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' INTRODUCTION

1.1 Background

Flood losses are a serious problem 1in the United States.
Some seven percent of the nation's land area 1is subject to
flocding. Such aress, located mostly along rivers,
lakeshores and seacoasts, contain a disproportionaltely
large share of the nation's population and wealth. These
flood-prone lands are found in every state, even in the arid
southwest where srroyos, dry streams and alluvial fans are
subject to fiash floods. The unwise use of such lands makes
floods —-or the threat of floods—--a perennial fact of life
in thousands of communities. The devastating effects of
f{loods have accounted for approximately 75 percent of all
presidential disaster declarations and for approximately 90

percent of all damages from natural disasters.

anods cause enormous economic losses. The direct damages
average almost $2.2 billion annually and are increasing.
Additional billions §o yearly for disaster reliefi, flood
protection and other flood related costs. Floods alsoc cause
great sufifering and hardship. During the period 1970-1979,
flood related deaths averaged 240 annually and on the
average, about 80,000 people are forced from their homes on

the flood plains each year.

Floodplain Management
The present concepts of flood plain management are a result

of the continuing adaptation of public policy to changing
needs and conditions, . They reflect a shift in approach

based on the lessons of exparience.
Prior to the 1960's, the national approach to dealing with

FINAL REPORT 3 ANDERSON-NICHOLS
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floods consisted almost exclusively of the <construction oi
dams,. levees and other structures to impound or divert flood
waters. The overall impact of flood plain developments or
the flood control projects protecting them received little

attention.

It was apparent by the mid-60's that, although flood control
projects prevented large amounts of damage, this traditional

approach required revision for several reasons:

. Developments were taking place on flood plains
faster than projects could be constructed to

protect them.

. The availability of {flood protection through
publicly funded projects proved an inducement
to further development, frustrating all hope of

catching up with the growing flood problem.

. The cost of the larger and larger flood control
projects required +to protect the additional
development was becoming exorbitant, putting an
unfair tax burden on the general public to
subsidize those who wused the flood plain

without concern for the consequences.

. Upstream land development and channelization

was increasing douwnstream flood hazards.

Costs for disaster relief programs were rapidly

increasing.
. Existing flood control structures uwere

decreasing in effectiveness as {flood plain

development continued,

FYMAL REPORT 4 ANDERSON-HICHOLS
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. The natural and beneficial values of flood
plains were bheing rapidly diminished by bhoth

development and flood protection projects.

_This recognition of the need for change led to emergence of
a broader approach, This approach was designed to combat
flood problems more effectively and to reconcile the
ohjective of flood loss reduction with that of preserving

and enhancing natural flood plain values. This new approach

was based on:

. Controlling development of flood plains through
regqulatory measures and withholding financial
assistance from government for new developments
and improvements to existing developments in

areas subject to flooding.

Using a wWwider range of tools to reduce flood
losses to bhoth existing and new structures and
emphasizing use of those tools causing less

severe environmental impacts.

. Assumption by state and local governments and
private property ouwners of & greater share of
responsibility for the consequences of {flood

plain development.

. Incorporating concern for natural wvalues into
decisions about flood plain development and

projects for flocod loss reduction.

This new approach was implemented over a pericd of several
years by several legislative acts and presidential orders.
The most important of these were the Natienal Flood
Insurance A¢ct of 1968 (as amended), the Water Resources

Development Act oif 1974, the Disaster Relief Act of 1974,

FINAL REPORT 5 ANDERSON-NICHOLS
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National Flood Insurance Program

Exécutive Orders 11988 and 11990, and the Principals,
Standards and Procedures for Water and Related Land

Resources Planning.

The HNational Flood Insurance Act of 1968 (Title XIII of
Public Law 90-448, Public Law 93-234, Public Law 95-128) is

a key element in this new appreach to flood loss reduction.
It provides for identifying the more serious flood hazard
areas in the nation and for a program whereby residents in
those areas can purchase insurance against flood losses if

the community participates in the pregram. Communities must

regulate {leod " plain development to be eligible idor
participation. The federal government heavily subsidizes
insurance costs to make premium rates affiordable. Also,
federal grants, loans and other financial assistance are
denied in flood hazard areas of non-participating
communities. In addition, the program provides assistance

in hazard mitigation including relocation of severely or

repetitively damaged structures.

A program of this type has been disucssed since the mid-30's
and enacted--although net funded--in the B0's. Its
implementation in 1968 signalled a major step forward in the
rational management of flood-prone lands. At present, about

18,000 communities are participating in the program.

Implementation of the Mational Flood Insurance Program has
proceeded since 1968 so as to obtain the maximum effect in
the least time with the resources available. Eiforts uwere
focused first on areas subject to riverine {flooding because
that c¢ase was the best wunderstood from the techinical
standpoint and because riverine flooding affected the
greatest number of communities and people. The program has
subsequently expanded toward its full authorized purview hy

incremental additions as necessary research uwas

FINAL REPORT 6 ANDERSON-NICHOLS
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accomplished, funding made available, or unusual
‘epportunities presented. The principal thrusts have been
toward dealing with more types of losses (i.e., coastal

flooding, mud slides and £flood caused erosionl), special

types'oi areas (i.e., alluvial fans, subsidence areas), and

toward strengthening of mitigation efiorts.

Alluvial Fans

Extension of the National rFlocd Insurance Program to
slliuvial fans is important for several reasons including the
large number of fans which exist, the rapid growth of

development on fans, and the high risk of severe damage to

those developments. Throughout much of the Western and
Southwestern United States, alluvial fans are favored for
development because of the availability of attractive

building sites, access to water and cother ammenities.

Flood problems on alluvial fans are unusual in several
respects. Flows tend to have a high velocity, undergo
unpredictable changes in direction, and carry large amounts
of debris and sediment. Moreover, the characteristics of
flow may change drastically over relatively short distances
between the upper and lower portions of a fan. Even soils
are different from most other areas, tending to be easily
eroded and highly porous. These and other dififerences have
hampered applicaion of the i{flood .insurance prograh to

alluvial fans because they make it difficult to:

. Assess risk in terms of frequency . of flooding
at any specific location on the® fan and,
consegquently, to determine which areas should

+ fall under various sanctions of the program.

* Identify what flood loss reduction measures are
likely to prove appropriate and cost effective

in various circumstances such as the existing

FINAL REPORT 7 ANDERSOCN-NICHOLS
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extent of development and particular location

on a fan.

. Determine accurate stage-damage relationships

as a basis for setting actuarial rates.

Some work has been accomplished toward overcoming the
problem of determining flood risk on alluvial fans,. A
methodology now exists for assigning a statistical measure
of flood risk. This study is focused on the potential

effectiveness of various flood loss reduction measures.

-

1.2 8Siudy Scope and Goals

A study of the effectiveness of flood plain management tools
for use of alluvial fans was accomplished under contract
EMW-C-0175 with the Federal Emergency Management Agency.

The general goals of this study are:

1. determination of the effectiveness of
nonstructural and structural flood plain
management measures in reducing flood losses in

different types of alluvial fans;

2. recommendation of preferred management measures

for specific alluvial fan conditions;

3. development of a process for selecting
management measures which considers all
important aspects of {flood behavior and fan

conditions;

b, provision of information necessary for FEMA to
develop environmental and inflationary impact

assessments dfor management tools which are

FINAL REPQRT 8 ANDERSON-NICHOLS
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specified in future regulations; and

5. the development of damage information for
structures on fans which will assist the Flood
Insurance Administration in determining
insurance risks where management tools are

used.

It became clear early 1in the study +that additional,
subordinate goals should be set to ensure that the selection
of management tools is based on sound knowledge of flood

i
processes on fans. These goals are:

1. the completion of a survey of developed or
developing alluvial {fans to identifiy all key

fan and watershed characteristics;

2. the investigation of hydraulie and
sedimentation processes on fans using both =&
literature search and physical model tests of

idealized alluvial fan conditions; and

3. the development of a tentative and qualitative
methodology {for identifying the location and
severity of flood conditions and flood hazards

which must be managed.

The scope of this study was restricted to analyses which
were directly related to evaluation and application of
management tools. Investigation of flood processes on fans

was limited to developing data necessary to the selection

and design of measures. Evaluation of the existing FIA
alluvial fan methodology and alternative hazard
quantification procedures -havé not been pursued. The
development of design principles and standards for
management tools was also beyond the study scope. Future
FINAL REPORT 9 ANDERSON-NICHOLS



efforts, including the development of a management handbook,
may be needed to provide adequate information to communities

on alluvial fans.

1.3 Study Approach

The state of the srt for flood plain management on tans is
poorly developed at present. A oood deal oif uncertainty
exists regarding the nature and .severity of flsed processes
and flood hazards onr fans. Engineering techniques used to
identify and gquantify these hazards are in an early stage of
development and, as a result, the design and implementation
of $flood plain management measures for ian# has been

uncoordinated and often ineffective.

The flooding process on fans is highly complex and., at

present, poorly understood by planners and engineers alilke.

Few detailed field observations of fan flooding and
virtually no quantitative measurements of depths and
velocities have been made. Existing analytic and numerical
models for flood hydraulics and sedimentation do not
adequately represent these processes on fans,. The
interations between fan and’ watershed  conditions and
hydraulic behavior are poorly documented. Hence, defensible

methodologies available for achieving the goals established

in Section 1.2 are limited,

A research program which incorporated a literature search,
field studies, and physical model studies was selected as
being a balancéd, state-of-the-art approach to the problem.
The literature search was ﬁesigned to survey the related
f{ields of arid-region hydrology. river mechanics, sediment
transport, and flocod plain management and provide the basis
for ftield and laboratory efforts. Field study locations

were selected to represent the widest possible range of fan

FINAL REPORT 10 ANDERSON~-NICHCLS
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and watershed charateristics and to provide case studies of

flood plain management tool applications in existing
communities. A program of physical model studies was
developed to provide (1) quantitative data on flood

bhehavior, including depth, velocity, and sediment transport
rates; (23 gualitative and quantitative relationships
between fan and watershed conditions and {flood processes:
(3) modeals of flood plain management tool applications and
operations; and (4) analyses of the efiectiveness oi such

tools.

Physical model studies were selected as the only viable
short-term means for investigating phenomena which have only
been cursorily documented in the {field, As discussed in
Part II. Section @2 of this report, such use is justified
despite a recognized lack of data suitable for model
verification. Physical models have, in the past, been used
successfully to study complex hydraulics, fluid mechanics,
and sedimentation problems where no analytic or f{field data
was available. Many theories about erosion, sed iment
transport and river mechanics have been developed based
on physical model studies and such studies have prbven
to be essential to the improvement of our understanding
0of the responses of complex natural systems. Care has been
taken to verify each model wused in the present study,
wherever possible, against observed flood behavior. One
model was designed to be & scale replica of an actual fan
and the results of prototype flood simulations were compared
with field observations of a historical flood.
Comparisons betueen model behavior and hydraulic
principles were made to verify the reasonableness of the

results.
As an adjunct to the study oif fan {lood processes and
management tool effectiveness, analyses of managemént tool

environmental, social, economiec, and inflationary impacts

FINAL TEPORT 11 ANDERSON-NICHOLS




were made, Tentative, generalized curves relating flood
depths and velocities to structure damages on fans uwere also
constructed +to serve as preliminary guides for insurance

rate establishment.
The study tasks covered by this report are as focllous:

1. design, construct, and operate a physical model
0f idealized fan conditions and collect data on
hydraulic and sedimentation processes during

simulated flood events;

2. design, construct, and operate a physical model
of a prototype fan, specifically the Rancho
Mirage {fan, and test whole-fan management

measure performante;

of local developed areas, such as
subdivisions, and test the performance of local

structural measures and nonstructural measures;:

b, verifiy the gqualitative accuracy of the models
by comparing a model simulation of the 1979

flood event at Rancho Mirage with actual flood

behavior;

5. develop recommendations for management tool
applications based on field studies and

physical model results;

6. develop a methodology for selecting management

tools:

7. identify the environmental social, economic,

and inflationary impacts of management tools:

l' 3. design, construct, and operate physical models

FINAL REPORT 12 ANDERSON-NICHOLS
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and
8. develop curves which relate percent damage

estimates for residential structures on fans to
the depth and velocity of the flou.

1.4 Report Content and Organization

This iinal report discusses all aspects of the study., but
focuses specifically on tithe physical model studies and
analysis of management tool efifectiveness. The project
Study Plan, submitted in October, 1980, presented a detailed
discussion of the tasks which uwere to be  accomplished and
the expetted end products. The State-of-the-Art Report,
submitted in December, 1980, provided a detailed review of
historical! flocding on fans, key characteristics of fans,
case studies of communities which have experienced {fan
flooding, and eXxisting applications of {lood plain

management tools.

Part 1 of this report presents the study findings and

conclusions and includes an executive summary. Discussion
of alluvial fan characteristics, flood dynamics, flood
hazards., management tool eififectiveness, flood plain

management, damage risk on fans, and management tool impacts

are provided,. Part II provides documentation of physical
model design, contruction, and operation, as well as
documentation of experimental results. The technigues used

to develop impact matrices and damage curves are also

-

discussed.
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2. EXECUTIVE SUMMARY

The following discussions summarize the principal findings

of this study.

2.1 Alluvial Fan Eharacteristics

t. Three types of depositional landferms, fans, washes. and
aprons, are often confused. Each has difierent f{locding

characteristics. The focus of this study is on fans.

2. Alluvial fan morphologic, hydrelegic, and hydrzulic
characteristics vary widely befween ftans. TConsequently, the
extent, severity, =and behavier vf flemds on fans depends

heavily on individual characteristics.

3. Key watershed and fan characteristiczs which influence

fan flood behavior are:

. watershed slope;

. watershed so0il type and vegetation;

. forest fire irequency;

. rainfall intensity and duration:

. -fan slope and topographic shape;

. existence of an entrenched channel;

. aper discharge (hydraulic) conditions;

. fan sediment type asnd vegetation; and

. the location, density, geometry of development

on the fan.
4, Development pressures are substantial on many {fans in
the western and scuthuwestern parts of the U.S. Fans

adjacent to urban centers are already experiencing rapid
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development. Hence, the potential for significant -future

flood damages on fans is high.

5. A recommended approach to identification of key {fan

characteristics is suggested:

. perform a field survey;

. develop detailed topographic mapping:

. obtain geologic and flood histories of the fans
and _

. classiiy the {fan according to +the key

characteristics.

2.2 Flood Dynamics

1. All watercourses on fans &are ephemeral, with severe
flash floods occurring sporiadically. Channel patterns and
inundation zones often change with each flood. Sediment

erosion and deposition occur rapidly during floods and

quickly alter channel geomeiries,

2. Three hydraulic¢ zones can be identified on many fans:

. channelized zone, near the apex, where a single
definable channel exists;

. braided =zone, a transition area where the
channel bhecomes unstable and multiple sinuous
flow paths form; and

. sheet {flouw =zone, where the flow spreads

laterally and is very shallouw.

3. TuWwo time scales are of importance in fan filoocd dynamics:

o geolegic time (millenia), during which the flou

paths wander across a fan and the fan aggrades

FINAL REPORT 15 ANDERSON~-NICHOLS
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uniformly; and |
. human time, which encompasses the typical

planning horizon (100 years).

Fan flood behavior will be unstable over geologic time, but
may bhe consistent over human time due to channel
entrenchments or other restrictions on {floed pathuays.
Planners must, during the course of a flood investigatioen,
determine whether existing flood <c¢hannels are stable over

human time.

4, Flood dynamics are strongly influenced by fan and
watershed characterics. Watershed characteristics ailtect
the duraticn, intensity, and total volume of water and
sediment that enters the fan at the apex. Fan

characteristics influence the directicen, hydraulic behavior,
amount of sediment scour or deposition, depth, and velocity
of the {flow.

5. Any analysis of flood behavior on fans must identify and

consider fan and watershed characteristics,

2.3 Flood Hazards on Fans

1., The following types oif flood hazards are common on fans:

. inundation;

. sediment deposition;

. scour and undermining;

. impact forces;

. hydrostatic and buoyant forces;

. high velocities; and

. unpredictable flow paths.
2. The severity of each hazard varies with location on the
FINAL REPORT 16 ANDERSON-NICHOLS
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fan and with the flood dynamics of each fan. Generalities
about the importance of each hazard for all fans are not
possible. Identitied characteristics must be used to

estimate severity and location of each hazard.

3. Relationships between fan and watershed characteristics

and hazard severity are defined in this report.

i, A simple, uniform appreoach to guantifying hazards (depth
and velocity of flouw) will not adegquately represent the

broad range of fan and watershed characteristics which

exists.

5. A recommmended approach to hazard identification and

estimation is suggested:

. gather datsa on historical flooding;
) identify watershed and fan characteristics;
* estimate location and severity ofi hazards based

on flood history and characteristics;
. delineate areas subject to flooding; and
. use empirical relationships to gquantify floocd

depths and velocities within the flooded zone.

2.4 The Floecd Management Process

1. A flexible, comprehensive approach to flood plain
management which is considerably different than that used in

riverine situations is needed because:

. the hydraulics of fan flooding are more complex
and erratic than that of riverine floods;

. any management action or new development 1is
likely to substantially change down-fan flood

conditions; and
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. more types of hazards are present in ian
flooding than in riverine floods and many of

the hazards are much more severe.

2. The application of flood management tools depends, 1in
part, on the location, density and timing of development.
When a master plan for development is created before a fan
becomes urbanized, cthoices between tools ¢an be made to
maximized benefits. If development occurs without a master
plan, - the flood management choices are dictated by existing

structures and development patterns.

3. Three development scenarios have been hypothesized, as
follous:

. low density, where structures are elevated and
minimum lot sizes are eniorced; .

. moderate density, where either developments are
protected by local measures and allowed to
occupy much of the fan or are protected by
reserved floodways and levees and =2zoned to
provide for the open space required; and

. high density,. where whole-fan tools such as
channels are used to confine and convey the

flood from apex to toe.

These scenarios can be used to focus planning decisions on

the effect of density on flcocod plain management.

2.5 Selection of Flood Plain Managqement Tools

1. The following management tools have either been used on
fans in the past or have bheen showun in the physical model

tests to be of signiiicant value:
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. debris basins or detention dams;
. levees and channels;
. drop structures;
. debris fences:
, . local dikes;
. street orientation and design;
. elevation of structures;
. watershed management; and
. flood plain zoning.
2. The design of management tools must consider the

following criteria;

. performance requirements specifying the depth,
velocity, and discharge which must be
controlled;

. identified flood hazards and the susceptibility

of the tool to those hazards;

* physical constraints such as available landi;
. public acceptance potential; and
. cost.
3. A management tool selection process which considers

these griteria is recommended, as follows:

\ identify the type and location of 'ilood
hazards; '

. develop quantitative estimates of flood depth,
velocity, and path;

. identify existing and future development
through the creation of a master plan;

. develop alternative flood management scenarios
using different tools;

. eliminate tools that are inefifective or will be
severly damaged by flood hazards;

. estimate the cost of mlternative scenarios; and
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. select theée most cost~effective tools.,

y. Although FEMA regulations do not require whole-fan
tools, several communities have used channels, levees, and
or debris basin to control hilooding. The reasons for such

degisions include:

. protection of existing structures;

. maximization of developable land;

» protection of streets, utilities and landscape;
. lower overall cost; and

» availability of federal or state funding for

structural measures.

5. Lecal tools such as local levees, street orientation,
and elevation of structures appear to he most appropriate
when existing and projecited development densities are low to
moderate. Such measures make incorporation of flood control

costs into subdivision construction costs possible.

6. When individual structures or sméll blocks of homes afe
placed within existing subdivisions, flood protection
systems for these homes must be coordinated with existing
tools. In general, elevation on piles should be used to
avoid blockage or diversion of {floodwaters and increased

downstream damage.
7. The feollowing applications of management tools are
recommended for subdivisjons in each hydraulic zone on the

fan and for the placement of single structures.

Channelized Zone

» Developmenf prohibited unless whole-fan

measures are implemented.
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Braided Zone

. Basements and mobile homes prohibited.

. Streets aligned and designed to convey entire
flood flou.

. Use of local dikes to direct -flows into
streets. ’

. Use oi -drop structures between homes built on

high slopes to prevent excessive erosion.

. all managemen£ tools must be coordinated with
tools in existing developmentis.

. Whole-fan management tools can be used instead
of the above provisions.

-

Shallow Flooding Zone

* Elevation of structures on piles or armored
£i11.
. Street orientation to maxXimize flood

conveyance.
I{f up—-fan subdivisions use depressed streets or
channels to convey floods, these tools must be
continued down to the fan toe.

. Use of drop structures between homes bhuilt on
high slopes.

. Whole~fan management tools can be used instead

of the above provisions.

Placement of Single Structures

. In undeveloped areas, can elevate on armored
f£fill or use local dikes provided that neo added.
flood damage to other structures results.

. In developed areas, local dikes, channels, and
armored fill must tie in with existing flood
control tools.

. Elevation on piles should be wused if above
criteria cannot be met.

. No single placement should "be allowed in the

channelized zone.
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2.6 Assessment of Damage Risk on Fans

1. Curves relating flood depth and velocity to approximate
damages teo structures have been developed. The FIA riverine
curves were used as a basis and modified to incorporate the

effects oi velocity and sediment transport.

'2. The damage curves c¢an be used with stages velocity/

fregquency curves to roughly assess the expected annual flood
damages on a fan, Due to the, at present, limited
understanding of fan flood dynamics and the high variahility
of flood behavior on fans, {flood damages  obtained in this

way should be used only as rough estimates of risk.
3. pamages at given depths are substantially higher on fans

than in riverine floods, due teo scour, sediment deposition,

and impact forces on structures.

2.7 Assessment of Management Tool! Impacts

1. Matrices uwere created to delineate the types of
environmental, so¢ial, economic, and inflationary impacts
which may result from the application of +the wvarious
management tools. The direction and significance of each
impact are indicated aleng with whether the impact is

temporary or permanent.

2. The matrices are general in that they apply to all fans.
Houwever, specific fan situations may incur significantly

different impacts.

3. Whole-fan, structufal measures have the most significant

economic and environmental impacts, both positive and
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megative.

4. Local measures have minor environmental impacts except
for aesthetics and have less significant economic impactis
than whole-fan tools.

5. Inflationary impacts are minor for all tools,

6. Social impacts are generally minor, with the exception

of the major impacts of flood plain zoning on communities.
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3. ALLUVIAL FAN DESCRIPTION

Alluvial (depositional) formations have topographic,
morphologic, and hydrologic characteristics which differ
substantially from the characteristics of most river
valleys, Since the hydraulic processes and the extent of
flood hazards ~on fans depend on these characteristics, a
summary of the geologic processes which {form and reshape

fans is included.

3.1 Fan Formation and Modification

Three types o0f alluvial landforms are often confused in
flood studies; and yet have strikingly different flood
behavior: alluvial {fans, aliuvial aprons, and washes. The
differences between these landforms lie in how and when they
develop. All three structures form at the base of steep,
highly erodible mountain masses which are subjected to high
intensity, short duration rainfall events. Such rainfall
events dislodge large amounts of sediment and transport the
sediment to the wvalley $floor through ravines and channels.
When the flood fleus leave the confinement of the rock walls
¢f the ravine, the water spreads out, becomes more shallow,
and drops the majority of its suspended sediment load onto
the valley floor. Over geologic time these deposits iorm a
segment of a cone with its apex at the mountain front.
Lines of maximum topographiec slope radiate away from the
apex and terminate at the wvalley {floor, where original
valley slopes again dominate. Characteristic slopes of fans
depend on several factors, including size o0f sediment
particles and concentration of sediment in the discharge

from the watershed,
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The term wash is commonly used to denote an alluvial valley
floor. Such a valley cén be thought of as an alluvial fan
which is restricted in exutent by the proxrimity of rock
walls. Washes are dfound both in the section of ravine
immediately above the apex of a £fan and as separate
formations where the channel draining the mountain watershed
remains confined until it reaches a large river. Hence,
uashes are typically long, narrow formatiens. Contour lines
on a wash are typically linear and pervendicular to the

coniining canyon walls.

A series of fans oiten form &aleng the front of steep
mountain ranges where numerous small watersheds are drained
by individual streams. As these fans exXxpand out onto the
valley floor, the edges, or toes, of the fans coalesce into
an alluyvial apron. This apron area is characterized by
nearly linear contour lines and a series of parallel ravines
or arreyos which drain the apron. Figure 3.1 shows two
fans and an apren in the Wenatchee, Washington area and
illustrates the major features of these landforms. Further
discussions of alluvial landforms can be found in Ritter
(1973) and Scgott (1973).

Flood flows on the three landforms behave gquite differently,
due to the obviocus differences in morphology. Floods on
washes are confined by the canyon walls and attain high
velocities and depths of flow. The path of iloods on a uash
tends to be stable and predictable, so that the flood plain
is often uwell defined. If a wash is very wide houever,
braiding and meandering of the channel may occur in a manner
similar to that in river valleys. Sediment deposition tends
to occur uniformly across the wash and permanent incision of

one channel is rare.

Flooding on alluvial aprons is generally limited to the

arroyos which drain the apron. The characteristics of flow
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in the arroyos depend both on local drainage and on

discharges from upstream alluvial fans.

On alluvial fans, the location of the stream channel is

,often erratic, due to the rapid expansion of the width of

the fan and the highly variable sediment load and flow rate
0f the discharges leaving - the mountain watershed. Cutting
of a channel near the apex may occur during one flood event,
to be followed by channel backfilling in subsegquent events.
Conversely, a flood pathuay.may remain stable over several
events, causing aggradation of that part of the {fan.
Eventually, the &established channel will be 4filled by
sediment and the flow will move to a new, Jower elevation
area in a process called an avulsion. Through multiple
avulsions over geologic time, the fan aggrades uniformly so
that it tends to exhibit the concentric, semi-¢circular

contour lines shown in Figure 3.1.

If the sediment supply from the wupstream watershed to a fan

is reduced due teo changes in rainfall patterns or increased

vegetation, incision of a channel will begin at the apexn.
I1f the <c¢hange in sediment supply 1is permanent, a stable
channel or entrenchment of the fan surface results. Normal
depositional patterns on the fan are altered by the

entrenchment such that little deposition occurs near the
apex and fan building commences at the downslope point where
the entrenchment ends. A new, secondary fan is established
with its apexr at the end of the entrenchment and grouws in

the same pattern as the original fan.

Extensive wvaristion in alluvial {fan morphology can be
observed beth between fans in different geographic and
climatic areas and between adjacent fans in one wvalley.
These variations make generalizations about fan structure as
well as hydraulic behavior difficult. Geomorphologists

often compare fan morphologies based on the relative age of
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fans. "Young" fans were formed by relatively recent
tectonic motions and are fed by steep., sparsely vegetated
watersheds with high sediment production and intense
flooding events. Young fans exhibit steep slopes, uniform
contours, and no incised channels, As a fan ages the depth
of deposition at the apex increases and downcutting of
feeder channels in the watershed above the apex continues.
At some peint in time, the upstream channels become lower in
elevation than the apex and incision of a channel or fanhead
trench occurs. Such a channel is likely to be permanent and
will be cut deeper with time as watershed channels continue

to erode.

A fanhead trench cah also be created when sediment
production in the watershed is reduced due to increased
vegetation, reduction in rainfall intensity, or progressive
eXxposure of less erodibhle materials, Since the sediment

transport capacity or competence of the flow exceeds 1its

sediment load at the apex, it will scour the fan surface and
create an incised channel, As long as stream competence
exceeds sediment supply. the channel deepening and widening
will continue. A return to higher sediment productivity in
the watershed, due to forest fires or increased rainiall,
will often cause the channel to be backfilled and erratic
flood channels and more uniform sediment deposition will

again dominate.

Figure 3.2 provides & comparison between young, unentrenched
fans (a) and enirenched fans (b)), While the unentrenched
fan forms a single smocth c¢one, the entrenchment conveys
water and sediment down fan to &a new apex area where
deposition onto the neuw fan surface occurs, Hence the aresa
of flooding and active sediment transport is shifted by the
entrenchment away from the original fan apex. Such shifts
in areas o0f active flooding have important impacts on

development plans and flood risk analysis on fans,
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3.2 Fan and Uatershed Characteristics

A number of characteristics of upstream watersheds and fan
surfaces can be readily identified in iield surveys and then
related ¢to flood dynamics on fans. The following
characteristics are thought to be Lkey factors in alluvial
fan flooding,. The effect of these characteristics on flood
dynamics will be discussed in Section 4. . Figure 3.3

summarizes these characteristics.

Watershed Slope and Vegetation

The watersheds associated with alluvial {fans in the semi-
arid west tend to exhibit steep slopes and relatively sparse
vegetation. The range of slopes includes values of 10% or
less typical of Boise, Idaho and values of 50% and greater
in the southuwest. Sparsely vegetated watersheds are common
in the Los Angeles area where fires repeatedly clear large
areas of grass and brush. Watersheds in Boise tend to have

substantial grass cover with some itrees.

Sediment Size and Type

Typical sediment sizes on fans vary from less than 0.1 mm
(very fine sands, silts, and clays) on mud flow fans such as
those in the Los Angeles area to U4 mm (fine gravel) and
larger on fans with very rocky uatersheds. Mud flow fans
also exhibit discontinuous deposits of very coarse gravels
and even boulders which are transported by the highly
viscous mud mixture. A gradation of sizes occurs naturally )
on fans, with the coarsest sizes being deposited near the
apex and fine s{zes being transported to the toe. A
predominance of cohesive seoils (high clay content) in the
watershed and on the fan surface is typical of mud {low

fans.
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Rainfall Intensity

Intense, short duration thunderstorms are common occurences
in the semi~arid regions of the west and are responsible for
the flash floods which cause most of the property damage on
fans. The variation in duration and intensity of rainfall
between fans is substantial, and contributes to the highly

variable behavior of fan ifloods.

Fan Slope

Surface slopes on fans vary from 1-2% on fans where sediment
and water production in the watershed 1is relatively low
(e.g. Boise) to 20-30% on fans built by debris flows (e.g.,
Glenwood Springs). Fan slope 1s determined by long-term
watershed characteristics and, in turn, has a pronounced

effect on flcod dynamics.

Fan Geomorphic Bias, Entrenchment, and Entrance Angle

The shape and structure (morphology) of a fan indicates both
the history of the fan (past watershed conditions and
floods) and the likely behavior of future flood flows. If a
fan exhibits a topographic variation which confines the flou
to one part of the fan, it can be thought of as having a
geomorphic hias. Flow can be similarly confined by an
incised channel or enirenchment which c¢arries the entire
tlood from the apex to a poinf downslope. Since water
velogities are typically very high st the fan apen during =
flood, the direction o¢f the channel entering the fan
strongly influences the path of flooding doun the {fan.

Figure 3.2 illustrates two typical fan morphologies,

Fan VYegetation

The type and density of fan vegetation are likely to be
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‘5imilar to that of the associated watershed and vary from

virtually no vegetation on fans in parts of the southuest to

grass and trees on fans in Boise.

-

Location, Density, and Geometry of Developments

Many types of developments have been constructed on fans.
ranging dfrom low density ranchlands to high density
subdivisions. Streets commonly run across the fan slepe and
homesites are c¢reated by a series of progressively louwer
terraces as one moves dounslope. Streets oriented along the
maximum slope are not gommon in most subdivisions,
Development usually begins near the toe of the fanp and moves
progressively wupslope in <concentric rings or in somewhat
detached blocks of houses., Such developmeni has in the past
been largely uncontrolled, Figure 3.4 shows the Rancho
Mirage fan in 1979 and illustrates the typical development
pattern leading, wultimately, 1o complete occupatioq of the

fan.

3.3 Types and Dpistribution of Fans

Tentbook and journal discussions of allﬁvial fan
characteristics indicate that fans are a common geological
feature in the semi-arid regions of the western United
States (Ritter, 1973; Schumm, 1977; Bull, 1968). In many
areas the fan formation is considered to offer the most
desirable building sites, particularly for residential
developﬁént. These two facts suggest that the overall
potential for iiood damages on fan areas will increase with
time as development pressure grows in the western United
States. The purpose of this séction is to assess the extent‘

te which flooding problems on fans and related alluvial

formations (i.e, aprons, washes) are likely to increase.
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Generally speaking, 'geologists and geomorphologists are
reluctant to estimate the number of alluvial fans in areas
which extend wmuch farther than the relatively small areas
with which they are personally familiar. Even localized
infoermation can only be approximate, because a good deal of
judgment must be used in deciding uwhieh formations are, or

are not, fans. Judgments related to apfons and uas£é§ tend-'
to be even more complex. The most successful attempt st
gquantifying the number of fans in large areas of the western
United States was performed by the U.S. Army HNatick
Laboratories and reported by R. L. Anstey f1965). A total
of 3876 fans were identified in 19,516 square miles of semi-
arid landscape. Anstey cautions that {fans with a radial
length of less than 1760 feet (one-third of a mile) could
not be identified and that low-slope fans may have been
overlooked due to the ccarseness of available maps. It
should be noted that the field surveys {see State-cf-the-Art
Report) indicate that small fans and lowu-slope fans can
present flood hazards which are egqgually serious to those on
larger and steeper fans. Anstey's article reports that
approximately 30 percent of the American Southwest deserts
(Basin and Range physiographic provinces) are occupied by

alluvial fans and aprons.

Because of their relatively gentle slopes, good drainage,
and sorted composition material, alluvial fans are
frequently used for roads, agriculture, and sites for urban
development, especially in desert regions where the valley
land is too soit and saline, and the mountains are too steep
and composed of materials that are too hard for these
purposes (Anstey, 1965) ., Although some alluvial fans are
concentrated in‘areas where development is unlikely (over 70
percent of Death Valley, California 1is covered by fans),
many other fans occur in, and are adjacent to, cities which

are currently experiencing rapid growth.
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It appears, based on the above observations, that the
potential for major flood damages occurring in the future on
alluvial fans is great. The value of developments "at risk"
is likely +to rise rapidly as populations increase in the
southwestern states. While alluvial fan fleoding was of no
consequence two decades ago, it is now recognized as a
serious problem. Unless effective measures are taken to
prevent damages, the liabhility of federal and state disaster

agencies will increase rapidly.

3.4 Recommended Approach to Fan Classification

The diversity of fan and watershed characteristics and the
highly variable nature of alluvial fan flooding make a clear
case for gareful analysis of each fan on an individual
basis. Because flood behavior 1is inextricably linked to
these characteristics, the first step in flood analysis must
be determination of fan and watershed conditions. Once the
general geologic history and present condition of the fan

are Kknown, the severity oi flood hazards can be estimated.

The {following general approach to the identificaion of

characteristics is suggested:

1. perform a field survey of the watershed and
fan, identitiying so0il types, vegetation,
slopes, topography, existing stream channels,

and recent fires;

2. develop detailed topographic mapping of the fan

to determine morphology and channel paths;

3. obtain the flood history of the fan, when
available, and have a geclogist estimate the

geologic history of the fan;
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4., classity the fan according to the
characteristics listed in Section 3.2 using the

above data.

,Accomplishment of these tasks will require knowledge of fan

morphology, geology, and flood hydraulics.

- WS W Wy WE Ay My WS am
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4.1 Flood Processes

The behﬁﬁidr”of ilbod flows on alluvial fans is the product
of a number of processes which are operable in either the
upstream watershed or on the fan suriface. Processes in the
watershed include overland flow, temporary water storage,
infiltration, erosion, sediment transport, and temporary
sediment storage. Processes on the fan surface include
channel formation through erosion, deposition of sediment
causing channel braiding, infiltration, and lateral channel
migration. Watershed processes transform storm rainfall
into discharges of water and sediment at the fan apex. The
variations in water and sediment discharge with time (peak
discharge, hydrograph shape, sediment concentration) are
dependent on watershed characteristics which atfect these
processes. Likeuise, the depth, velocity, sediment
concentration, ahd location of flood {flows on the fan
surface depend on the watershed discharge and the morphology

of the fan itselt.

A typical flash flood scenario on a fan will be described in
order to illustrate the interactions which influence flood
behavior. Then, in Section 4.3, the influence of fan and
watershed characteristics on flood dynamics and hazards will
be assessed. Rainfall associated with {flash floods is
usually of high intensity and short duration. Raindrops
striking exposed, non-vegetated ground surfaces dislodge
soil particles. As the drops combine, flow down the slope
begins moving sediment toward the ravines, Steep slopes
cause rapid coalescence of the runofif into small channels
where high velocities cause further erosion. Detention of

both water and sediment occurs where vegetation is thick or
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local depressions exist and alternating construction and

‘breaching of sediment dams causes pulses of sediment and

water to move doun the watershed channels. Small landslides
may occcur in the steepest slopes of the watershed, adding to
the sediment moving dounslope. As the flood mave nears the
fan apest, it becomes confined by a single channel, -where
velocities and depths of flow become very large. The
sediment transport vapacity of the stream enables it to
carry very large volumes of sediment onto the fan, in some

cases forming mud flows,

When the flooduave enters the apex of an active
{unentrenched) fan, it has an immediate tendency to spread
laterally, thus losing both depth and velocity and
infiltrating into the porous fan surface, The resulting
loss of compeitence causes deposition of sediment in thé apex
area; channel migration and braiding become significant as
flow momentum is lost and sediment deposition. causes
alteration of the channel geometry. If sediment deposition
;; rapid, as 1s the case for low slope fans or highly
erodible watersheds., channel avulsions near the apex will
occur, Conversely, if initial sediment load at the apex is
less than the transport capacity, erosion will occur at the
apex and an incised channel will {form and progressively

deepen.

As the flood moves down the fan, an unsteady progression of
hydraulic conditions takes place. The flow initially is in
a single channel and follows the direction of the upstrean
uaterghed channel. Braiding begins at a peint downstream
where deposition and bed form changes cause flow
instability; the width of the flooded area increases rapidly
and depths of flow decrease rapidly once braiding begins.
If the ian surface is smooth and no topographic constraints
on the width of the floocded area exist, the braiding process

will create shallow, sheet flooding conditions over much of
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to this is when an extremely deep trench is formed by major
changes in the watershed such as climate changes or
depletion of erodible materials. Such a channel may be

stable over geologic time.

Within the human time scale, many fans are not uniform and

exhibit strong geomorphic biases which tonfine and direct

the flood flow paths. The key guestion that must be asked
in these cases is as follous. What is the likelihood that,
within our planning period (typically 100 years for

flooding?, the present observed channel pattern on a fan
will be substantially changed? If this probability is large
(as when biases and entrenchments are minor or large volumes
of sediment are produced in the watershed), the fan can be

considered as uniform and the entire fan surface can be

delineated as within the {lood prone area. I1f the
probability is small, then delineation of the £flocd prone
area must take existing fan topography into account. High

areas or areas far away from a stable entrenchment would
then be delineated as areas of low flood hazard, while areas
directly down=fan from & tchannel or within an existing flouw

path would be high flood hazard areas,

The geometry of ilood paths and the dynamics of flood flouws
have been observed, both in the {field studies and in the
physical model results, to change substantially with
distance from the fén apex. The flow is initially confined
to a single channel, which increases in width and decreases
in depth as it moves away from the fan apex. The flouw
continuously leoses velocity due to dfriction effects and
loses volume to infiltration. At some point, the ability of
the flow to transport sediment falls below that required to
carry the sediment suspended in the {flow and substantial
deposition occurs. Down fan from this point channel
braiding begins and rapidly increases flow path width with

distance from the apex. This braiding and spreading process
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continues until neéarly uniform sheet flow conditions exist
and the flow is very wide and quite shallow. The braiding
process is often confined by local topography in the middle
section of the fan. In some cases, local.coalescence of
braided paths into deeper channels may cccur if topographic
constrictions are substantial. Three hydraulic regions can
be identified based on this flood flow behavior, as showun in
Figure 4.2. The channelized flow zone extends from the apex
down~fan to the point where braiding begins. The onset of
braiding is associated with the intersection of the channel
bottom (invert) and the fan suriace. Below this point no
lateral restriction on channel gecometry exists and the flow
path begins to meander. A partially confined braided zone
may erist in the middle portion of the fan; the length of
this zone depends on the topographic variation across the
fan and may extend nearly to the toe or may be quite short.
A sheet flow zone usually exists near the toe of the fan,

where little variation in topography across the fan is

present. Due +to the major differences in the hydraulic
behavior of these three regions, flood hazards will be
substantially different between them. The selection of

flood plain management tools must consider this variation.

Laboratory experiments wusing idealized physical models .oi
typical fans (see Part 1II, Section 3 of this report)
revealed that, while the above three-zone pattern is common,
the existence and length of the channelized zone depends on
fan slope, watershed sediment production, and other .
characteristics, Meodels of low slope ~ fans exhibited =a
complete lack of entrenchment, as did modeis with very high
sediment production. Experiments using the physical model
"ot the Rancho Mirage fan (see Part II, Sectien 4) clearly
illustrate the strony effects of local ifan topography on

flow direction and spreading rate.
The results of field investigations and laboratory
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experiments vclearly indicate the need to eobtain detailed
knowledge of a fan before flood risk 1is assessed. The
application of simplified hydraulic relationships to a fan
without consideration of slope, sediment supply, scil type.
and fan morphology will result in erroneous conclusions
about flood risk. A recommended approach to hazard

identification is given in Section 4.5.

4.3 Tyves 0f Flood Hazards

The flood hazards found on alluvial fans are a result of the
high velocity, sediment-~laden character of the flood flow.
The data gathered in the field and from the physical model
runs have allowed us to identify seven types of £lood
hazards on fans. In the subsequent listing, the nature,
general magnitude, and typicsl lecation on the fan of each

hazard are indicated.

Inundation

This hazard results in damage to a structure's interior and
exterior through soaking and minor sociling by uwater, It
occurs on all parts of the fan impacted by the flood flouw
and may cause the greatest overall damage in a flood event.
The inundation of carpeting is likely at those homes exposed
to flood waters that are higher than the first £floor and
this occurrence alone can result in major financial loss.
As the flood proceeds down the fan, flood channels widen and
inundate larger areas ¢f the fan, inflicting more widespread
damage at lower depths. Thus, inundation damages are most
severe at individual homes higher up on the fan. but may
cause the greatest total damages at lower depths near the

fan toe,
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Sediment Deposition

Flood waters on fans ogeherally carry large quantities o

sadiment eroded from both the wupstream watershed and from

.the fan itself, Deposition results from a reduction in the

magnitude of the velocity of flow and can be caused by
trees, houses, or other obstructions and by a lowered fan
slope. Deposition is least likely in entrenched areas of
fans and most likely upstream of obétructibns or where
channel slopes decrease. The cosis resulting from sediment
depostion make up a large portion of total damage on most
fans and include the removal oi sediment from structures and

the hauwling away of sediment from streets and yards.

ScoursUndermining

Flood +{flows that are carrying less sediment than their
transport capacity will tend to entrain additional material.,
resulting in s¢our. Scour damage consists of the undermining
of structural foundations and the loss of pavement, sod., and
topsoil from streets and launs. The constriction of flood
flow in localized areas on any portion of the fan can result
in scour. The magnitude of the damage from scour over the
whole fan is not usually very lérge, but scour damage can be

a major portion of the financial loss at individual sites.

Impact Damages

The hazard from high velocity impactis is greatest at the fan
apex and least at the toe since velocity decreases as the
flood flow spreads down the fan. The damages resulting from
high velocities are due to the momentum forces applied to
structural walls blocking the path of t%e flepod channel.
Momentum force hazards will be most severe at the first row
of homes struck by the flood wave and decrease for homes

shielded belou. Total loss of a structure can result from
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impact forces, but this hazard does not usually constitute a
large part of the total damage on the fan in a major flood

event.

When debris flows ocgcur on fans, impact forces may be the
dominant cause of damages to structures. Large boulders =and
highly viscous mud are carried down-fan at high velocities,
The momentum forces on a structure impacted by such a flow
greatly exceed the strength of the structure and cause
breaching of the walls and, in some cases, total destruction
of the building.

Debris 1flow events on typical fans are rare. However,
certain fans, such as those in Glenwood Springs, are subject
to irequent debris $flow events. Debris flows are usually
confined to the upper portions of the fan because high
velocities and steep slopes are needed to sustain the

viscous flow.

Hydrostatic and Buoyant Forces

Water, stagnant or in motion, exerts hydrostatic and buoyant
forces on buildings in flood zones. Buoyant forces can l1iift
a home and allow it to float away if water inundates the
ground vunder and the area surrounding the building to
sufficient depths, Hydrostatic forces on the walls of
structures increase linearly with depth and can result in
total wall failure, Buovant and hydrestatic force hazards
are most catastrophic in the areas of deepest inundation
(near the apex) but can cause damages in lower portions of

the fan in areas of ponding.

High Velocites

The presence of high wvelocities during a flood event

significantly increases the danger to livestock, pets, and
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huhans. " People commonly underestimate the dangers
associated with rapid £flow and may not take appropriate
protective action. There is often insufficient warning of
an impending flash flood to allow such measures on fans,

even if people understand the dangers.

In general, velocities decrease with disfaﬁce"from the fan
apex; however, local flou restrictions, drainage channels,
and even streets may carry water at velocities exceedihg 10
feet per second at the toe of the fan. Because the flood
pathways are unpredictable and erratic on many fans, the
presence of high velocities cannot he iforecast eifectively

except where incised channels exist.

Unpredictable Flow Paths

In normal riverine floods, the channel and overbank areas
are clearly defined and are relatively stable from one flood
event to another. The path of flow on alluvial fans is
characterized by unpredictable directions from one flood to
ancther and during a single flood, making the design of
flood protection efforts difficult. The unpredigtable
nature of fan floods begins at the apex and extends to the
toe for fans with smooth surfaces. When entrenched channels
and/or topographic constrictions on the flow exist on a fan,
the location of {flood {flous in these areas will be
stabilized. Hence, the severity of this hazard is dependent

oh fan morphology.

4.4 Effect of Fan and MWatershed Characteristics

The fan and watershed characteristics discussed 1in Section
3.2, due to their influence on flood dynamics, have a major
impact on the location and severity of flood hazards on

alluvial fans. Once these characteristics are identified
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through field inspections and collection of data on past
floods, a qualitative analysis of expected flood hazards can
be made. This section identifies the Key relationships

hetween characteristics, flood behavior, and hazarids.

Figure 8.3 provides a summary of the typical direction

(positive, negative, or site specific) and approximate
strength (high, moderate or minimal) o¢f the correlation
between characteristics and hazards. For example, high fan

slope strongly correlates with a large scour hazard and with
a small problem over unpredictable flow paths. This matrizr
is intended to be a qualitative guide to the identification

0of hazards which may occur on fans.

Watershed, Slope, Vegetation and Forest Fires

Steep watersheds tend to concentrate runcff more rapidly and
produce short duration, high intensity {floods. Sediment
production is also enhanced by the high velocities generated
on steep slopes. Conversely, uatershed vegetation delays or
stores runoff and inhibits erosion, causing smaller
discharges of sediment and water. Forest fires cause abrupt
reductions in watershed vegetation and, consequently, c¢an
cause large increases in sédiment production and peak
discharges on fans. The stability of flow channels on the
fan ¢an be seriously degraded by increases in sediment

preduction,

The severity of all the hazards increases with the magnitude
of sediment and water discharges from the watershed onio the
fan. Fans associated with sieep andsor poorly vegetated
watersheds have historically exhibited particularly large
inundation, sediment deposition and impact hazards. Mud
flows are nearly always associated with one or more of these

characteristics.

ANDERSON-NICHOLS
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Sediment Size and nge'

Small sediment sizes are more easily eroded and transported
than large sizes, provided that the scils are noncohesive
{as is the case for fans not subject to mud flows). Hence,
fans with predominantly small sediment sizes may experience
rapid erosion and deposition processes which cause unstable
flow paths with frequent avulsions. Sediment size and type
can also be an indicator of past debris flows, since such
flows deposit poorly sorted layers of sediment with large

rocks and debris mixed with clays and fine sands.

Rainfall Intensity

The distribution, duration, and intensity of rainfall in the
watershed are the driving forces behind the fan {flood
process. Hence, high rainfall intensities and longer
rainiall durations are strongly correlated with all flood

hazards on fans.

Fan Slope

Physival model experiments coniirﬁ the prediction, hased on
theory, that high slope fans tend to exhibit stable channels
and, oiften, substantial entrenchments. Flow velocities and
sediment transport capacity are higher than for low slope
fans., Hence, hazards due to sediment deposition, scour,
high velocities, and impact damages are strongly correlated
with high slopes. The unpredictability of flou path is
relatively low on a high slope {fan, resulting in a

concentration of flood hazards within the established path.

Fan Geomorphic Bias, Entrance Angle, and Entrenchment

These characteristics have important influences on the

direction, gecometry, and stability of the flow path. The
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enirance angle and existence of an entrenched channel at the
apex determine the initial flou pattern on the {fan.
Pronounced geomorphic bias (topographic variatien which
confines the flow area to a part of the fan) forces the flou

into a vonfined path and reduces the instability of the flou

direction. Avulsions are less common on a fan which is
biased or entrenched, resulting in more stable $flood
patterns.

The vcorrelations between these characteristics and all
hazards except unpredictable flow paths are dependent on the
position of the stable flow path. Itf a structure is5 within
the established ﬁath, the 1likelihood of damage is very high.
Conversely, ii the structure is outside of the established
path, it is  unlihkely that it will be damaged at all. An
entrenched or topographically coniined c¢hannel will alsc
convey large volumes of sediment and water to the lower

portions of the fan, causing high hazards down-fan.

Fan VYegetation

If a fan is well vegetated, erosion processes are
considerably slouwer than on a poorly vegetated fan. The
amount of sediment being transported down-fan is less, while
the increased roughness results in lower velocities, Flouw
paths and channels are much more stable, since bank erosion
processes are slowed and deposition of sediment in the flow
path is reduced. Consequently, a well-vegetated fan will
experience substantially smaller hazards +than a poorly

vegetated fan.

Location, Density and Geometryvy of Developments

A developed area such as a subdivision greatly alters the

local geometry and dynamics of the flow. Concentration of
flow between structures, ponding of water and sediment
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upstream of structures, acceleration of flow around
obstructions, and diversion of flouws (avulsions) are commonh
in the vicinity of developments. Hence, flow conditions are
very different within and doun—fan from a development than

they are on an undeveloped fan.

The location of the development is a major factor, since
structures near the apex or within an entrenchment uwill be

severely damaged and will strongly influence flow paths and

damages douwn—-fan. Dense developments will experience
hazards due to the high velpcity, scour and inundation
effects of constricting the flood {flows,. Structure and

street ogeometry can either mitigate or exacerbate £lood
hazards within a development. Streets designed to carry
flood flows without damage will, as shown by the localized
model experiments (see Part 1II Section 5), effectively
protect structures and prevent landscape damages.
Conversely, a street pattern which runs across the fan slope
may cause ponding, flow c¢constriction, and unstable flow

raths.

4.5 Recommended Approach to Hazard Identification

In order to identify the presence and magnitude of flood
hazards on an alluvial fan, a detailed technical study of
the fan should be undertaken. This section reviews the
exigting FIA hazard prediction methodology and then provides
a brief outline of the components that should constitute the
identification process. The developmenit of a comprehensive,
detailed approach to hazard identification is beyond the

scoepe of this report.
The Federal Insurance Administration is presently applying a
method of hazard analysis on alluvial fans (Dawdy, undated)

that calculates depths and velocities with a one percent
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_.chance o0f occurrence in an average year. These depths and

velocities are determined through a statistical analysis
that considers both the probability distribution of flood
discharges at the fan apex and the probability that the
flood channel(s) will inundate particular locations down the
fan. For example, if & given contour on the fan is 1060 feet
wide and the 10-year flood discharge flows in a channel that
is 10 feet wide, the probability that a given location on
this contour will be flooded by the 10-year discharge event
is approximately 1%, The 1% probability depth and velocity
at this contour are the depth and velocity in the 10 foot
wide channel carrying a 10-year flood discharge. Depending
upon -the width of the fan contour and the width of the
channel &he 1% probability depth and velogity will
correspond to different flood discharges at different fan

locations.

In deriving a technique {for calculating these depths and
velocities, certain key assumptions regarding fan flood

hydraulics uwere made.

1) At the time of passage of the peak discharge of
a flood event, the flow is confined in a single

channel from the ftan apex to the toe.

2) Flows are at c¢ritical depth and velocity
(Froude number = 1).
3) Below the apex, the flood channel occurs at

random locations at any point on the fan.

4?2 The flow erodes its own channel, stabilizing'
the shape of the channel when the decrease in
channel depth per unit increase in channel

width approxrimates 0.005.
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' 5) Permanent entrenchments, topographic biases,
and other morphologic features which may modify
flood hydraulics are either absent or have a
minor influence.
7
The FIA methodology was developed . for application on
unentrenched, smoothly sloped (active) alluvial fans with
little or no man—-made obstructions. As such, it represented
8 substantial improvement over the wuse of standard riverine
approaches (HEC-2, etec.) or the reliance on ‘'eyeball
guestimates™", It provided an easily applied. simple
technique which, .given suitable fan conditions, predicfed

the approximate depths and velocities of flooding.

The data and insights gained in the present study through
field investigations and physical model experiments provide
the basis for substantial improvements to the methodology.
The most important attributes of a widely applicable

alluvial fan methodology are as follows,

i. The effect of fan characteristics such as
slope, watershed c¢onditions, &and morphology
should be incorporated into the method through
the use of empirical equatiocns (see Part II,

Section 3) for depth and velocity.

2. The observed pattern o¢f three hydraulic zones,
channelized, braided, and sheet flow, should be
considered in the predictions, since each zone
has different flooed hazard severity and flood

behavior.
3. The Froude number and channel! geometry should

vary with fan conditions such as slope and

sediment size.
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u, Since muifiple flood channels, each with
substantial flouw, have been ochserved in both
the models and field studies, the effect of
flow splitting (ip addition to avulsions)

should be considered.

5. The results of the hazard prediction
methodology should be representative of actual
depths and velocities at a structure during the
base (100 year) {flood event. This is because
protective measures should be built to
withstand the base flood, as is the case for

riverine flood plains.

An approach to hazard identification and estimation, as
“suggested by the results of the field and model

investigations, is summarized below.

Data on historical floods should be gathered,

including depth, discharge., and velocity
measurements, damage surveys, and personal
accounts. Rerial photographs covering the fan

over several years time would be helpful in
establishing the history of fan {formation and

flood migration.

Field visits, aerial photography., and
topographic mapping should be wused to identify
watershed and %an characteristics, including
hydrology, morphology. vegetation, forest fire

frequency, and nature of fan development.

Qualitative estimates of floocd hazard types and
severity should be made using available data
and the relationships betueen characteristics

and hazards presented in Figure 4.3,
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H. The areas subject to {flooding should be
delineated based on fan flood history, local

topography, and cther characteristics.

5. Quantitative predictions of depths and
velocities should be computed from empirical
equations such a those presented in Part II,
Section 3. The applicatioh oi such eguations
will depend on the iIan conditions identified in
step 2 and the potential hazards identified in
step 3.

It is clear that a detailed study of the fan and watershed,
inciuding geologic and geomorphic analysis, is required to

adequately define flooding behavior and hazards.

This procedure will require c¢onsiderably more effort than
the application of the current FIA methodology. However,
the resulting flood delineation 1is likely to be
substantially more accurate and representative of actual fan

flooding.
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5, THE FLOOD PLAIN MANAGEMENT PROCESS

5.1 The Need for Master Planning

The hydrauliec behavior and associated hazards of fan
flooding, as discussed in Section 4, are considerably more
complex than typical riverine conditions. This increased

complexity is due to:

. very high velocities and associated momentum
forces,

. large sediment transport capacities,

. potential {for extreme scour and sediment

deposition in different parts of the same fan,
. erratic, unpredictable flow paths, and
. rapidly changing channel geometries as scour

and deposition take place.

As a result, approaches to alluvial fan flood protection and
management must be more flexible as well as more careful

than has been the norm on rivers.

The results of {field and model studies reveal that any

management action or new development on a fan is likely to

substantially change, and sometimes exacerbate, ilood
probhlems down-fan. Due to the wunstable nature of most fan
floods and the conical shape of fans, a small change in

channel direction or geometry near the aper can radically
shifit {lood impacits downstream from one area to another

previously unaffected location.
A whole-fan approach to flood management which considers the
flood process {from apex to toe will provide maximum

information ahout the efiects of development on flood

FINAL REPORT 57 ' ANDERSON-NICHOLS




L - 9

-

]

behavior. In addition, such an approach allows comparison
0of all alternative flood management schemes {(whether whole-
tan, structural solutions or local, nonstructural tools) and
the selection of the most cost-effective approach. A key
step in this uhole-ianrapproach is the implementation of a
master plan which regulates development and specilfies

required management tools.

5.2 Development Scenarios

The types of management toecls which are likely to be cost-
effective on a fan depend, to a large degree, on the
location, density, and timing of development. Three
development scenarios were suggested by Tettemer {undated),

as follous.

1. Low density development can be supported on the

fan by allowing construction anywhere except on
eristing incised channels and in the immediate
vicinity of the apex. This is illustrated in
Figure 5.1. Floodprooting of all structures,
preferably by elevation above the flood, uwould
be required. Zoning restrictions on minimum
lot sizes would be necessary to prevent
constriction of flood pathways and concomitant
increases  in - depth., velocity, and other
hazards. Existing structures would not bhe
protected wunless retrofitted with dikes or
other floodproofing measures. Flood damages tp
landscaping, streets, and wutilities could bhe
severe since they are not protected.

-

2. Moderate density development may be accomodated

in different ways:
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Figure 5.1 Low DENsITY DEVELOPMENT SCENARIO
(AFTER TETTEMER, UNDATED)
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. moderate density housing across much of the
fan suriace and

. moderate to high density subdivisions
located in areas protected from {flooding

plus open space reserved for flocduays.

Under the {former scenario, local levees,
channels, and enlarged streets could be used to
safely convey flood flous, The ugse of
structure floodprociing is =alse possible, but
the cost of floodproofing many structures, the
aesthetic problems oi such measures., and the
flood damages to landscaping and utilities may
be substantial. Under the reserved floocduay
scenario, as shown in Figure 5.2, local levees
are used to direct flood flows into open space
and to confiine the flood as it moves down the
fan. No development 0f the floodway would be
allowed, but full development could occur in
the protected areas. Flood damages to
landscaping, streets, and wutilities would be
minimal. Because' much of the {floodway 1is
natural, maintenance costs would be limited to

levee repairs and landscape work.

3. High density development can be safely
sccomodated on fans through the use of whole

f{an management tools, as illustrated in Figure
5.3. The structural tools could be designed to
reduce the peak water and sediment discharges,
contain the flood 1in armored channels, and
convey flows to the fan toe. MNearly all of the
fan surface is made available for development.
Should an extreme flood event (greatef than the
100 year flcood) e¢ccur, extensive damage can be

expected, Legal management tools such as
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cohveying flows in depressed sireets or
structure elevation are theoretically possible.
It is likely, however that application of such

tools to an entire ian would be very costly.

The scenarios discussed above are predicated on & planning
process which is initiated when a fan is sparsely developed.
Existing moderate or high density development will, of
course, limit the options available to planners. Protection
of existing - structures will require the use of management
tools wuhich divert fldws away irom such structures. Land
available for £floodways could be limited if significant

development has occurred.

5.3 Recommended Master Planning Approach

The establishment of & master plan for development at the
earliest stages of fan urbanization will maximize availabkle
ilood management eptions and minimize the number of
structures with high flood risks. A master plan should

carefully consider the flooding problem and inélude:

. a {lood management plan which specifies the
type of 'management tools to be used, the
location of these tools, and design standards

for strugtural tools;

. a zoning plan which establishes & development
scenario in coordination with the flood
management plan and limits subdivision

densities as appropriate;

. an openh space plan which allows for flood flouw
conveyance, as appropriate, by reserving
natural areas for either flooduays or
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structural tools {e.g., debris hasins,

channels, or levees);

. a development plan which requires that roadways
be oriented, where possible, parallel to the

slope and that flow bhlockage be minimized;

. building codes which require proper elevation
of neu flood-prone structures and proper
construction and maintenance of dikes, armored
$ill and other local management tools;

. a requirement that subdivision flood control
plans conferm to the master plan and do not

gcause increased down-fan flood hazards:;

» & maintenance program which ensures timely,
effective maintenance of installed management

tools; and

. an inspection program that ensures proper
construction and maintenance of management
tools.

Such a master plan nust, of necessity, be based on an
analysis of flood hazards on fans, 4as described in Section
b.5. Once the location and severity of hazards 1is
established, flood management tools can be selected (as
discussed in Se&tion 5) and a management plan can be
designed. This plan is then the basis for the zoning, open
space, and development plans. Building codes and
subdivision requirements c¢an be formulated to enforce the
local aspectis of the ilood management plan. Maintenance and
inspection programs Wwill be needed to enforce the plan and

assure reliable flood protection.
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6. SELECTION OF FLOOD PLAIN MANAGEMENT TOOLS

6.1 Management Tools Considered

Field investigations, a literasture search, and meetings with
local community officials have identifiied a numbef “of
management tools which have been used, with varying degrees
of success, by communities on alluvial Zfans. One of the
major objectives of this study was to assess the
applicability and effectiveness of such tools and fo make
recommendations as to the use of management measures. In’
the following discussion each tool is described and typical
applications are cited, Later sections discuss measure

effectiveness and recommended usage.

Debris Basins or Detention Dams

These measures can be placed on fans at the apex or across
stable channels and typically consist of a natural or
excavated basin coniined by an earthen dam equipped with
outlet works and spillway. The purpose of most such
installations is to reduce the peak flood discharge of water
and sediment. Debris basins are designed to trap most
incoming sediment permanently, while detentioen dams trap
sediment and water during the $flood peak and then release
both as the flood subsides. Both types of structures have

been used on several fans and aprons in the United States. -~

Levees and Channels

Levees cvan be used to confiine or channelize flow anywhere on
a fan., but are typically used to convey flow all the way
irom fan apex to toe. DPesign of levees and channels varies

widely, from the unarmored, uncompacted berms constructed on
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the Rancho Mirage and Palm Desert fans to the concrete lined
canals built on the aprons near Albugquerque. Typical
channels haﬁe trapezoidal cross-sections and invert slopes
equal to the fan surface slope. Hence, velocities in the
channel during floods can be extremely high (20 feet per
second or more). Channelization plans include deepening and
straightening ¢f natural watercourses, lining 0f natural

channels with grass, riprap or cecncrete, and construction of

new canals. Channels are sometimes c¢ombined with an
upstream debris basin or detention dam. The wupstream
facility reduces peak uwater and sediment discharge,

preventing excessive scour and/or sediment deposition and

allowing a smaller channel,

Drop Strugtures

Reinforced walls or armored, steep slopes can be used to
dissipate flow energy in either channels or landscape areas.
These drop structures can be constructed across the slope of
the fan betueen buildings to prevent cutting of localized
gulleys and to stabilize ground slopes in residential areas.
Concrete drop structures placed in channels help prevent the
very high velocities and intense scour found normally in

steeply sloped channels.

Debris Fences

These structures are used only where debris flows are common
and are designed such that water and sediment flow through
the fence, while large rocks and debris are trapped. They
typically consist of vertical steel I-beams mounted in a
massive concrete foundation and projecting 6-8 feet above
ground level. The vertical bheams may be 1-2 feet apart, so
that only the larger (most destructive) boulders and debris

are stopped.
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Logal Dikes

Pikes have been used to protect individual structures or
small subdivisions, but can also be used to direct flood
waters into streets or channels for safe conveyance down-
$an. In a developed area, local dikes should be coordinated
with street layocut and orientation. Use of dikes by

individual homeouners without such coordination could result

in severe damages to adjacent structures. The design ol
dikes varies widely, from simple masonry walls with no
structural reinforcing to massive earthen bherms, Armoring

of dikes has been neglected on many ifans.

Street Orientation

Streets in developed areas can be aligned along the maximum
slope to provide flow carrying capacity. When combined with
local dikes and drop structures between homes, streets can
carry all of the flood flow through a subdivision. Figure
6.1 shows one way these tools might he wused. Such use

requires heavy armoring of street sides and large {flowu
depths; conditions which require depression of the streets
and special treatment of side streets and driveway
entrances. Transitions Dbetween subdivisions or betueen
streets and open space must be smooth to avoid excessive

scour or sediment deposition.

Elevation of Structures

Piles or £ill may be used to elevate structures above the
base flood elevation and effectively remove them from the
flood hazards, Elevation on piles allows flow under the
building and minimizes obstructions in the flow path, while
elevation on £ill substantially obstructs iflow. A
subdivision built on {fill requires an alternative {low

conveyance system such as armored streets, Elevation on
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iiil has been implemented by several c¢ommunities, but
without proper armoring or provision of flood conveyence
capacity. Elevation on piles has, to date, been used on
individual structures, but has not been applied to entire

subdivisions.

Watershed Management

This measure includes the use of reforestation techniques
and forest fire controls as well as tefracing, where
feasihle, to minimize runcoif and sediment production from a
watershed feeding a fan. Such techniques can be wused 'in
combination with all other measures to reduce their required
capacity. Use of watershed management is highly dependent

on the watershed slope, s50il characteristics, and climate.

Flood Plain Zoning

Zoning is wused to reserve fan areas for 1low conveyance,
detention, or diversion and to prohibit or limit development
in high flood hazard areas. The unpredictable nature of
flooding on fans makes such zoning difficult and uncertain
unless either (1) much of the fan is =zoned as a flocodway or
{2) controls on the #low path, such as armored levees, are
installed to direct the flow as needed. The amount of land
which must be removed from development can be substéntially
reduced through the use of control messures. 2Zoning has not
been widely used to date, due to the substantial development

pressures which exist on many fans in the Southwest.

6.2 Evaluation and Selection Methodoloqgy

The selection of management tools should be based on =&
thorough understanding of the flood hazsrds on the fan,

eristiing development, proposed development density and
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orientation, and the economic and political realities of the
subject community. Available management options include =&
variety of measures which, either singly or in combination,
should provide sdequate flood protection. This section
defines the key issues which must be considered and suggests

a methodology for selecting flood plain management tools.
The design of management teools depends on:

1. performance requirements,
2. susceptibility of the tool to santicipated
forces (hazards) during floods,

physical constraints on size and orientation,

u, public: acceptanhce, and
5. cost.
of these considerations, physical constraints and

performance requirements are site and application speciiic,
wuhile cost, susceptibility, and public acceptance are

related to the measure itself.

Performance requirements speciify the digscharge, velocity,
sediment losd, ands/or depth of flow which must be contained
or controlled by the measure. They are determined from
hydrologic and hydraulic analyses of the watershed and fan,
and, in turn, determine the scour, deposition and momentum
forces atfecting the measure. Physical constraints include
such restrictions as available land, existing channel
patterns, existing deve%opment density, and previously

installed measures.

Susceptibility of 8 tool to hazards on fang will be assessed

in Section 6.3 based on tool performance in the physical

models, reported pericormance of tools on prototype ians, and

guidelines for 1{ilood management tool)l design (e.g., "Levee
Design Manual," U.S8. Army C.0.E.}). Susceptibility is severe
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when destruction or neutralization of the measure due to the
hazard is likely. Proper design of the measure andsor
diligent maintenance may prevent degradation of measure

performance. Hence, discussicons of susceptibility serve as

.indicators of the kinds of hazards which deserve special

attention for each management tool.

Public acceptance of a management measure typically depends

on the following factors: aesthetics, disruption of the
community, perceived satety effects, and cost to the
individual, either directly or through taxes. Because fans

are typivally completely dry except when actual flood events
sceour, few citizens recognize the magnitude of flood
hazards. Natural flood channels on many fans are poorly
defined and highly irregular, making it difficult for
citizens to recognize parts of the fan which are susceptible
to flooding. Finally, the unstable nature of flood paths on
fans makes definition of a floed =zone difiicult and in many
cases results in muth of the fan being classified as flood
plain. All of these factors contribute to a generally very

el

low level of acceptance for management tools on fans.

Planning studies may look at management tool costs at
three leveals: individual homeowner, government, and minimum
long~term cost for the entire community,. Since certsain

measures emphasize government c¢osts (debris basins and
channels), uhile others place mosf, of the burden 6n
homeowners or developers (elevation of structures), measures
can somelimes he selecgted to place the qost burden
appropriately.

Management tools should be selected through a process which

considers:

. fan and watershed characteristics,
» the location and severity of ha=zards,
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. the flooding pattern on the fan,

» prediction of future flood behavior,

. existing and projected development, and

. the effectiveness of the wvarious management

tools available.

In the past, measures have often heen selected with Jlittle
understanding of the dynamics of flcecoding on fans and little
concern ior the effect of development density on measure
periormance, This has led in several instances to the
failure of levees, dikes, and other installations and very

heavy damages to properties on the fans.

The follouwing selection process considers 8ll of the key
issues which influence management tool performance and
ensures a comprehensive approach to flood plain management

on alluvial fans.

1. The type and location of flood hazards on the

fan should be identified based on a qualitative

analysis of fan and watershed characteristics
and a review of historical flooding behavior.
A geologist and a hydrologist would be required
to analyze the characteristics and predict
future fan behavior, Sections 3, and 4 deal

with these issues.

2. Quantitative estimates for the depth, velocityv,

width and path of the design flood (100-year

event) should be developed from empirical
formulas for channel geomeiry and behavior.
Several formulas for computing these quantities
are presented in Part I, Section 3 of this

report.

3. The identification of existing and Jfuture

ANDERSON-NICHOLS
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development on the fan provides a basis dfor

flood plain management. The logical way to
obtain development data is to c¢reate and
implement a master plan for the fan. This plan
may include alternstive development scenarios
which can be individually considered based on

flood plain managementi needs.

Alternative management scenarios c¢an then be
identified hased on different combinations of

management tools that would be compatible with
the development plan. These scenarios would he
based an required performace, physical
constraints, and publig acceptance potential,
as well as the compatibility of various tools.
The recommended applications for management
tocols presented in Section 6.4 provide a
framework for this identification process.
Recommended management approaches are discussed

in Section 6.5.

Tools which ace inappropriate, e.g., will not
withstand the flow conditions on the fan, will

not adequately reduce or eliminate iflood
hazards, or will not be compatible with other
implemented tools, c¢an be eliminated based on
the discussions in Section 6.3, the physical
model results., and experience with {floods on

fans.

The tost o0f each tool can then be estimated

based on preliminary designs using the

guantitative estimates of hydraulic Dbehavior
cbtained in step 2. Teols which do not appear
to be cost-effective, are financially

infeasible, or have excessive public acceptance
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problems should be eliminated from

consideration.

7. The final selection of management measures, if

more than one candidate remains. will be
dependent on community needs and the ability of

the various interest groups to pay the costs.

6.3 Effectiveness of Management Tools

Experience with management tools in past floods (e.g., Palm

Pesert, Rancho Mirage, Bullhead City) provides some
indication of effectiveness. Publie reaction to flood
management plans in some areas (e.g9., Albuquergue, Palm

Desert, Los Angeles) indicates probable public response to
implementation of such plans. However, the rather short
history and limited scope ot flood management activities on
fans provides only limited experience. Evaluation of tools
must also be based on the physical model tests performed

during this study.

Figure 6.2 summarizes the relative susceptibility of each

management tool to each hazard type found on fans. Where
susceptibility is severe, failure of the tool 1is probable
unless adequate protective measures are implemented.

Susceptibility can be used as an indication o¢f maintenance
requirements as well as design standards for management
tools. Where extreme damage to a measure is indicated,
e.q9., local dikes installed near the £fan apex, such

applications should be avoided.

The effectivenes of individual management tools in reducing
specific hazards is summarized in Figure 6.3. Each tool is
assumed to be adequately maintained and fully protected

against the hazards. Individual measure effectiveness and
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hazard

susceptibility are discussed below, Section

recommends specific applications for management tools,

Section 6.5 recommends an approach to floocd management.

Debris Basins and Detention Dams

Susceptibility:

—

Floods larger than basin capacity will cause
excessive discharges or dam overtopping.
Substantial filling of the basin by sediment
occurs during each fleood, .

Erosion of dam due to local channel formation

and migration gan damage the structure.

Eifectiveness

Decrease all major hazards except scour by
decreasing peak water and sediment discharges.
May cause increased scour and channel cutting
dounstream due to abrupt reduction in sediment
load.

6.4

while

Debris basins may reduce sediment load but not

significantly reduce peak discharge.

bPetention dams attenuate peak sediment and
water discharges .but do not permanently trap
either; total sediment deposition may not be
significantly reduced.

1f the flood path migrates away from the basin

or dam, the tool is useless.

Public Acceptance

The public may consider these measures to be
unsightly and dangerous.
Costs are high, and are typically paid by

federal and state agencies.
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Required Maintenance

-

Removal of sediment after each flood,

Repair of channels and spilluay.

Levees and Channels

Susceptibility

-

Unarmored levees and channels are extremely
vulnerable to scour damage and potential
failure due to velocities exceeding 20 feet per
sacond. Levees on Rancho Mirage and Palm
Desert fans have been breached by {loods.
Physical model tests (Part II, Section 4.5)
shou rapid erosion and undercutting aof
unarmored levees.

Riprap lined <channels and levees resist
moderate floods but may be severely damaged by
large events as shown in the physical nmodel
studies.

Sediment deposition may cause channel blockage
and levee overtopping where abrupt decreases in
velocity occur.

Upsitream debris basins or detention dams will
substantially reduce risks of overtopping or
sediment deposition, but may increase scour

proklens.

Effectiveness

-
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When properly designed, armored, and
maintained, channels eliminate all flood
hazards on the fan.

Since velocities are extremely high in the
channels, safety problems are important,.

A leveeschannel system must be continucus from

aper (or debris basin if used) to the toe of




the fan. Below the end of the channel, {flouw
braiding and flood path instability recur.

Abrupt changes in channel shape, capacity or
direction cause, as shown in the model tests,
local scour or deposition and !ailure of the
channel. Such changes should be avoided.

Channels are most effective wwhen used in
combination with debris basins or detention

dams.

public Acceptance

-

General perception of [reliability and good
protection, despite poor past performance.
Viewed as unsightly and disruptive to
community. '

Safety hazard for children,

Costs are high, and are typically paid by

federal and state agencies,

Required Maintenance

Sediment removal and channel repair sfter each
floed,

Routine inspection and maintenance of levees.

Drop Structures

Susceptibility

Drop structures, because they are designed to
dissipate large amounts o0f energy in a small
area, are subject to severe erosion and
poténtial undernining. The foundation and

structure must be robust to prevent failure.

Effectiveness

FINAL

Substantially reduce scour on steep slopes and
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stabilize ground surface; ineffective against
other hazards.

- In terraced subdivisions, where horizontal
house pads are separated by steep banks, drop
structures prevent headcutting and formation of
channels between structures. As shown in the
model tests (Part II, Section 5.4), " the
reduction in scour hazard is substantial. |

- Where channels are used to convey floods doun-
{an, drop structures can be wused in the
channels to safely dissipate energy and‘prevent

channel erosion and failure.

Fublic Acceptance

- While drop structures are commonly wused in
channels, no uses of them in terraced
subdivisions were observed.

- Acceptance is likely to be very good, since
they are inexpensive, c¢an be installed bhy
developers, can be retrofitted to exnisting
communities, and can be <covered completely by

landscaping.

Required Maintenance
- None, except for inspection and repair, if

necessary, after floods.

Debris Fences

Susceptibility
; - Baecause they are designed to stop debris, such
iences will collect sediment and boulders until
they are buried.
- Impact forces on the fences during mud or

debris flow events can be large, potentially
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causing failure.
- Floods may, unless confined, be diverted arcund

the obstruction caused by & debris fence,.

Effectiveness
- Reduce, but not eliminate, impact damages to
homes and debris deposition in streets and
yards.
- Not effective mgainst other hazards.
- Useiul only for dehris flow events.

- No examples of use in the U.S. were found.

Public Acceptancé
- Acceptance is likely to be good, because costs
are low and the fences are inobtrusive.

- Costs can be paid by developers or communities.
Required Maintenance

- Periodic inspection and repair.

- Cleaning of fences after floods.

Local Dikes

Susceptibility
- Dikes are subject to overtopping, scour, and
impact force damages if improperly designed.

- Sediment deposition wupstream (due to blockage

and slowing of flow) may seriously reduce
- efifective dike height,
- Safe design requires that substantial

freeboard, adequate armoring of dike face and

toe, and resistance to impacts Be built into

local dikes on fan. -
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Effectiveness

| - Well-designed dikes c¢an successiuly protect
individual homes or blocks of homes by
diverting flood ftlous.

- Failure of a dike may cause greater damage than
if no dike existed.

- Effective only where they are part of an
integrated plan for the entire area. They must
be tied into conveyvance channels to prevent
flooding of other areas by diverted flows,

- Unarmored dikes are of liitle value, since
failure is likely during flood events, as shoun
in the local model tests (Part 1I, Section
5.6).

Public Acceptance
- Acceptance 1is likely to be goeod due to lou
costs and a8 high level of perceived protection.
- Dikes generate more public confidence than they
deserve in many cases, since design of local
dikes is often inadequate f{o withstand {flood
events,

- Costs are paid hy developers or homeowners,

Required Maintenance
- Inspection and repair, including removal of

sediment, after each flood.

Street Design and Orientation

Susceptibility
- Subject to scour due to extremely high
velocities and sediment deposition.
- Streets must be substantially depressed belouw

ground surface and the side-walls armored to
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prevent overtopping and erosion damages.
- Streets not oriented along maximum slope may

experience erosion along the down-fan side.

Effectiveness
- When c¢ombined with houses raised on armored

£ill and diversion dikes placed upstream of the

development. streets can safely convey the
entire flood flou, .

- Effectiveness 1is dependent on the hydraulic
cgapacity of the dikes and streets. Smooth
connections between wupstream and downstream
streets with no sharp bends or blockages are

essential to a safe design.

- Physical model results {(Part 1II, Section 5.3)
show this to be a very effective management
tool for new subdivisions,

- Safety hazards due to extremely high velocities

{in exXcess of 20 feet per second) are serious.

Public Acceptance
- Poor, due to problems with sesthetics (each

street is a concrete lined channel), access

from driveways, and safety.

- Aesthetic problems can be mitigated by
landscaping curb and wall areas.

- Added costs of street orientation and
depression are swmall for new developments and
can be paid by developers. The cost of
depressing streets in existing developments

would be large.

o B G Wy Gm NN 8N aw

Required Maintenance

' - Inspection, repair, and debris removal after
- floods. '
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Elevation of Structures on Piles or Fill

Susceptibility
- Unarmored $ill is highly susceptible to erosion
damage, - potentially causing undermining of the

associated home. Adequate armoring is essential.
- Scour around piles, if severe, could cause failure
of che or more piles. Piles must be driven doun to

below the maximum possible scour depth.

Effectiveness

- Elevation on piles allows unhampered flow under
structures and minimizes scour and deposition
hazards. Structures on piles have minimal
influence on flood path and hydraulics.

- Elevation on {ill (even if armored) can
obstruct the flow and increase velocities and
erosion in adjacent properties.

- Elevation on {fill 1is effective only when
armored and used in combination with upstrean

dikes and channelized streets,

Public Acceptance

- Elevation on piles has not been well received
due to aesthetic problems, safety problems for
children, and access difficulties.

- Elevation on fill has been used
extensively, but without sufficient regard
for scour and flow conveyance problems.

- Costs are low and typically paid by

-

developers.

Required Maintenance

- Inspection and repair after floods.
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Hatershed Manaagement

Susgeptibility
- Reforestation is_ not susceptihle to any £flood
hazards.

- Terracving may be damaged by ercsion.

Effectiveness

- Can substantially reduce all hazards on fans if
watershed vegetation is stabilized and
increased.

- Arid and semi-arid areas may not support
increased vegetation.

- Can be used +to reduce costs of debris basins.,
channels, and other tools by reducing sediment

and water discharges.

Public Acceptance
- Excellent, due to improvements in aesthetic

aspects oif the watershed.

- Costs are typically low and c¢an he paid by

state or local agencies.

Required Maintenance

- Normal forest management activities.

Flood Plain Zoning

Susceptibility
- Erratic nature of flow paths on fans may cause
floods to impact areas outside of those ZzZoned
for the floodway. Flow controls such as

armored levees may be required to prevent this,

Effectiveness
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- Prevents or restricts development in defined
tlood plains, provided a stabhle flood plain c;n
be defined,

- Can be used to restrict density and/or require
elevation on piles within flood prone areas.

- Does not  eliminate flood hazards, but c¢an be
used to minimize amount of property at risk,

- Most effective when used in combination with

cther tools.

Public Acceptance
- Poor, due to development pressures on many fans
in the southuest.
- Direct costs are minimal, but opporiunity costs
to developers and loss of tax base to

communities can be substantial.
Required Maintenance

- Maintenance of reserved areas to minimize flood

flow disrupticn.

6.4 Recommended Applications for Management Tools

Selection of the appropriate tool for application to a
particular fan depends on four major factors: types of
hazards present, the hydraulic zones where development is
expect;d to ocgecur, the existing development density, and
projected future development densities. Section 6.3 has
discussed tool effectiveness against hazards. Figure 6.4
summarizes the recommendations regarding specific management
tools to be used under combinations of +the other three
tactors. These recommendations consider the types of
hazards encountered in different fan zones, the effect of
development on the severity of these hazards, the impact of

existing development on the feasibility of implementing each
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Braided Elevation on Piles | Llocal Levees and Local Levees and
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Flow or Armored Fill or Armored Fill Street Conveyance

MoperATE DENns1TY ExisTiNe DEVELOPMENT

Channéh‘zed Debris Basin* Debris Basin*
Flow and Channel and Channel
Brai Local Levees and . . K
r;:a]1ded T — Street Conveyance gﬁgréiaﬁz}n
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Sheet ~ Local Levees and Lacal Levees and
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Flow and Channel
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Flow ' and Channel

* wWITH FLOOD STORAGE

Figure 6.4 : Recommended Management Tools for Development Scenarios
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tool, and the effectiveness of each toeol for eliminating or
reducing the hazards when the projected future development
density is achieved,. The following discussion centers on
the relationships betuween the four factoers and management
+tool applications, Then recommended management tools are

discussed for different development conditions.

Effect of Hazard Iype

The ilood hazards which are c¢ommon on alluvial fans are
substantially different from typical hazards associated pith
riverine flooding. Conseguently, measures for controlling
or eliminating these hazards on fans must be vieuwed

differently.

* Elevation on unarmored fill and use of
unarmored levees and dikes may result in
destruction of these measures due to scour

problems.

* Channels and levees may be filled or rendered

useless by sediment deposition, and will

require dilligent maintenance.

v Local dikes designed to protect small areas
will divert flood {flows to other parts of the
fan and cause concentration of much higher

damages at other locations.

. Flood detention facilities must allow for large

amounts of sediment deposition.

. The erratic and unpredictable nature of flood
paths makes ‘local protection of structures or

subdivisions difficult because the location and

"direction of peak flood flows canneot usually be

predicted. Such local measures must be
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accomplished on nearly all parts of a fan which
have no stable entrenchments or strong

morphologic bias.

. High wvelocities «c¢ause severe erosion and/or
overtopping of levees, dikes, channels, and
streets wherever rapid changes in flow
direction ogcur,. Flow conveyance structures
must be smooth and continuous to avoid such

problems,.

. Debris and viscous sediment/water mixtures
moving at high speed, as frequently occur on
fans in the Los Angeles basin and elsewhere,
may severely damage houses raised on piles,
walls, levees, and local dikes which would
withstand the clear water flows typical oi

riverine flooding.

Failure to consider these efiects during design and
construction of management tools may result in catastrophic
failure and severe flood damages. Cases where such failure
has occurred include Rancho Mirage and Palm Desert,

California and Bullhead City, Arizona.

Effect of Hydraulic Zone

The three definable hydraulic zones discussed in Section #.2

exhibit substantially different floed behavior and hazards,

requiring dififerent approaches to flood management,

. The channelized flow zone exhibits very high

velocities with large scour potential and large
sediment loads. Management tools that are
designed to vcontrol the fleow (channels or
levees) nmust be heavily armored. Local flou

controls such as dikes and depressed streets
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are likely to be ineifective due to the force
of the channelized flow,. Consequently,
development of this zone should be avoided
unless complete control of floodwaters, using

debris basins and/or channels, is assured.

. In the braided flou zone the hydraulic

conditions are erratic and may alternate
betwueen channelized and braided conditions.
Depths of flow and velocities are louwer; other
hazards are Jless severe. Local management
tools can be wused, provided that they are
adequately armored. Use of streets or channels
for conveyance may be effective, provided that
upstream diversion dikes ensure that the
erratic flow paths are always directed into the
channels. Elevation on fill should be avoided

thless flow 1is confined to armored streets or

chanhels.

. The sheet flow zone is charagterized by shallow
flooding; although velocities are lower,
supercritical flouw conditions are common.

Local management tools, including elevation on
armored £ill, can be used. Flood behavior can
be substantially altered by development and by
management tools in the up~fan hydraulic zones.
Rence, up-~fan development- must be coordinated

with development in this zone.

Effect of Existing and Projected Development Density

Existing and projected development densities have a major

impact on the appropriateness and feasibility of management

tools. Substantial exnisting development <compounds the
difficulty, cost, and effectiveness of 1implementing most
toocls.

FINAL REPORT 90 ANDERSON-NICHOLS




- Wy W

1
[}

Sparse existing development provides maximum
flexibhility and a wide choice o©oi feasible

management tools. As shown in Figure 6.4,
whole~fan tools (e.g., debris basin and channel
system) are needed‘only for the case where high
development densities are expected in the
channelized zone. Elevation 6n armored f£ill is
recommended oniy in the sheet flow zone, where
velocities and erosion are relatively low,.
Elevation on piles or on armored $ill appears
toc be cost-effective only in areas of sparse or
medium density development. Local levees and
street conveyance for flood waters appear to be
the best tools for a variety of development and
hydraulic conditions, because they are
relatively inexpensive, ¢an be implemented by
developers, and work effectively for all but

channelized iflows.

When moderate density development has already

taken place without proper planning for flood
conveyance, the options for {lood management
are drastically reduced. Whole-fan measures
are the best choice in the channelized flou
zohe, since other tools are inefiective.

Adequate £lood plain =2zoning 1is not possible

when deveiopment has already occurred. It
existing development is left unprotected,
management t0915 us ed to protect neuw

development must -be carefully designed to avoid
aggravating existing flood problems. For
example, if streets are used to convey iflood
flous in neu developments but down-fan existing
streets de neot have sufficient capacity or do
not connect smoothly to the neuw streets, severe

flooding of the existing homes could result.
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Local levees and street  conveyance can be used
effectively only if the existing development

pattern allows the use of streets as channels,.

. When an area of a fan has been fully developed
at high densities without regard for flood

management, only whole-fan management tooils
will provide adequate protection for the
existing structures. In fact., piecemeal

application of local management tools such as
dikes and elevation on £fill will result in
greatef damages {for some structures, while
other structures are protected. This is
hecause dikes and armored {fill divert {flous
rather then c¢ontaining and controlling the
flood.

It is clear from the above discussions that flooding on
sparsely developed fans c¢an be managed more easily and
cheaply than floocding on developed fans, unless such
development has followed a {flood management plan. The
number of available options decreases rapidly with existing
development density. This alone is sufficient justification
for the establishment of & comprehensive {lood management

plan (master plan) before significant development occurs,

One additional management option has not been included in
Figure 4.3 because it does not provide flood protection for
eXisting structures on a fan, This option, which can be
thought of as a "minimum expenditure" plan, provides only
for flood protection of new structures using elevation on
piles. This allows continued development of an area without
changing the existing hydraulic conditions (e.g., area open
Yo flood ilows, slope, ete.) or increasing damages to
existing structures. All management costs, which are small,

are horne by developers and homeowners.
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6.5 Recommended Management Approach

The development of a balanced, coherent approach to ilood

plain management on fans requires consideration of several

complex issues:

1.

FEMA's regulatory and statutory role,

the role of local communities in fan

development.,

the politicasl and economic appropriateness of
non-structural versus structural management

tools,

the political and economic appropriateness of

whole-fan versus local management tools,

the practical aspects of protecting new single
structures or subdivisions within existing

development.,

the present state-of-the-art in flood analysis

on fans, and

the results of field investigations and model
studies regarding the effectiveness of

management tools on fans.

Certain of the above issues and their implications for the

management approach are discussed f{first, followed by

delineation of a recommended approach.
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FEMA Versus Local Community Roles in Fan Development

FEMA currently requires that communities Jjoin the Flood
Insurance Program, that no new structures be constructed
within the flooduay, and that all new structures built
within the f£lood plain be elevated above the base flood
elevation. Local communities are otherwise {free to use
zoning, structural tools, or non-structural tools to
minimize flood damages. Yf structural measures (e.g., dams.,
channels, levees) are implemented, the delineated flood
plain and fiooduay (FIS mapping) are altered to reflect the
new flood limits. Non-structural measures (e.g., =zoning,

elevation, floodprooifing) do not alter the flood plain.

Oon alluvial fans with no entrenched channels the {lood
plain, based on the 1080-year flood limits, could occupy most
of the fan surface, The floodway could be defined as the
entire channelized hydraulic =zone. Under existing FEMA
statutes, all new structures on such & fan must be elevated,

while no structures can be built in the channelized =zone.

Existing statutes provide limited guidance regarding control
of sediment deposition, scour, and other hazards on alluvial
fans. FEMA requires that any obstructions to £flow in the
flood plain not increase flood related hazards, ingluding
inundation and scour. On alluvial fans, this requires that
structures built upstream of existing developments  not
increase the velocity, depth, or scour potential of flood
flous. All management tools must be integrated with
downstream developments. The burden of proof that flocod
management tools meet FEMA requirements has, in the past,
tallen on local communities.

-

Whole-fan Versus Local Tools

While FEMA has not required that whole-fan tools bhe
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implemented in flood—-prone areas. many communities rely on
structural teools such as dams, levees, and channels for
flood protection when either the wvalue of existing

development 1is high or development pressures are great.
Local, nonstructural measures are presently required within
the flood plain, but few examples of extensive non-
structural tool employment on fans exist. The political and

economic decisions made by communities to date have largely

dictated whole~fan tools. The reasons for such decisions
include:

. protection of existing structures,

. maximization of developable land, _

. protection of landscape, streets and utilities,

. louwer overall costs, and

. availability of state and federal funding for

structural measures.

In cases where large blocks of funding for structural
measures are not available, non-structural measures are

necessary.

Case studies and model studies indicate thati whole-ian tools
are appropriate where existing or projected development
densities are high. Local measures (e.g.., local dikes,
street alignment, elevation of structures) appear to be most
appropriate when existing and . projected development
densities are low or moderate. Flood contrel costs are
incurred over the entire development period and can be

incorporated into subdivision construction costs.

New Structures Within Existing Development

When individual structures are built within existing
subdivisions, flood control +tools must become part of the

existing flood protection systems. Where no flood
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prbtection ‘exists, cptions {for the new structure are
limited. Elevation on piles should be used unless it can be
shown that no additional flood damages to existing
structures will result {from construction of other tools
(e.g.., local dikes or elevation on armored fill).
Similarly, subdivisions must be <c¢onstructed such that no

added flood damages to existing property result.

State-0f-The-Art of Flood Analysis on Fans

Considerably more research, including field studies of fans
and flood events in progress, will be required to develop a
hazard quantification methodology which represents the flood
processes discussed in Section %, Physical modeling results
(see Part II, Section 3) provide considerable insight into
these processes and allow the development of tentative
empirical relations for fan flood hydraulics (see Part 1I,
Section 3.3). The physical models could not, houwever, be
quantitatively verified due to a complete lack of prototype
data. Hence, use of these relations for flood prediction
will have to wait wuntil {field data corroborates physigal

model results,

Given the present state-of-the-art, the selection and design
of flood control {teois on dians should combine qualitative
analyses of flood hehavior (fan characteristics, hydraulic
zones, historical flooding patterns), engineering experience
and judgement, and the existing quantitative methodology to
establish the depth, width, and velocity of flood flous.

Recommended Approach

The following approach to flood plain management on fans is
based on the considerations -presented in Sections 4, 5, and
6 of this report. It is intended to be a general medel for

more detailed sets of regulations and guidelines which will,
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over time, be created by FEMA and communities.

1 Hazard ldentificafion should be accomplished on all
developing Isans as early as possible and should follow the

appreach recommended in Sectien 4.5.

2. A Master Plan should be created by communities (as

recommended in Section 5) and used to regulate development.

3. Selegtion of Management Tools should be made by the

commnunity based on identified hazards, the flood management

map, the master plan, and FEMA regulations and guidelines
(see Section 6.2). The {following general guidelines fer

management tool selection are appropriate.

Channelized Zone
* Development prohibited unless whole-fan

measures are implemented.

Braided Zone -
. Basements and mobile homes prohibited.
. Streets aligned and designed to c¢onvey entire
flood flou.
. Use o0f local dikes to direct flows into
streets.
e Use of drop structures between homes built on

high slopes to prevent excessive erosion.

. All management tools must be coordinated with
tools in existing developments.

. Whole-fan manayement tools can be used instead

of the ahove provisions.

Shallow Flooding Zone

. Elevation of structures on piles or armored
£ill.
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. Street orientation to maximize flood
conveyance.

. If up—fan subdivisions use depressed streets or
channels to convey floods, these tools must he
continued down to the fan toe. '

. Use of drop structures between homes buili on
high slopes.

. Whole-fan management tools can be used instead

of the above provisions.

Placement of Single Structures

. In undeveloped areas, can elevate on armored

fill or use local dikes provided that no added

w flood damage to other structures resultis,
_ * In developed areas, local dikes, channels, and
' armored fill must tie in with existing flood
control tools.
. . Elevation on piles should be used if sahove
criteria vannot be met.
I . No single placement should be allouwed in the
l channelized =zone.
i u, A Review of Subdivision Plans should be made by local
agencies to ensure both compliance with the master plan and
' proper design of selected management tools. The developer
i should provide:
| . plans for flood control tools,
: . an engineering report that documents the
I' adequacy of the proposed flood control tools,
. an analysis o0of flood impacts of +the proposed
' tools on down-fan development, and
'. . a maintenance plan.
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7. ASSESSMENT OF DAMAGE RISKS ON FANS

7.1 Use 0f Damage Curves

Depthsdamage curves relate flood stage to damage costs ifor
individual structures. By using damage curves in
cenjunction with stagesfrequency curves, expected annual
flood damage for a given structure c¢an be computed and used
as a basis for setting appropriate flood insurance premiums,
As part of this study depthsdamage curves for structures on
alluvial fans have been developed following the procedure
described in detail in Part I1I, Section 7 ,of this report.
Stagesfrequency curves are a function of the hydrologic
properties of the fan and the hydraulic characteristics oi a
specific location on the fan and must therefore be developed
on a reach-by-reach basis in separate engineering studies

for each fan.

7.2 Damage Curves For Unprotecgted Structures

Damage curves for unprotected structures on alluvial tans
are showun in Figures 7.1, 7.2 and 7.3. These curves were
derived in the absence of a significant base of historical
floocd data and are thereiore subject to considerable
uncertainty. The damage curves represent modifications of
the FIA riverine damage curves - to account for the greater

damages caused by the sediment-laden, high velocity flood

flows <characteristic of alluvial fans. A rigorous
theoretical derivation of the depthsdamage relaticnships for
high wvelocity flows was attempted, but insufficient

information necessitated the employment of a qualitative
development approach. Our modifications to the FIA riverine

damage curves will improve current damage analyses on fans,
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but the collection of {further experimental or historical
damage data will allow for refinement of the fan damage

curves to further improve damage predictions.

The curves relate depths wup to 5 feet (referenced to the
tirst floor of the structure) to per cent damage for three
different types of structures at three different velocities
(5, 10, and 15 feet per second). Damages for a single flood
event or expected annual damages can be predicted with these
curves using data on stages and velocities and their
frequencies of occurrence., Methodologies for the predicticen
. 0f stages and wvelocities on fans are in a relatively early
stage of development, thereby impeding the accomplishment of

thorough damage analyses.

7.3 Damage Prediction for Structures Protected by Management Tools

Since the depths/damage curves derived {for alluvial fans are
based upon depths referenced to the elevation of the first
floor of the home and are applied to specific velocities,
they can be used without alteration for homes subject to the
reduced flood depths and velocities resulting from {lood
plain management measures. Raising the elevation of the
first floor (through flood-proofing programs) or lowering
the depth of the flood waters around the home (through local
dikes or whole-fan structural controls) will result in lower
depths for damage prediction without requiring alteration of
the damage curves, Control measures that result in a lower
flood velogity can be applied to the damage curve developed

for that lower velocity.
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8. ASSESSMENT OF IMPACTS CAUSED BY MANAGEMENT TOOLS

~

8.1 Impact Matrices

The approach used to assess the impacts of the flood control
measures evaluated in this report is done through the
utilization of impact matrices, (showun in Figures 8.1
through 8.4}, Impact matrices are designed to qualitatively
compare large numbers of alternatives and the external
factors associated with their application. In essence,
matrices help to identiiy the alternatives which have the

least amount of impact.

All associated impacts under consideration are inserted in
the leit hand column o¢f the matrices and all selected
measures to be evaluated are placed in the top row of the
matrices. Each measure listed along the top has a column
below it with an individual box for each of the impacts
listed along the Jleft hand golumn. The c¢olumns under each
flood contrel measure are divided into +three sub-columns.
The first sub-column under each measure is used to indicate
whether the impact 1is likely to be permanent or temporary;
the second sub-column under each measure indicates whether
the impact has a positive or negative efiect on existing
conditions; and the third sub-column indicates whether the
impact is significant or minor for each measure.

Each oI the alternative flood control measures are then
evaluated for each of the impacts listed in the left-hand
column. An appropriate symbol is inserted in each of the
three sub-columns to record this evaluation. &An overalz
comparison of each of the measures can then roughly bhe made
by noticing the number of blackened boxes under each

measure. This gives a direct indication of +the number of
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FIGURE 8.1: ENVIRONMENTAL IMPACTS OF SELECTED MEASURES
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FIGURE 8.2: SOCIAL IMPACTS OF SELECTED MEASURES
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FIGURE 8,3: ECONOMIC IMPACTS OF SELECTED MEASURES
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FIGURE 8.4: INFLATIONARY IMPACTS OF SELECTED MEASURES
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significant impacts «c¢aused by each measure. One can then
loock at the number oif positive and negative signs in the
second sub-column to determine whether each measure has an
overail beneficial or detrimental impact. Finally the P's

and T's inserted in the first sub-column will give an

‘indication of the duration of the impacts caused by each

measure.

A gquick comparison of the flood control measures and their
corresponding impacts can +then be made by considering just
the significant, permanent impacts (filled in boxes with the
letter P) o©of each measure. This will actually compare the
major long-term impacis associated with each measure and aid
in identifying the alternative with the least overall

impact.

Discussiaons cof impact matrix development and the impacts oi
each management tool are presented in Part II, Section 8 of

this report.

8.2 Conclusions Regarding Managqement Tool Impacts

The follouwing general conclusions regarding management tool
impacts are derived from the impact matrices and discussions
(Part II, Section 8.4).

1. Whole~ian, sgtructural measures (dams, levees,
channels) have the most significant positive
and negative environmental and economic

impacts.

2. Structural measures tend to improve economie,
hydrologic, water quality, and biota
conditions, but degrade air, noise, land and

aesthetic conditions.
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3. Local measures have generally minor
environmental impacts, with the most
significant negative impacts atcruing to

aesthetic and biota conditions.

4. Local measures have considerably less
signitficant economic benefits than whole-fan

measures.

5. 1Inflationary impacts are nminor for all

measures.

6. Social impacts are minor, except for
substantial! negative impacts oi flood plain
zoning and moderately negative impacts of

channels and street orientation.

Watershed management and flood plain =zoning

have significant environmental benefits.
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GLOSSARY

Alluvial Fan - Fan—shaped depositional landform

found &t the base o0f mountain ranges and

created from stream sediment.

Aper =« Point on the fan where stream $first
deposits sediment (at the highest point of the

depositional conel.

Apron =~ Coalescence of several fans into a

broad, sloping plain.

Avulsion - Action of water whereby it leaves an
established flow c¢hannel and forms & new flow

path.

Bias - Fan topography which tends to confine

$lood flows to one part of the fan.

Braiding - Flow pattern consisting of many
interconnected channels separated in places by

numerous low islands,

Debris Flow - A vwviscous mixture of mud that
does not conform to the hydraulic properties of
water and is capable of carrying boulders and

debris weighing many tons.

Entrenched Channel - Flow path erocded into #

fan that is significantly lower than the fan's

surface.
Ephemeral Stream - A watercourse which contains
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water only during flcod events and is typically

subject to flash flooding.

Flood Plain = The area of a fan impacted by

{looding (ususally defined by the 180~year
flood).

Flood Proofing - Any measure taken to protect

an individual structure from flood damage.

Floodway - & reserved atea of the flood plain
which carries the bulk of the flood flows, uith
typically high velocities and depths of flou.

Froude Number - A non~dimensional number

indicating among other things, whether flow is
supercritical (greater then 1} or suberitical

(less than 13.

Local Tools - Management measures, such as,

local dikes, drop structures, and elevation,

which protect only a small part of a fan.

Morphologqy - Shape and structure of a tan,

resulting from its' geologic history.

Sheet Flow — Water flow in shallow, widespresad

{sheet-like) layers without defined channels.

Toe =~ Base of the depositional cone of an

alluvial fan.

Hash - An alluvial valley floor.
Whole~-fan Tools - Nanagemént measures, such as
channels or debris basins, which are designed

to control flooding over much of a fan.
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