less than or equal to 0.25
inches. For Case 1, a formua is provided to compute the tractive stress for an infinitely wide
channel as a fll1ction of 075, Manning's n, the energy slope, and the flow depth. This basic
stress is mUtiplied by a correction factor to obtain the value for trapezoidal channels of finite
width. The value obtained is compared with the maximlJ"n allowable tractive stress that
meaSlJ"es the grain's propensity to be eroded by the flowing water. The allowable stress is a
fll1ction of the channel side slopes, the angle of repose of the material, and 075. For Case 2, the
procedlJ"e is similar, but a graphical solution, instead of formuas, is used to arrive at the values
for the tractive and allowable stresses.

Tractive power is defined as the prodLd of the mean flow velocity times the tractive stress. The
Tractive PowerAnalysis can accoUlt for processes like cementation that reduce the erodibility of
the soil. A soil sample is collected to condLd an m::onfined compression test. The resUting
m::onfined compression strength is reduced by a factor of safety equal to or greater than 2. The
procedLl"e provides a chart zoned according to combinations of the compression strength and the
tractive stress. A line marks the bol..fdary between erosive and nonerosive conditions. Using the
compression strength from the test and the computed tractive power, the flow conditions can be
dassified as erosive or nonerosive.

Level 3

This is the most complex level of analysis and involves the use of mathematical models to
simuate hydrauics and sediment transport and the resUting erosion or deposition. The analysis
involves an evaluation of historic data, field data collection and geomorplic evaluations, and
hydraulic and sediment transport modeling.
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• 4.12.2.2. Guideline 2 - Channel Degradation Estimation for Alluvial
Channels in Arizona

This Guideline describes procedll"es that may be used to predict channel degradation in streams
and mined channels. The total degradation impacts the depth to which structll"es must be
buied. As with Guideline 1, three levels of analysis are presented.

Level 1

Tlis level requires knowledge of the 10o-year peak discharge. The total SCOll" depth ds is
computed as the SlJ"n of general degradation dgs and long-term degradation dHs. General
degradation dgs is given by

dgs =0.157 (Q100)O.4

dgs = 0.219 (Q100)0.4

for straight channels

for channels with cll"ll8tll"e

(4.6)

(4.7)

•

The Guideline states that Eqn. 4.7 shoud not be used mess "significant cuvatll"e is evident in
the channel reach"; however no information is provided to decide whether the channel has a
ClI"II8tll"e.

Long-term degradation dHs is computed as

(4.8)

Tlis equation shoud only be used in the absence of downstream channel controls. The mirimlJ"n
total SCOll" depth is 3 feet. The total SCOll" is applied to the lowest point in the cross section.

Level 2

The GLideline indicates that this level can be used to demonstrate the ability of the channel to
resist degradation and to justify lesser degradation depths, wlich lead to less buial reqLirements.
FOll" altematives are available to condLd Level 2 analyses: Erodibility Evaluations, Armoring
Potential Evaluation, Channel Profile Hstory Comparison, and Grade Stabilization Measll"es
Adequacy Analysis.

Erodibility Evaluations can be condLded using any of the three methods provided l.I1der Level 2
of GLideline 1: Allowable Velocity, Tractive Force, and Tractive Power.

Armoring Potential Evaluations and incipient motion analyses can be performed to evaluate
channel stability. Incipient motion 0CClJ"S when the t'o/drodynamic forces equal the gravity and
friction forces and movement of the grain is imminent. If a particle reaches the incipient motion
threshold, all other finer particles are asslJ"ned to have been lifted. The GLideline uses the
Slields diagram to evaluate the state of incipient motion. For the tlJ"buent flow range, the critical
particle diameter Dc is given by

'ro = p
c 0.047(ys-Y)

(4.9)

•
where 1p is the bol.l1dary shear stress acting on the grain, and Ys and yare the specific weights of
sediment and water respectively. The bol.l1dary shear stress is
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wrere fis a friction factor (a fLll"dion of Mamrg's n), p is tre density of water, and Vis tre flow
velocity. A chart is provided to correct this srear stress for channel CLl"Vatll'e.

The armorirg potential is estimated by comparirg tre critical diameter in Eqn. 4.9 with tre
diameter for which 90 percent of the material is finer (030). Arrnorirg can 0CCll' if Dc < Dgo. Mer
determination of the fraction of the material with sizes equal to or larger than Dc, the depth of
SCOLl" necessary to establish an armor layer bZa is given by (USSR, 1984)

(4.11)

•

where Pc is the fraction of tre material coarser than Dc, and Ya is the thickness of tre armor layer,
usually taken as a mLdtiple of Dc. Field observations indicate that at least two layers of arrnorirg
partides are needed for a stable armor.

If sufficient data are available, a Channel Profile History Comparison can be conducted to
identify the condition of various areas in the channel. The approach shoLdd be used to
demonstrate stability or aggradation rather than degradation. The analysis shoLdd indLK:Ie an
evaluation of expected futll'e trends.

Grade stabilization Measures Adequacy Analysis shoLdd be conducted for meaSll'es
implemented to redLre potential degradation. The GLideline states that local procedll'es may be
in place for various juisdictions in Arizona and suggests two dOCll'nents for all otrer cases.

Level 3

The natll'e and scope of ttis level is the same as for Level 3 in GLideline 1.

4.12.3. Applicability

The GLidelines provide standardized procedll'es to analyze channel stability and define erosion
setbacks.

4.12.4. Limitations

The GLidelines allow for great latitLK:Ie in the teclTiques that may be used to define erosion
setbacks. The limitations of tre approach are those of the analytical tools selected for tre
analysis. The information provided is insufficient to assess tre shortcomirgs of Level 1
teclTiques. Therefore, a potential user cannot evaluate tre reliability of tre predictions. I\b
procedll'es are available to determine aggradation.

A limitation is the emphasis on the 1O~year flood event, which is assll'ned to be tre controllirg
event. Events of lesser magnitLK:Ie can also introdLre slbstantial charges in tre channel
geometry. Except for Level 3 methods, the teclTiques do not take into accolJ1l: some important
geoteclTical variables in streambank analysis; for instance, slope stability.

There is indication that the procedll'e can be extended to otrer regions; however, tre procedll'es
used to derive Level 1 tools are not disdosed.

• ANALYSIS OFCASESTUDIES 113



•

•

•

4.12.5. Relevant References

Simons, Li & Associates, Ire. (1985), Design Manual for Engineering Analysis of Fluvial
Systems, prepared for Arizona Department of Water Resources, Tucson, Arizona.

City of Tucson Department of Transportation (1989), standards Manual for Drainage Design
and Floodplain Managementin Tucson. Ergineerirg DMsion, Tucson, Arizona.

4.12.6. Mappability

The procedure to map erosion hazard areas tlTough a setback is straightforward and can be
accomplished easily.

4.12.7. Cost

t-b cost information was reported.

4.12.8. Regulatory Potential

The procedure is already implemented as a reguatory instrunent.

4.12.9. Summary

The Standards docunent presents two gLidelines to characterize erosion hazard areas:

GLideline 1: Lateral migration setback allowance for riverine floodplains in Arizona.

Glideline 2: Channel degradation estimation for allLlllial channels in Arizona.

GLideline 1 provides procedures for estimatirg the setback distance alorg streams witlin which
erosion is expected. The resutirg setback can be used for mappirg of hazard areas. GLideline
2 presents procedures applicable to estimate degradation in natural channels. Tlis gLideline is
intended to set minimum burial depths.

The GLidelines are strLdured in three levels of methodologies with increasirg degree of
complexity. Level 1 offers a preliminary assessment usirg simple equations, Level 2 reqLires
standard ergineerirg caleuations, and Level 3 calls for numerical modelirg usirg specialized
computer programs.

The GLidelines are already used for reguatory purposes in Arizona.
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5. Assessment of Technical Feasibility

5.1. Overview

Section 577 of tre National Flood Insll"arce Reform Act of 1994 discusses mappirg erosion
hazard areas for riverine areas, if tecl"nologically feasible. The pLlpose of tlis stLdy is to
determine wretrer it is teciTlologically feasible to map REHAs.

Tech1ologically feasible was defined earlier in tre report as:

Methodologies exist that are scientifically soL.Jrd and implementable Lrder tre
NFIP. Scientifically sound means that tre methodologies are based on
ptwsical or statistical principles and are SLpported by tre scientific commLllity.
"Implementable" means that tre approacres can be applied by FEMA as part
of a nationwide program L.rX:Ier tre NFlP and for an acceptable cost.

SCientific soL.Jrdness and cost acceptability will be covered in tlis chapter. ApplicabilitY as a
nationwide program will be covered in Chapter 6.

Tlis chapter is orgarized into fOll" main topics: Evaluation of SCientific SoL.Jrdness, tre 60-Year
I-brizon, Cost, and Conclusions on Tech1ological FeasibilitY. These topics are developed as
follows:

• The Evaluation of Scientific SoLrdness contains sll11maries of material covered in Chapter 4.

• Section 577 defines hazard areas as tOOse wrere erosion is likely to reslit in damage to
bLildirgs and infrastructLCe witlin a 50-year period. Discussion of tre options to address tre
50-year period is presented in tlis chapter.

• Total cost to tre NFlP is determined usirg uit costs developed in tre stLdy and applyirg
trem to colJ1ties prone to riverine erosion.

• The conclusions on tech1ological feasibilitY are based on tre analysis of tre 12 selected
dOCLCnents and suggestions and recommendations from tre Project Workirg GroLp (PWG).

5.2. Evaluation ofScientific Soundness

The case stLdies in tre previous chapter indicate that it is possible to condLd riverine erosion
stLdies and establish conclusions regardirg tre likelihood of futLCe erosion. The case stLdies also
illustrate tre fact that erosion stLdies can follow various methodologies dependirg on data
availabilitY, fLrdirg and resoLCce limitations, stream characteristics, and tre needs that motivated
tre stLdy. Tlis observation implies that trere is significant flexibilitY in condLdirg trese stLdies,
although not all methodologies allow delineation of erosion setbacks alorg streams. In general,
tre stLdies seem to fall Lrder three categories: 1) geomorplic analysis; 2) ergineerirg analysis;
and 3) matrematical modelirg. These categories will be used as a framework to analyze
scientific soLrdness.

5.2.1. Field Investigations

The majority of tre case stLdies reqLired sLbstantial field irrvestigations of watersheds and
stream channels. Table 5.1 sll11rnanzes tre type and scope of tre field irrvestigations for each of
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Table 5.1. Scope of field investigations for tre case studies.

Case StudyTille Field Investigations

AMAFCA Sedimertam Le~11: Geornorplicam otherqlBitati~aralyses

ErosionDesignGLide
Suwyoflocal stabiilyproblems•

• ObseJVatiors onfbwpattems

· I:feliificationofaggradationam degradationzones

· Sampirg ofbarkam bed materials

• h.ertory of actil.ities affectirg the stream (e.g., llbarization, chlmeization, dams, am otrer hrnan

actil.ities)

Le~12: Basicergineerirg aralysis

• Fiel:f ~rificationoft¥Jrobgic parameters

• Cross sectionam chlmel profiletopograplic~

• Suwyofbridges, Cl.lwrls, am other t¥JraUic s1n..dLres

• Estimationofrougtress ooeflicierts

• Sedimertsampirg

• Sedimerttrarsport rate meaSlJ"emerts

· Sampirg ofbed am bark materials

Le~13: Matrematical modeirg

• Same as in Le~12 bli ingreaterdetail

h.ertoryamAralysis of • Sedimertsampirg

Stream lv1eamer Problems

in Minnesota

A ProbabiisticApproach to • Nofiel:f irMlS1igationneeded

tre SpecialAssessrnertof

Ri~rCrannel hslabiily

GeornorprobgyArd • Periodic1l.Malgeobgicsuwys

~robgyoftheSarta Cruz • Periodic topograplic, geornorptic, am geotechicalsuwys

Ri~r,SoLlreastemArizora • Periodic aerial protograplicsuwys

• Topograptic suwyofstream profile am cross sectiors

• Stream reconraissarre suwys

San Diego CoutyAlMal • Fiel:f ~rification oft¥Jrobgicparameters
Sb..dies • lv1eaSlJ"emerts oft¥Jrograprs

• lv1eaSlJ"emerts ofstage am discharge atcross sectiors

• Cross sectionam chlmel profile topograplic suwys

• Suwyofbridges, Cl.lwrls, am other t¥JraLics1n..dLres

• Estimationofrougtress ooeflicierts

• Sedimertsampirg

• Sedimerttrarsport rate meaSlJ"emerts

• Sampi'1:l ofbed am barkmaterials
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•

•

Table 5.1. Scope of field investigations for the case studies (continued).

Case StudyTille Field Investigations

CilyofAustinTeclTical • Sedimertsampirg

ProcedlreS forWatershed • Sampirg ofbed and bark material

ErosionAssessmens • Smeyofriparianvegetation

· Watershed smeyto verifywatershed bOlrdaries, geology, Llbarization (eJGstirg or fl.dLre projects), and

stn..dLres atrisk

• Topograpncsmeyofstreamprofileandcrosssectiors

• Periodic s1ream recomaissance smey.> to assess aggradation'degradation, widerirg, plarforrn

crerges, sbpe failue, severe bends, rick poirls, erodibiily of soils, barl<flj Vvidth and depth, cremel

type, cremeization projects, I¥lralJcsfn.dlres, presence ofUiities, and otherdis1l.lbances

• GeoteclTicalsmeyto evaluate sbpe stabiily

• Smeyorrotgtness coeflicierls

• Discrarge measLremeris

RiverStabiilyS1Ldy, Virgin • Visual smeyto assess relative river stabiily, pt¥>ical creracteristics observed are banks and ctJlirg,

River, Sana Clara Riverand vegetation on banks, fbodplain, bars, bark and bed sedimerls, bark protection, bridge SCOLr, and

FortPierre Wash, Vicirilyof tribLlaries

Sl George, Utah
Suspended sedimertmeaSLremeris•

• Fbodplain land use

f-¥jrobgic and Geomorpnc • Sedimertsampirg

Stu:liesofthe Platte River · Sampirg ofbed and bark material

Basin, Nebraska • Smeyofriparianvegetation

• Topograplic smeyofstream profile and cross sectiors

• Stream recomaissance smey.> to assesscremelpatterrs, SCOLr, and bed forms

• Watersamples forsuspended sedimertanatysis

• Discrarge meaSLrerneris

Streambark ErosionAbrg • Cross sectionsmey.>

TIM) Rivers h bwa • Sampirg ofbed sedimert

• Streamfbwobservatiors

• Barkvegetationsmeyfortypeand distribUion

Cremel MigrationStu:lies in • Sampirg ofbed and barkmaterial

Kirg CoLriy, Wastlrgton • Smeyofbark heigtis and barkerosion

• Smeyofriparianvegetation type and age

• Geobgicsmey

• Watershed smeyto irM9rtoryLlbarization, roads, and other irliasfn.dlre atrisk

• Topograplic smeyofstream profile and cross sectiors

· Stream smey.> to assess aggradation'degradationand fbodplain morphology

· Smeyoflevees, revetrnerls, darrs, and other I¥lralJcstn..dLres
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• Table 5.1. Scope of field investigations for the case stLdies (continued).

Case StudyTille Field Investigations

Bark Erosion Field Suvey

Reportofthe Upper

Mississippi Riwrard IIirois

Waterway

Arizora Slardardsfor Lateral

Migrationard CtBnnel

Degradation

• Field wrificationof t¥lrobgic parameters
• Cross sectionard ctBnnel profile topograptic suvey.;

• Suveyofbridges, Cllverts, ard other t¥lraUic stn..dues

• Estirrationofrougtress ooefliciens

• Sedimertsampirg

• Sedimerttrarsport rate measuemens

• Sampirg ofbed ard bark

Lewl1

• No field irMestigatiors needed

Lewl2

• Soil samples forgrainaraly.;is
Soil samples forLrCOr1ined compressiontest

• Watersamples forsusperded sedimertaraly.;is

Lewl3

• Same as Lewl3 inAI'v1AFCASedimertard ErosionDesignGLide

• 5.2.2. Geomorphic Analysis

Ths stLdy category il1llOlves comprehensive evaluation of stream morphology, watershed
characteristics and tistoric data. The objective is to assemble all of these pieces of information to
assess channel stability and predict changes in depth and width.

Of the twelve case stLdies, nne of them report application of geomorptic methods to some
extent. Some of the case stLdies involve joint application of geomorptic and engineering
principles but are irclLded in ttis section because the approach is predominantly geomorptic.
Table 5.2 slll1marizes the data needs and analysis procedLres employed in each stLdy.

The geomorptic procedLres in Table 5.2 are all usefU in providing a pictLre of the erosion
hazards, altho4:lh not all of the methodologies had the delineation of erosion setbacks as ultimate
goal. Nevertheless, the literatLre indicates that geornorptic methods can be used to define
erosion hazard areas to some degree. One difficUty is the wide variation of time scales
associated with the data ranging from geologic to recent events. Information from all of these
time scales must be assembled to be able to make predictions a few decades into the futLre.
Another challenge is that past phenomena are the resUt of varying watershed conditions due both
to natLral events and to lunan intervention; for example, Lrban development, channel
modification, and hydrauic structLres. The analyst is often confronted with drawing corclusions
for the short- to mid term by extrapolating to futLre conditions that will also be characterized by
varying watershed characteristics. Geornorplic analysis reqLires professionals with a specialized
set of skills and experierce that may be in short supply.
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• Table 5.2. Data reeds and procedtres in geomorphic stu::lies.

Case StudyTiUe Data Needs Analysis Procedures

AMAFCA Sedimertard • Topograptic maps (USGS quads, • Use topograptic, soils, lard use, ard geologic maps to

Erosion DesignGlide local mappirg, corirol poirts, etc.) idertifyinstabiityproblems

(Level 1) Historicstream plans ard profiles • Use maps to locate braids, bars, tribuaries, ard cramel

• Field mtesard protograpl"s onbark corirols sLd1as rockoticrops

geometry, stabiityproblems, lbw • Use soil ard lard use maps to evakJate vegetative coverard

pattems o1herfactors affectirg sedimertSllJply

• Plarimetricmaps • Aralyze aerial ph:Jtograpl"s to assess watershed

• Aerial ard satefite protograpl"s devebpmertard crarges ins1ream patterrs: berd

• Transportationmaps migration, barkine faik.re, ard erosionprogress

• Bridge ard cUvertas-bLitt plans • Detemlinestabiityofs1reambarks usirg protograpl"s ard

• Geologic maps fieldmtes

Soils maps • Use as-bLitt plans ard observations to evakJate SCOlJ"

• Lard use • Aralyze impacton instabiityofeJ<istirg ard planned h.man

• Rainal recoros acti~ties (streambed mirirg, cramel modifications,

• Streamfbwdata (lbodirg everts) ubarization, dam constn.dion)

Sedimertationdata (bed ard bark k:lertifycrarges in I¥lroiogyard I¥lraiJcs usirg rainal ard

sedimertsize, transport rates, streamfbwrecoros

aggradationard degradationareas) • Consoidate 1heara~ above irto anoveralassessmert

• Waterquaitydata (sedimert ofstream stabiity

concertrations) • Combine stream bark field mtesard barkinefaik.re

• Wateruse data Qnigation, power observationsliom aerial protograpl"s to evakJate lateral

generation, diversions, etc.) stabiityard estimate lateral erosion rates

• Watershed devebpmertplans • EvakJate vertical stabiity1iom irformation onbarkfaik.re,

• (ubarization, cramel modifications, tistoricstreambed profiles, ard brg-term trerds instage-

dams, ard streambed mirirg) discrarge relationstips

• Use simple predictive geomolptic tools (e.g., 1he Lane

Relationstip) to evakJate cramel response mecrarisms

htertoJYard Aralysis of • Grainsize distribUion • Process protograpl"s ard maps to obtaindigitized valey
Stream Mearder Historicaerial pIxltograpl"s certerines ard stream certerines
Problems in Minnesota • Topograpticmaps • Cleanard smoolh inesard nncompl1erprogram

• 2-~rlbod discrarge as 1he barW MEANDERto detemline1he stream's transversal ard

discrarge brgitLr:liral still, sirwsitycrarge rate, ard relMlrked

• Stream parameters (sbpe, barW lbodplainarea

v.id1h, ard deplh) • Devebp relationstips beMeen1he sIiflparametersliom

MEANDERard stream parameters: v.id1h, depth, lbwrate,

ardsbpe

Geomolproiogyard • Geologic mapsard reports • Use geologicdata to define tectorics, depositioral patterrs,
I-¥lrologyof1he Sarta • Topograptic maps lbodplain landformsard sedimertation
Cruz: River, Soliheastem • Historicstream ard plans ard profiles • Use I¥lrologicdata to determine nnoff\OUnes ard tistoJY,
Arizora • I-¥lrologicdata frequercy, spatial ard temporal craracleristics oflbod

• Cimaticdata everts

• Seasoral sedimertconcertration • Use cimatic data to define meteorological craracleristics of

• Aerial ard satelte prolograpl"s majorstorms
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• Table 5.2. Data needs and procedLl"es in geomorphic stLdies (contirued).

Case StudyTitle Data Needs Analysis Procedures

Geomorprobgyard • Field observatiors on • Analyze field data ard maps to sLl11marize dEnnel
~rokJgyof1heSana aggradation'degradation, dEnnel dEnges: rneardermigration, a'Alsion, rnearderctioff,
Cruz Rilo€r, SoiJheastem wdering, plartorm dEnges, bark dEnnelwdering, mass wasting, sbpe degradation, Io€rtical
Arizona (cortinued) s1n.dLra1 cordition, ard masswasting dEnneldEnge, ard tunan-irdu::ed dEnges

Watershed plars (ubarization, • Idertifyeffects ofgeobgy, topography', '¥lrobgy, cimate,

dEnnel modificatiors, dams, efrAJert ard tunan irtervertion incortrolng dEnneldEnge

disdBrge, ard streambed miring).

CilyofAustinTechical • Watershed botrdaries ard sLJfaoe • Use watershed data to estimate impel\1Ols areas

ProcedLreSfor area • Use watershed delo€bprnert irtormationard maps to
Watershed Erosion • Sedirnertsize disbibliionard prepare summaryofdrainage, delo€bprnertpatterrs,
Assessmens trarsport rate stream geornetryard topokJgy, soils, ard irM:lrtoryof

• Soil corsistercyofbed ard bark parklards ard o1herwatershed feab.res
materialsard geoteclTicaldata on

Use USGS regressionequatiorsto estimate2-ard 1G-]ear
sbpe stabiily •

• Twe ard spatial disbibliionof
peakflowelo€ns foral reacres

riparianIo€getation • Usefield data to prioritize erosionproblems ard 1he asse1s

• Watershed botrdaries at risk. Usegeotechical data on tighest priorilysites to

• USGS regression equatiors assesssbpe stabiily

• GeokJgic maps • IdertifycalSeS oferosion
• Soils maps

Magri1J..de, timing ard disbibliionof • ClassifydEnnels according to 1)erosionsusoeptibiilyof
•

ubarization irfuence in1he
bed, barks, orboth; 2) bed material (alMal rock-bed• watershed
cortroled, rock cortroled, ard s1n.dLraQ; 3)1he Krigt10n

• h.ertoryofs1Ju::tJ.res at risk
(1987) system

Longi1J..dinal stream valeygradiert Use Rapid GeomorpticAssessrnert(RGA) to complie 1he

Cross section rneasurernens Stabiilyh:Iex(SQdescribing 1he dEnnelas stable,

• Field observatiors on transitional, or inadj..stmert

aggradation'degradation, wdering, • Determine "dBnnelenlargernertcurve" afterMorisawa ard
plartormdEnges, sbpe faiU"e, LaFU"e (1979)
selo€re berds, rick poins, ard

Use dEmeI eriargernertcurve to estimate litimatedEnnel
erodibiilyofsoils, dEnneltype, •
dEnneizationprojecls, t¥:IraLic

geornetryard approJ<imate sedirnertyield (see Section

s1Ju::tJ.res, presence of liiities, ard
4.62.6 fora detailed description)

o1herdis1ubanoes

MeasurernensofbarkfiJwd1hard

dep1h

• Rougtress ooefIidens

• DisdBrge rneasurernens

• Scale offeab.res in1he streams

Rilo€r StabiilyStudy, • Historicaerial protograpl"s • Use tistoric irtormationto determine stream aignrnertard

Virgin Rilo€r, Sana Clara Topograptic maps dEracteristics in1he past

Rilo€rard FortPieroe GeokJgic mapsard reports • Produce map OIo€r1aysrom cor/iguratiors atvarious poins
Wash, VidrilyofSt • ArcheokJgical data intirne
George, Utah • HistoricaCCOlJ"ls ard diaries

Rilo€rStabiilyStudy, • Fbodplainmaps • QuartifygeornebicdEnges indEnneland floodplain

Virgin Rilo€r, Sana Clara • Available '¥lraLic models geornebyto estimate lateral migration

Rilo€rard FortPieroe • ~rokJgicard paleot¥:lrobgydata • Correlate flood occurrence to dEnneldEngescaused by

• Wash, VidrilyofSt Cimaticdata erosion
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Case Study Tille Data Needs Analysis Procedures

George, Ulah(corlirued) • SL5pen:!ed sedirnertdata • Use geomorplicdata to c1assifylre stream accordirg to

• Flood pmtograpl"s Rosgen (1994) an:! FH'vVA's system (FH'vVA, 1991; Brtce,
• hlerioryofhrnanactivities inIre 1983)

watershed (ditd'es, diversiors,
• Evalate bark erosion L5irg Rosgen's bark erosionmabix

resel\Qirs, grazirg activities)
(Rosgen, 1996)an:! Ire approach inTt-orre an:! Osman· Brtdge corslJu:;tionplars an:!
(1988)

mairtenance records

• Evalate erosionpoterlial L5irg Ire rnaJOmUTl permissible

vebcily

• Corsoidate al irfurmationto define anerosionconidor

t-¥lrobgic an:! Mettud 1 Mettud 1

Geomorplic Sb..dies of • Flowdurationcuve • Use flowdurationcuve an:! regression equationto compLte
Ire Platte River Basin, durationcuveforsedirnerttrarsport
Nebraska (Me1tods 1 · Regression equation relatirg

sedirnerttrarsport rate to water • Determine "effective discharge" as waterdischarge
an:! 3)

discharge associated vvilh rnaJOmUTl cortnblJion to eJqJeCled

sedirnerttrarsport rate
Mettud3

Mettud3
• CtBnnel slope, dep1h, an:! wd1h · Comptte particle fal vebcily
• SedirnertsizedisbiblJionan:! • Use ctBnnel slope an:! particle fal vebcilyto comptie

specificgravily relative smootlTessfrom Ire first Pal1<er(1997) equation

• Use relative smootlTess an:! ctBnnel geomebic

parameters to cornptte waterdischarge an:! sedirnert

trarsport rate L5irg Ire remairirg too Pal1<er (1977)

equatiors

CtBnnel Migration • Propertiesofbed an:! bark matertal • Reviewlistortc mapsan:! pmtograpl"s an:! determine

Sb..dies in Kirg Couiy, • Bark heigtlsan:! erosionproblems migration rates

Waslirgton • Type, age, an:! disbiblJionofrtpartan • Divide streams iriogeomorpmbgicalyuriform reaches
vegetation

Comptte shearstress caL5ed bylre 1()()..yearflood an:!•• Geobgic maps
analyze poterlial ctBnnel erlargemert· Watershed developmertmaps

• Aertal pmtograpl"s • Evalate effectof t¥lrobgicctBrges inctBnnel migration

• Stream profile an:! cross sectiors poterlial. SelecttIDse pertods corsistertwlh currert

• Flood magri1J.J:les con:Iitiors

• Data onaggradation'degradation • Use listortcdata onben:! ampib..de an:! mean:!erbe~wd1h
• Floodplainmorpmbgicdata to estimateotter imi1s offiJue ctBnnel migration
• hlerioryof levees, reve1merls, dams,

Adj.stlre imils L5irg irfurmationonikelyerosion
an:! olrer t¥lraLic stru:llres •

corstrairls (e.g., roads, levees, barkprotection, an:!

developmert). Produce a Mitigated MigrationHazard Map

• Adj.stlre map usirg evidence offi"equerta\Usion

• Use listortcdata to classifyerosion tazard as moderate or

severe
CtBnnel Migration

Sb..dies inKirg Couiy,

Waslirgton (corlirued)

Bark ErosionFie~ • Aertal obique videotape • Use soils data to c1assifysoils

SuveyReportofIre • Site pmtograpl"s • Foral slJ..dysites, use barkctBractertstics an:! t¥lrobgic
UpperMississippi River • Topograplicmaps data to assess barkerosionan:! failre mectBrisms

•

•

•

Table 5.2. Data needs and proceclLres in geomorphic studies (continued).
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•

•

Table 5.2. Data reeds am procedures in geornorptic stLdies (continued).

Case StudyTille Data Needs Analysis Procedures

ard liroisWaterway • Nal.1gationcrerls • Compare erosionVvithstage records to definecorrelation
Geornebyofbarks Vvith1bod e.erts,baflicwa.es, ard currens

• Properties ofbed ard bark materials
• Prepare color-<:oded erosion locationmap

• Cross sections

• Vegetationco.er

• Historic1bod data ard water Ie.el

Arizona Stardardsfor • 1QO-yearpeakdiscrarge • Use 1QO-yeardiscrarge insetback regressionequation

Lateral Migrationard • Ratio ofcremel cuvature to top Vvidth appropriate forcuvatue-top Vvidth ratio

Chamel Degradation • 1QO-year1bodway Use 1QO-yeardiscrarge intotal scourregressionequation•
(Le.e11) • Top ofcremeIbark location appropriate forcremel cuvature

• Drainage area

5.2.3. Engineering Analysis

Ttis stLdy category irM)!ves application of basic engineering principles am is often
complerrented with geornorptic rrettxxls. Sorre of the tools employed irdLde friction forrnt..das
for hydraliic conveyance, flood frequercy procedLres, hydrologic am hydraliic models, sedirrent
yield, sedirrent transport, geoteclTical analysis of slope stability, am soil property testing. The
objective is to analyze flow regirres am their effect on structLral stability to predict changes in
chanrel georretry.

Several case stLdies irM)1ve joint application of geornorptic am engineering principles. I-bwever,
only three are irdLded in ttis section because the approach is predominantly based on
engireering principles. It sholid be noted that the most effective use of engineering tools is
accomplished when preceded or combined with geornorptic analyses; therefore, separation of
the two approaches is not always possible or desired. Table 5.3 sLmmarizes the data reeds
am analysis procedLres employed in each of the three case stLdies.

Application of basic engineering rrettxxls affords a series of tools for quantification of erosion
rates. The analyst must compile the information available from both geornorptic am engineering
tools am use considerable jLdgerrent in delireating an erosion hazard area. Of special concem
is the inability of many of these simple tools to consider past erosion tistory. The analyst must
carry out ttis temporal integration by consolidating all of the information available.
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• Table 5.3. Data needs and procedLres in basic e~ineeri~ stLdies.

Case StudyTiUe Data Needs Analysis Procedures

AMAFCA Sedimertard • FOOd fi"equercyClJ\€S • Use watershed dala ard rainaJ records to cordLd

Erosion DesignGlide • FOOd t¥lrograprs t¥lrobgic modeing (e.g., HEC-HMS) ard dewlop flood

(LewI2) • RainaJ dala fi"equercyClJ\€S

• BarM.i discharge • Evaluate flood Iistoryto iderlifywef:.dryperiods

• Stream profile, aignmert, ard cross • Use t¥lralJc modeing (e.g., HEe-RAS orMarring's

sections formiJa) to define wooly, flowdep1h, top wd1h,ard o1her

• Ro4jh1ess ooeflicierts flowproperties of1t'e main channel ard owrbarks

• Geomebicdala onbridges ard Analyze characteristics ofbed ard bark materials: size, faJ

CLiI.I9r1s wooly, ard mecharical properties

• Lard use maps • Use mapsof lard use ard soils, ard watershed plans to

• Soils maps evaluate sedimertyietl from 1t'ewatershed foreJ<isting ard

• Geobgicmaps 1lJLre corditions. The RUSLE me1hx:lologycan be appied

• Sedimertsize disbibulion in fortlis pupose

watershed ard channel • Use bed ard material size dislribulionto perform ircipiert

Mecl'arical properties ofbed ard motionanalyses ard analyze bed armoring

bark materials: size, stape, faJ • Compl1e orestimate sedimerttransportard apply

wooly, cohesion, densily, ard angle sedimertcorlin..ilyto determine aggradation'degradation

ofrepose poterlial. VarioLS sedimerttransportformulascan be LSed

• Measuemertsofsedimerttransport (fable 2.4)

rates • EvakJate lateral erosionpoterlial byanalyzing slope slabiily

• Reser.oiroperationard ard barkfaik.re mecharisms (e.g., Osmanard TI'Orne,

sedimertationdala 1988)

• EvakJate local scourusing formtias inAMAFCA (1994)

• Streambark Erosion Topograplic maps • Dewlop a conceptual model of1t'e stream inWich1t'e
Along TIM) Riwrs h Iowa • Aerial pt-otograprs mearders are approJ<imated as conslart-radiLS ClJ\€S

• Bed ard bark material properties Determine1t'e near-bark, deptltawraged meanwooly

• Typearddistribulionofwgelation using equations inOdgaard (1986)

along barks • Determine1t'e lateral migration rate using 1t'escourfaclor in

• Streamflowrecords Parker (1983)

• Dala on areal loss from barks • Use equations inOdgaard (1987) to compl1e maJ<imun

• Ro4jh1ess coeflicierts rate ofbark retreat awrage areal ard \Qk.rnebic erosion

• Historyofchannel plartorm, wd1h, rates, ard dowrwaleymigration rates

dep1h, curvature, slope, ard bed

forms

Arizona Slardardsfor • 1O<J.1€arpeak discharge • Use grainsize to determine maJ<imun alowable wlocilyard
Lateral Migrationard • SLSperded sedimertconcertration compare wth 1QO-;eardischarge wooly
CtBnnel Degradation • CtBnnel curvature, bark slope, wd1h, • Use grainsize distribulion, flowdep1h, energyslope, ard
(LewI2) ard flowdepth l"04lh1esscoefliciertto determine tractiw stress. Correct

• Grainsize disbibulion forchannel geomebyard compare wth maJ<imun alowable

• Energyslope tractiw stress

• Marring's ro4jh1ess ooefliciert • Compl1e tractiw powerard use l.I'lXlIiined compression

• Unoorlined compressionstrength strengthto deriw maJ<imum alowable tractiw power
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• 5.2.4. Mathematical Modeling

This approach is tre most complex level of analysis and reqLires discretization of tre fluvial
system into small mts wrere computational models are applied to determine variations of tre
channel geometry in time. Variable material properties can be assigned to each discretized lrit
to account for localized conditions. Tre computations are usually complex and coLid be statistical
or physically based in natlJ"e.

Two case studies il1ltOlve matrematical modeling. Tre first case study is based on probabilistic
analysis; tre second is based on simulation of tre basic equations for hydraLiics and sediment
transport. Table 5.4 sLmmarizes tre data needs and procedlJ"es for tre two case studies.

Table 5.4. Data needs and procedures in matrematical modeling studies.

Case StudyTille Data Needs Analysis Procedures

A ProbabiisticApproach • Aerial ph:>tographs forsewral time • Divide aloftl"e aerial ph:>tographs irto lJiform square eels.
to tl"e Special periods. Desigrate ltose eels OCCl.4lied bytl"e charnel.
AssessmertofRiwr • Assign "coordirates" to eacheel based on lateralard
Cremel hstabiity 4JS1ream distances to tl"e chamel.

• Foreachperiod ofaralysis, courttl"e eels 1J-atv..ere eroded

foreach pairof"coordirates" betweentl"e ph:>tographs

defirirg tl"e beginrirg ard erd oftl"e period. CompLle tl"e

erosionprobabiityastl"e runberoferoded eels divided by

tl"e total runberofeels forltose coordirates.

• Repeattl"e procedure forotl"ertime periods.• • Use regressiontechriques to defire tl"e erosionprobabiity

asafi.rdionof lateralard 4JS1ream distance to tl"e chamel
ard oftl"e remperiod offbodirg ewrts.

• Use tl"e equationto prediclfULre erosionextert

• Dewbperosionprobabiitymap to idertifypoterlial tmards.

San Diego CouiyAllMal • ritial profile ard cross sections oftl"e • Erteriritial corditions ofchamelgeomeby
S1ulies chamel • ErterI¥lrographard simLlation time step

• Cremel roLgh1ess • Ri..n FLlNlA.L-12 ard obtainbed profilesatal sections.

• Sedimertcharacteristics • Caibrate model to knoVvll corditions

• l-¥lrographs • Verifyv..ilhano1hersetofknoVvll corditions

• DO'MlStream stage-discharge ratirg

ClJ'\\9

• Pl¥>ical constrairts (e.g., rock

oliaops, d1eckdarns, ard

norerodible barks)

• Historyoffbods ard irduced chamel

charge
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Table 5.4 illustrates two very different approaches to mathematical modelirg. They both
discretize the area of interest and apply equations to each of the discrete elements; however, the
results are quite different. The statistical model predicts the probability of erosion OCCLrrence at
various locations alorg river reaches whereas the physically based model provides the channel
geometry and alignment at various points in time. Therefore, the statistical model needs to be
interpreted futher to define erosion hazard boLl1Claries whereas these hazard areas can be
directly obtained from the output of the physically based model.

Data needs, computational algorithms, and output are specific for each model (see Table 2.6)
and cannot be generalized. I-bwever, mathematical models are usually designed to simuate the
evolution of channel morphology LI1CIer a variety of scenarios. As such, these models are
natlJ"ally suited for hazard area delineation. On the other hand, the mathematical representation
of sediment transport and erosion processes is still imperfect and prone to large errors. In
addition to beirg calibrated and verified, models should be analyzed critically in light of their
limitations to understand the natlre and magnitude of potential errors.

5.2.5. Conclusions

The case studies indicate that delineation of riverine erosion hazard areas is feasible. There are
various geomorplic, ergineerirg, and modelirg procedlJ"es that can be applied, atthough the
aCCLracy of such methods could be qLite variable. Considerable judgement and experience are
needed to draw conclusions that woud lead to delineation of a hazard area.

The basic data used by geomorplic and ergineerirg methods are nonstationary in the sense that
the response of the fluvial system is the resUt of time-variable watershed conditions. Tlis
characteristic implies that extrapolation directly from listoric data may need to correct for past
and futlJ"e variability.

In addition to issues of spatial aCCLracy, hazard area delineation has a temporal component. Tlis
issue is analyzed in the followirg section.

5.3. T11e 6O-Year Horizon

To be usefU, the REHA. delineated shoud have an associated time span witlin wlich erosion is
expected to 0CClJ" witlin the delineation. Evidence of erosion in geologic times coud be strorgly
S4>ported with field observations but may be of limited application for floodplain management due
to the lorg time scale involved. Therefore, planners and decision-makers need to know the time
frame for wlich a partieuar hazard area is valid. For management pLrpoSes tlis time frame
should be of the order of magnitude of decades, wlich is consistent with the usefu life of
strLdlJ"es in the butt environment. For example, a strLdlJ"e's usefu life usually extends well
beyond the 30 years of a typical mortgage, and there are many strLdlJ"es in the Uited States
older than 100 years.

A time frame of 60 years has been specified in Section 577 of NFIRA as the interval of interest
for delineation of riverine erosion hazard areas. Tlis designation likely stems from a similar
reqLirement for assessment of coastal erosion, but there is no apparent scientific basis to choose
60 years. I-bwever, the case studies and the opinions of the PWG indicate existirg techiques
are better sLited for shorter time frames; in consequence, larger l.rCertainties will likely affect
erosion predictions for 6o-year periods. Tlis difficUty arises from limitations in data aCCLracy,
errors in sediment transport models, and ui<nowns in futlJ"e watershed development, hydrologic
conditions, and magnitude and sequence of futlJ"e f100dirg events.

From the review of the case studies, two approaches emerge to address the erosion time frame:
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1. Extrapolation from site data: Tlis is the approach applied by those case studies that yield
an erosion-prone area as part of the resUts. As a general procedlJ"e, the configlJ"ation of
the stream at two or more points in time is used to determine average migration rates that
can be translated into erosion and deposition rates. Ideally, the rates wolid be adjusted to
accoLrt for variable watershed conditions in the historic period. These rates can then be
used to predict the stream's location at some time in the futlJ"e. In the simplest case,
migration can be assured linear in time by selecting a migration rate variable in space but
constant for the time period lJlCIer consideration. A more sUtable approach uses a
"frequency weighted" erosion rate (i.e., the expected annual erosion rate), which includes the
erosion caused by the possible range of flows weighted by their frequency of OCCLTrence.
The predicted alignment can be modified to accoLl1t for localized conditions such as identified
geologic controls and existing hydraulic structt.res. The prediction shoLdd also incorporate
expected futt.re watershed development.

2. Mathematical modeling up to a specified time: Continuous simLdation models (e.g.,
FLlNIAL-12) make use of streamflow hydrographs and time series for watershed
characteristics to simulate temporal variations in stream geometry. In theory, the simliation
can proceed indefinitely for as long as detailed temporal resolution of input data is available.
To predict futlJ"e conditions, the model reqLires estimated futlJ"e time series of the input
data, which can be statistically generated or inferred from listoric data and expected futlJ"e
trends. In practice, forecasts for input data may be reliable only for a short period in the
futt.re. The basic procedlJ"e involves using available data to generate time series 4J to a
specified target date and rtning the model to simliate changes in the stream.

Application of either approach raises the issue of L.rX:ertainty SLTrolllding both the time frame and
the spatial location of the REHL\. limits. For the floodplain manager, assessment of erosion risk
must include an estimation of the confidence interval of erosion predictions both in time and
space. The need for tlis information is especially critical when restrictions are placed on
development and other activities due to erosion hazards.

An analyst experienced in the application of geomorplic and engineering methods can use
professional judgement in assigling a confidence interval to a particliar REHL\. delineation.
I-bwever, when judgement is involved, there is a distinct possibility that two analysts may arrive at
different conclusions due to the stbjective natlJ"e of the analysis process. In addition, there is an
acknowledged lack of professionals with the necessary trailing and expertise in tlis field to
condLet these assessments.

Continuous simliation applying mathematical models offers a more systematic approach that
also lends itself to replicability. The listoric data can be used to derive statistical distributions for
streamflow and for other input parameters that can be considered random variables. Using
Monte Carlo simliation techriques, the distributions are sampled to generate several hypothetical
futlJ"e scenarios for wlich the model is rm With a sufficiently large nLTnber of scenarios, the
resliting set of erosion areas can be used to derive REHL\. statistics and confidence intervals
(Froehlich, 1997). In addition to the skills needed to n.n the fluvial model, tlis approach reqLires
knowledge of stochastic processes and Monte Carlo simliation. For instance, expertise is also
reqLired to assign probability distributions to model parameters. Mer IUYling all of the
simliations, considerable effort is needed to process the reslits from the indMdual IU1S and
derive output statistics.

Implementation of the approach is expensive because it involves nLTnerous 1U1S, but the
procedlJ"e is straightforward and lends itself to drawing objective conclusions. U1certainty is bLiIt
into the approach as the various probability distributions are sampled to generate n.n scenarios;
therefore, the confidence intervals produced by the Monte Carlo approach can be used for risk­
based analysis.• ASSESSMENTOF TECHNICAL FEASIBILITY 126
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AvLdsion presents an additional challe~e because of the catastrophic natLre of the phenomenon
and its U1Predictability. It is possible to identify past and potential avulsion sites dui~ stream
reconnaissarce; however, it is doubtfu that the OCCLrrerce of avLdsion can be predicted reliably
even for the near futLre. The CLrnulative effect of 10l"9""term avulsion is Ll"known.

Cost

•

5.4.1. Data Source andAssumptions

A detailed estimation of total REH6.. analysis and mappi~ costs is beyond the scope of this
study. I-bwever, an approximate cost of implementation has been estimated. The pLrpose of
the cost estimation of this study is tlTeefold:

• identifyi~ elements that should be included in the cost estimation;
• establishi~ a corceptual cost estimation framework; and
• providi~ approximate NFIP cost for REHA. analysis and mappil'"9.

The SOLrces of cost data for this report include information provided by the PWG, costs reported
in the case studies (Chapter 4), FEMA reports and other literatLre, and cost data from previous
studies performed by the project team members. The data are not sufficient to make a reliable
natiorM'ide cost estimation; however, they can be used to perform an edu:::ated guess for total
costs.

Several assLrnptions were made to estimate costs of natiOrM'ide REHA. mappil'"9. First, the
REHA. mappi~ would be based on the existi~ FIRMs of a commuity. The hydrologic and
hydraulic studies used to develop FIRMs coud be used as the base for riverine erosion studies,
and the same base map woud be used to map REH6.s. The costs of the basic hydrologic and
hydraulic studies to develop FIRMs and the cost for prepari~ base maps were excluded from
the REH6.. cost estimation. Only the costs that are solely designated for performi~ riverine
erosion studies and mappi~ the erosion bOlrdaries are included.

Second, cost data, especially data from case studies, are from different time periods. For the
estimate presented herein, all costs are assLrned in 1997 dollars; inflation rates were not
considered.

Third, although study costs vary with amolJ1f: of stream miles, there is not enough information to
quantify economies of scale. For simplicity, the average uit cost per map panel was used as the
base rate. U'der this assLrnption, the average uit cost was first estimated and then mutiplied
by the nLrnber of panels to obtain the total costs.

ProcedLres of cost estimation are presented in followi~ sections.

5.4.2. AHectedAreas

To determine the extent of areas prone to riverine erosion, the Project Team designated levels of
erosion as "high," "intermediate," or "low" for each colJ1f:y in the entire Uited States. These initial
designations were s4Jplemented with input from the PWG and the literatLre that was reviewed
(listed in the Appendix). Quantitatively, a colJ1f:y's erosion potential was designated as "high" if
more than 60 percent of stream miles in the colJ1f:y were sLbject to riverine erosion. An average
percentage of erosion-prone stream miles of 80 percent was used in the cost estimation.
"Intermediate" was assigned to colJ1f:ies with erosion prone stream miles from 30 to 60 percent,
and an average of 45 percent was assLrned. "Low" was assigned to colJ1f:ies with less than 30
percent erosion-prone stream miles, and 15 percent was assLrned as an average.• ASSESSMENTOF TECHNICAL FEASIBILITY 127
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5.4.3. ApplicabilityofREHA StudyApproaches

Not all erosion prone streams would be studied usirg techical approaches that belorg to tre
same study category. This is because colllf:ies with erosion-prone streams in limited areas
would be less motivated to develop REHl\ maps; while colllf:ies that have many erosion-prone
streams widely distributed would have more lJ"gent needs and interest in mapping REHl\s. In
addition, even in col.llties with severe erosion problems, less populated areas, such as areas
mapped as Zone A in FIRMs, are LIlIikely to be studied and mapped by usirg detailed, advarced
and costly techical approaches such as matrematical modelirg. More likely, trey would be
mapped usirg a ratrer simplified, less costly approach.

From trese considerations, a fraction of stream miles was designated to be studied by each
selected study category: geomorptic, ergineerirg, and matrematical modelirg, as defined in
Section 1.4.2, for each level of erosion. Tre same percentage was applied to all colllf:ies,
regardless of treir location.

Usirg limited available information and considerable judgement, tre Project Team estimated tre
approximate rarges for percentage of stream miles shown in Table 5.5. For example, it was
assLmed that an area with intermediate levels of erosion could be adequately studied with
geomorptic methods applied to between 50 and 80 percent of tre stream miles, ergineerirg
methods used in 20 to 40 percent of tre stream miles, and matrematical modeling needed ony
for a maximU11 of 10 percent of tre stream miles.

Table 5.5. AssLmed rarges for percentage of stream miles by study category for each level of
erosion.

Level ofErosion
Study Category

Low

Geomorplic

Ergineertrg

rvta1t"ematicallv1odeirg

30%-50%

450/0-60%

5%..10%

50%·80%

20%40%

0%..10%

70%·100%

0%-30%

0%

5.4.4. Costs ofREHA Studyand Mapping

REHl\ average Lrit cost is defined as tre SlJ"n of tre study cost, tre mappirg cost, and tre cost
of pLblication and distribution. Trese components are explained below.

• Study cost Costs for performirg analysis to determine riverine erosion boLndaries rarged
from $2,000-$12,000 per stream mile, dependirg tpOn tre study category. Average values
are $2,000-$3,000 per mile for a study usirg geomorptic methods, $6,000-$7,000 for usirg
ergineerirg methods and $10,000-$12,000 for usirg matrematical modelirg methods.
Those data are from limited case studies as well as from tre PWG and tre project team;
actual study costs per mile may vary in a wider rarge. Tre study cost per map panel was
computed by multiplyirg tre cost per mile and tre average miles per panel. The natiorMIide
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average is 2.2 stream miles per panel am is based on analysis of Q3 digital flood data
comucted for the cost estimate for the FEMA map rnoderrization report (FEMA, 1997).

Mapping cost The cost for mappil"9 erosion bol..fldaries, includil"9 reviewing study resUis
am transferril"9 them into a digital map, was estimated usil"9 data for preparing FIRMs. In a
digital mappil"9 format, REHA. bol..fldaries woud be stored as an additional layer in the
FIRMs. The cost of preparil"9 this layer was estimated as $1,000 per panel, one-third of the
CLrrent mappil"9 cost for a FIRM panel.

Publication and distribution cost REHA. maps would be published am distributed together
with FIRMs. Additional costs for pLi:Jlication am distribution are limited am were estimated
as $100 per panel.

•

The average Lrit cost is estimated usil"9 followil"9 procedures for a given county:

• Compute the erosion-prone stream miles per panel. Different percentages are used for
counties with different levels of erosion, as discussed in Section 5.4.2.

• Estimate the REHA. study cost. The fraction of stream miles studied by each study category
am the cost per mile for each study category are used to compute the study cost for each
study category, usil"9 information presented in section 5.4.3 (Table 5.5) am this section.
The study cost per panel is obtained by addil"9 the cost for each study category, then
mUiiplied by the miles per panel.

• The average Lrit cost is the sum of the study cost, the mappil"9 cost, am the pLi:Jlication am
distribution cost.

The average Lrit cost for mappil"9 REHAs varies with the level of erosion. Table 5.6 shows a
summary of costs per panel by level of erosion.
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• Table 5.6. Average uit cost for each level of erosion

High

lierrnediate

Low

SA.S. NFIP Costs

7,400-11 ,000

2,800-5,400

700-1,400

1,000

1,000

1,000

100

100

100

8,500-12,100

3,900-6,500

1,800-2,500

•

•

The cost per coU1ty for mapping REI-¥.s was determined by applying the cost per panel to the
I1lI11ber of panels in a colD1ty. The nationwide cost was obtained by sLmming all of the coU1ty
estimates. The approximate cost to the !\FIP is in the range of 200 to 300 million dollars.

Section 577 of NFIRA specifies that, if REHA determination is fOl.rd to be tectrically feasible, a
cost-benefit study is to be COndlx:ted. The CUTent study does not include these cost-benefit
analyses.

5.5. Conclusions on Technical Feasibility

There is evidence that a time frame can be associated with a partieuar REHA delineation using
one or a combination of the tlTee analysis methJddogies. I-bwever, specialized knowledge and
expertise are needed to accomplish tlis task and evaluate the reliability of the resUts. Due to
inherent inaCClCacies in data collection and to the limitations of CUTent models in attempting to
represent the complex phenomena associated with fluvial processes, it is likely that various levels
of reliability for the resUts will 0CClC for a 50-year horizon. Ths difficUty is compOl.nded by the
l..rpredictability of awsion.

A more reasonable option woud be to use a time frame that is long enoLgh so that the stream
may have time to change appreciably but short enoLgh so that the LrCertainty in forecasts can be
reduced. It appears that a shorter time frame, sLd1 as 30 years, with periodic revisions meets
these conditions. I-bwever, as pointed out earlier, the usefu life of strLdLJ"es may extend well
beyond 30 years. Some progressive commuities may prefer to use the "geologic floodplain" for
management pll"poses.

Another option consistent with indMdual floodplain management needs is to assign a sLitable time
frame depending on local conditions and data availability. For example, more frequent
assessments woLdd be condwed for areas with severe erosion problems. Longer periods can
be analyzed as better data become available.
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6. Implementation

Previous chapters addressed the teemcal aspects of delineatil1) riverine erosion hazard areas
and assessil1) the time frame for erosion to occur in those areas. The material in those chapters
summarizes scientifically sound methodologies for REHA. delineation. The approximate cost of
condLCtil1) these actMties was also examined.

T1is chapter completes the analysis of technical feasibility by providil1) a description of
implementation options for a natiol1lNide program of REHA. delineation. Information is also
provided on reguations already in place in some jlJisdictions that incorporate erosion into
floodplain management actMties.

6.1. Existing Regulations

6.1.1. Federal Regulations

The NFIP regulations contain provisions to handle flood-related erosion to some extent. section
60.5 of the reguations states that FEMA is to fl.llish information so that commuities with
erosion-prone areas can implement floodplain management plans. In cases where they have
been identified, erosion hazard areas are designated as Zone E on FIRMs, although there are
currently no flood insucmce rates for Zone E. The FEMA-sLPplied information sets forth the
minimun reqLirements of floodplain reguations, but the comrTll.rities can acqLire additional data
to complement this information.

If in the process of applyil1) for flood inslJ'ance coverage a commuity has identified erosion­
prone areas, the Federal reguations reqLire issuance of constrLCtion permits in these areas and
a review to establish the safety of proposed projects and the risk of causil1) additional hazards
elsewhere. If these negative aspects are identified, the commuity must request modification of
the project or deployment of mitigation measlJ'es. If a Zone E has been designated, in addition
to the above reqLirements, the commuity is to reqLire setbacks for new development to create
a safety buffer consistent with the usefu life of the strLCtlJ'es and physical settil1): geology,
hydrology, topography, climate, and other site characteristics. No permanent strLCtlJ'es can be
placed in the buffer, but the zone can be used for open space pLJ'POSes.

The reguations state that commuities must ire/ucle erosion hazards in their plannil1) to avoid
development in hazard areas, promote open space utilization, and implementation of preventive
meaSlJ'es in E zones (setbacks, shore protection, relocation and property acqLisition of erosion­
prone areas). The plannil1) process shoud ire/ucle coordination with other jlJisdictions and the
State to enslJ'e consistercy.

6.1.2. Local Regulations

The Federal reguations are flexible to allow commuities freedom to implement additional
reqLirements. One example is the Floodplain and Erosion Hazard Management Ordinance for
Pima CoLl1ty, Arizona. The ordinance reqLires the issuance of floodplain use permits that ire/ucle
review for impacts on riparian vegetation and for bLildil1) setbacks. The ordinance states
different setback criteria for major waterCOll'Ses and minor washes in the coLl1ty.

As defined in the Pima CoLl1ty ordinance, major watercolJ'Ses constitute those streams where
the 10o-year flood discharge is greater than 2,000 Clbic feet per second. In the absence of
''Lrusual conditions," the setback is 100 feet for streams with 1OO-year peak discharges between
2,000 and 10,000 Clbic feet per second and 250 feet when the discharge is greater than 10,000• IMPLEMENTATION 131
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clbic feet per second. The setback is 500 feet for a few critical sections of certain coLnty
streams; for example, the Santa Cruz River and Rilltto Creek. These setbacks can be reduced
provided that additional analysis is performed to the satisfaction of the Colllty Ergineer.
Examples of "LnlSual conditions" inclLde historic meanderirg of the watercoLrSe, large excavation
pits, poorly consolidated banks, natlJ"al channel armorirg, proximity to bridges or rock outcrops,
and charges in flow arnoLrt, direction, and velocity in the watercoLrSe. If "LnlSual conditions"
prevail, the setback will be established on an indMdual case basis and approved by the CoLnty
Ergineer. The analysis ml5t consider potential darger to life and property.

Minor waterCOlJ"ses are streams where the 10o-year peak flow is less than 2,000 clbic feet per
second. Where no "LI1USual conditions" exist, the setback for these streams is 50 feet, mess
approved bank protection meaSlJ"es have been deployed or additional analysis prove that the
setback can be safely reduced. As wtth major watercolJ"ses, "LnlSual condttions" dictate the
need for indMdual assessment of site-specific conditions.

There are other commLJities in the Ulited States that manage riverine erosion through adopted
regulations or guidance through the local floodplain management program. In addition, l.J"der the
Commuity Ratirg System (CRS), commlrities can receive credit for reguatirg erosion hazards.
For example, l.{l to 10 points can be awarded for discloslJ"e of hazards other than f100dirg,
inclLdirg erosion; up to 50 points can be eamed if the commLJity maps areas with special f100d­
related hazards; and up to 100 points can be assigned for reguations keyed to special f100d­
related hazards.

Options for Implementation

The foregoirg section suggests two potential options for implementation of a natiorMlide REHA
delineation program. The first is a federally IUl program similar and integral to the NFIP. The
second is a locally n.n program with Sl.{lport from the Federal government. The followirg
slbsections describe the general vision and featlJ"es of these options as well as some of their
advantages and disadvantages.

6.2.1. NFIP Expansion

The fl.J"damental principle of the first option is to expand the cment floodplain reguations to
encompass riverine erosion. This option emphasizes authority from the Federal government.

The process woud parallel the cment determination of floodplains. Qualified stLK:ly contractors
woud condLd riverine erosion stLdies accordirg to approved gLidelines. The stLdies woud
l.J"dergo techical review before beirg approved by FEMA for incll5ion in FIRMs. Actuarial
stLdies woud be condLded to accoLrt for erosion risks, and E zones woud be l5ed to
determine inslJ"ance rates. Commuities woud be reqLired to comply with Federal reqLirements
to be eligible for insl.J"ance coverage. Additional legislation may need to be passed to reguate
actMties within REHAs. Similar to f100dirg stLdies, the reguations woud reqLire that REHAs be
restLdied periodically, which woud lend itself to irnplementirg the appropriate time frame with
periodic revisions as diSCl5Sed previol51y in Section 5.5.

The main advantage of this option is the fact that there is already a reguatory strLdLJ"e in place to
reguate flood-prone areas. The existirg framework can be modified to accommodate the new
responsibilities of reguatirg erosion-prone areas. One obviol5 disadvantage is the additional
cost to the Federal government to implement the program. Another disadvantage is the risk of
imposirg rigid gLidelines for REHA delineation in a field that reqLires flexibility and accessibility to
a wide array of analytical options. A related disadvantage is the potential for developirg
adversarial situations arnorg the Federal government, local jLJisdictions, and citizens due to the• IMPLEMENTATION 132
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irrerent lJlCertainty in REHA delineation. One last disadvantage is the apparent soortage of
qualified professionals to conduct and review REHA determination stu::lies.

6.2.2. Locallmplementation

Tre second option slifts the autoority for reguating erosion-prone areas to the local juisdictions.
Implementation woud be tailored to slit individual floodplain management needs. Tre Federal
government woud provide technical assistarce, if reqLired, and disseminate information.

U1der this option, the comm.rities would determine the need to l..I1dertake REHA delineation
stu::lies that would be paid with local fUlds, altoough Federal fLrding may be available in some
cases. Tre sole responsibility of selecting a consUtant and approving the work woud rest with
the comm.nty's engineering staff. Tre Federal government could provide some review fLl"dions.
Tre commu1ity woud use the resuts of the stu::lies to develop ordinarces to manage erosion­
prone areas. Tre main responsibility of the Federal government is to pLblish erosion hazard
areas in FIRMs for informational purposes. For insLCarce pLCposes, the Zone E designation
coud have the same rates as Zone X.

All advantage of this option is that if follows the ptilosophy of cLCrent FEMA initiatives to s~port

progressive commLnities, such as Cooperating Techrical Commuities and Project Impact. Tre
delineated REHAs woLdd be distributed digitally as additional layers in the Digital Flood InsLCarce
Rate Maps (DFIRMs) as a tool for commuities to use in evaluating exposLCe to mUtiple hazards.
Another advantage is that the commtrities woud have the flexibility to match their resoLCces and
needs with the complexity of the stu::lies. The commuity woud be responsible for defending its
local reguations in potentially controversial situations.

Similar to the first option, local implementation may be limited by a lack of skilled professionals to
delineate REHAs. Ttis soortcoming presents an additional disadvantage to the commuities
because they may not have the expertise or resoLCces to evaluate potential consUtants. Another
disadvantage is that commuities may not be politically or financially capable of revising REHA
stu::lies as often as reqLired to maximize validity.

Yet another disadvantage is the potential risk of inconsistencies and conflicts across juisdictional
bol..l1daries. One commuity's lax erosion area reguations may be the cause of increased
hazards to neighboring commuities. These types of situations CLCrently arise in connection with
water quantity, but the autoority of the Federal government serves to resolve these conflicts. In
the case of erosion, however, the abserce of a strong Federal arbiter compol..l1ded by the
lJlCertainty associated with erosion hazard characterization coud make these inte~uisdictional

differerces more common.
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7. Conclusions

Riverine erosion is a complex physical process that illllOlves interaction of runerous factors: fluvial
hydrauics, geotechnical stability, sediment transport, and watershed characteristics, inch.ding
hydrology and sediment yield, past and futlre land use, and vegetation, a~ others. The
study of riverine erosion is mutidisciplinary in nature and reqLires experienced geomorphologists,
hydrologists, hydraulic engineers, geotechnical engineers, photointerpreters, planners, and
mapping specialists. Some of these professions reqLire advanced degrees in their specialties.
Valuable input is also needed from local floodplain managers.

Despite decades of research into the physical processes associated with riverine erosion,
knowledge of the subject is still imperfect, and much work remains to be done. Accurate
mathematical representation of these processes has not been actieved yet, and available tools
produce resuts surrounded by varying degrees of uncertainty. Nevertheless, there are analytical
procedures that can be used to characterize riverine erosion and that, depending on the
application, can yield reliable results. For example, because of limitations in data availability and
model capabilities, it is extremely diffiCLdt to reproduce detailed time variation of stream
movement; however, it is entirely feasible to analyze channel history and infer trends in the stream
alignment and average migration rates.

The analysis approaches currently in use by professionals in the field can be broadly dassified
into three categories: geomorplic analysis, basic engineering analysis, and mathematical
modeling. Data needs and complexity are increasingly more rigorous from geomorplic analysis
to mathematical modeling. Field investigations are a major component of all three approaches.
Geomorplic analysis is characterized by evaluation of readily available information to infer
relationslips among sediment, flow regime, and channel geometry. Basic engineering analysis
complements geomorphic analysis and introduces equations to quantify relationslips among
factors affecting channel configuration. Mathematical modeling couples analytical representations
for processes in f1Lid mecharics and sediment transport to simlJate the interaction of several
physical phenomena and their impact on channel geometry. Modeling is the most complex
approach, and its implementation reqLires considerable expertise and resources.

The 12 case studies investigated for tlis report indicate that there are scientifically sound
approaches to analyze riverine erosion. Some of the methods are suitable for qualitative
assessments of erosion hazards; others establish conditions to be maintained if erosion is to be
prevented. A few of the methods in the case studies can be applied to delineate erosion hazard
areas, although the accuracy is Iighly variable.

Two issues impact the sigrificance and usefuness of a REHA.: the degree of uncertainty in the
spatial location and the time frame for wlich the REtiA.. is applicable, that is, the time for wlich it
is estimated that erosion will take place witlin the REHA. These two issues are related in that
uncertainty is greater for long time frames. On the other hand, a very short time frame for wlich
uncertainty is much reduced may be useless for floodplain management because of the mirimal
amount of erosion expected to occur. Section 577 of NFIRA specified a period of 60 years for
REtiA.. delineation; however, it appears that a shorter time frame, such as 30 years with periodic
revisions, presents a more practical altemative.

A preliminary cost analysis was performed based on limited information obtained as part of the
current study and from personal experience witlin the Project Team and the PWG. Average
study values are $2,000-$3,000 per mile for geomorplic methods, $6,000-$7,000 for
engineering methods, and $10,000-$12,000 for mathematical modeling methods. If this effort
were to be implemented as part of the NFIP, the cost to the Federal goverrment woud be
between 200 and 300 million dollars. Section 577 of NFIRA specifies that, if REtiA.. determination• CONCLUSIONS 134
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is fOlrd to be tech1ically feasible, a cost-benefit stLdy is to be condLded. The CUTent study
does not include these cost-benefit analyses.

A program for natiorrvvide delineation of RE~ can be implemented l.I1der two scenarios. The
first option is an expansion of the wrent NFlP regLdatory scheme to include erosion. Tlls option
emphasizes authority at the Federal government level, and its foremost advantage is that there is
already a framework in place for implementation. The main disadvantage is the additional
regulatory burden and cost to the Federal government. The second option slifts responsibility to
the local juisdictions to condLd REHA delineation vollJ1tarily. The Federal government woLdd
publishRE~ for informational purposes. The main advantage is that the delineations wotJd be
condLded according to the individual needs of the commtnity. A disadvantage is the risk of
adversarial situations that a commLJity may face from land use restrictions.
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