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I'IlSI Levee Policy Background
1986: 65.10 - Mapping of Areas Protected by Levee
Systems

- Contains many elements
.... .. of the 1981 interim policy- t,- -Requires detailed

..... evaluation of levees
~ ... before mapping them as

11II..~..~ providing protection

;" - Allows for "de-
11IIII 11II certlficationP of levees thai

do not continue to meet
criteria

...' .......,.-'...,;lI-••-..~.~
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Levee Policy Background
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Levee Policy Background

- Levees on the list will be given a year to
comply with maintenance standards before
they Will be considered to be non-compliant

February 2007: USACE issues a list of levees
thai have "Maintenance Concerns"

...,

What does "Reasonably Expected to Provide Base
Flood Proleclion w mean?

For Fodcr;)II(l~ces.it moans:

The levee is already accredited on the CUl1'onl FIRM

The levee has not failed or experienced overtoppIng 111 a
less-Ihan-base flood evei'll

The levee has nol received a Fa,r, Poor. Of Unaccepl<Jble
rallng from the U$ACE

If Ihe levee IS In Ihe Rehabllila~onand InspecllOn Program,
its status has 1'101 been switched from "acltvo" to -maCli\/e"

• Tha levee provides an adequate level of flood protection
based on USACE levee inventory data

• The commul"ily has nol receIved a IBller from the USACE
iderlbf)l"g known maintenance defiOflnCle5 ",tin the levee

~......~.~~

- If they are considered non-compliant after a
year, they will no longer be eligIble for FEMA's
Provisionally Accredited status

'Ii>' -"--- "--~~""".~----
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Embankment
Protection

"'" Detailed Levee Certification Data..
t ...'.;'~ _ ..... _1Ilft!lIII

~ ~
~ ........... -......~~~~
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"'" Operation &
Maintenance Plan

Must address the following:
Closures:
- Documentation of the flood warning system used

to trigger emergency operation activities

- Demonstration that sufficient flood warning time
exists for the operation of all closure structures

- Plan of operation including specific actions and
assignments of responsibility by individual name
or title

- Provisions for periodic lesting, at not less than
~-~ one-year intervals, of the closure slruclures_:.~~

..... . ------...-~

"'" . Operation &
Maintenance Plan

Interior Drainage Systems
- Plan of operation including specific actions and

assignments of responsibility by individual name
or title

- Provisions for periodic testing, at not less than
one-year intervals, of the system

- Provision for manual backup of automatic
systems

- Provisions for periodic inspection of interior
drainage systems

...". _ .. '<4!!'"'''''-'.:'-<.~
..-----
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Operation &
Maintenance Plan

Must address the following:

Maintenance plans

- All activities must be under jurisdiction of:

• Federal or Stale agency, or,

• Agency created by Federal or Slate law, or

• Agency of a community panicipating in the NFIP

..... "-'-~--~~..~

Operation &
Maintenance Plan

Maintenance plans
- ptan must document procedure for maintaining

levee's
• Stability

• Height
• Overall integrity of levee and associated structures

- Plan must specify:
• Maintenance activities to be performed
• Frequency of performance
• Person responsible for performance

-.- - ..",_ .......!"\'.~...~
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"") California Central Valley Mapping
Plan (CVMP) Example

Detailed Documentation Review for Levees

Detailed Hydrology & Hydraulics

Preliminary Drilling and Field Work for Levees

Detailed Drilling and Field Work for Levees

• Detailed Floodplain MapPi.ng •~
p"~.'''_'-'''~ -----......

,.
•
•
•
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"•
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Additional Information
Determined for CVMP
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o Prel ..,ary O<1IIng, loa Deep CPT
• Prel ..,ary 1Jf*>lI, JlT """" CPT
• PrC'! ..,ary l)olling, 100'~ CotIVftllON!
• "' nary OrAng, JlT 0Mp eorr...t>lQ'lal
o DtIMeo OnIorG. 100' Deep CooweI\IJoNil
• Det*d Ont"'lj. 30'~Co_at

ooocooeo

~J .-.-L.-~_L.

• Unit Costs
- Labor
- Drilling

- Other Direct Costs

• Costs by Subbasin

• Mileage by Subbasin

• Costs by tasks

.....-~~.--~~-~----
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Critical Design Objectives
for Levees on Alluvial Fan

5

/J-- ----

~~
=

L

Critical Design calculations:
• Levee Height
4 Revetment Toedown Depth

1. Minimize Potential for Overtopping

2. Prevent failure of Embankment Stope Revetment

3. Eliminate failure from Erosion

------ .;
.-'
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Typical Levee Section
Design Elements
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Evaluating Effects of Alternate
Flowpath Impingement

• Direct Impingement Would Result in Alternate flow Path
Parallel to Levee

• Reduced Slope for Alternate Flow Path and Reduced
Sediment Transport Capacity

• Aggradation Occurs Along Alternate Row Path to

Re-establish Sediment Equilibrium

• Area Between New Bed Profile and Existing Bed Profile

Filled from the Differential Sediment Transport Rales

&& 7/;'" ~ /701"& x~/1'1~,t?8'?J5/770/

g;;(;J ,d/Si)£' dI !?c- ffPpp

ZZ' .hrce-¥
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Evaluating Effects
of Alternate Flowpath Impingement

• Calculate the Maximum Deposition Height allevee:

• Calculate ,"q deposlllon volumo from the Sed/menl transpon fates

and hydrographs

• Deposition wIdth from the self.rarmlng cham.el width

• Applying geometrical relarlMS ma>:lmum deposition depth computed
alcontact poln,

• r,lal and E",~' Pt<>c'lduro Applied to Vary- Contacllongth alOIlg
L"","" tor Maximum Depth
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Alluvial Fan Water Surface Hydraulics
for Flood Protection

• HEC-RAS Hydraulics Analysis \/Illh levee System

Moonings roughness value selection

Strickler & Anderson Equations lor mannings based
on bed material size

n '" 0.04 d. 1/6

Cowan's procedure

Orientatlon of HEC-RA$ cross sections Wtlh Levee

1. Parallel 10 fan contours

2. Normal to Levee onenlahan

Intent is 10~ the depth to prevent overtopping
for worst case

Compare analysIs with empincal fan hydraulics
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Definition of Levee Design Variables

Levee Height Design Variables

• Antidune Height: 0.027 \f2 (Kennedy)
• If Calculatod Antlduns Height Exc(J(Ids Flow Oepll1.
USD F!()w Dopth

• Calculale Hydraulics for (1) Act~al Flow Depths

and (2) Self-forming Channel

• Superelvation: 1.3 V' (b+2zD) I (gR)
• Mmlmum Rae/us Calculated From Topvndlil
Equal to CU'Y(l Tangcrll

• Aggradation Potential (see Impingement Analysis)

• If Depth plus Superelevation Exceeds SpecifIC Energy
then Use Specific Energy

12

I
)

)

)

)

I,
I

I

I

I

I
)

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

J

I



6. Additional Levee Design
Considerations

• Uncertainly of Levce Performance

· Levee Closures

· Long Term Maintenance

· levee Crossings

· Vehicular Access for Flood-fighting

• Aesthetics

-- r--~-

~
• Environmental Mitigalion' Maintain Natural Flowpaths

· Freeboard

• least cost·Evaluatlon of Altemative Systems

Summary of Design Procedures for
Levees on Alluvial Fans

Evaluate Rigid Boundary and Alluvial
Channel Hydraulics
Apply Simplified Alluvial Fan Hydraulics
Development Horizontal Alignment to
Minimize Impacts
Levee Height Calculated to include Maximum
Flow Depth and Aggradation
Revetment Toedown Depth Calculated Below
Maximum Potential Scour Depth
Slope Revetment Designed to Resist
Maximum Tractive Force

13
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Watershed Description

Watershed Hydrology Investigation

------
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46,4 square mile deep Canyon
Watershed Tributary to living
desert debris basin

Deep canyon is Inbulary to
While'o'later River

Two independent drainage
basins tributary 10 project
boundary (A & B)

Extremely rugged mountains and
steep rocky canyons of Santa
Rosa mountaIns

Elevation variation extremes from
8,716 feel to 460 feet al project
17.7 miles watershed length

Average slope 9%

Ungaged watershed

Design storm - standard project flood (SPF)

6·hour 1939 Indio storm (6 45 inches)

HEC - 1 synthetic hydrographs

Bulking lactor of 1.2 applied to clear

walerflows
Bulking factors Dased on adjacent dead

Indian wash debris basin ACOE study
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LEVEE DESIGN FOR FLOOD PROTECTION ON ALLUVIAL FANS

BRUCE M. PI-llLLIPS I

ABSTRACT

The dynamic nature of alluvial fans in arid environments offers numerous floodplain
management challenges primarily due to unpredictability of flowpaths and delivery of
significant sediment. Application ofconstructed levees on alluvial fans is one ofthe primary
structural control measures utilized in historically successful "whole fan" floodplain
management that address flood protection requirements. Levee design and hydraulic
evaluation for alluvial fans are much different than similar applications for standard riverine
locations, and the corresponding requirements by FEMA including flood hazard definition for
alluvial fans. The primary design elements associated with levees which are unique for
alluvial fans include (I) geometry and alignment, (2) embankment cross section and (3)
armoring requirements. Geomorphic and flooding characteristics on an alluvial fan involves
various sources of uncertainties that requires the application of statistical procedures to
evaluate flooding at a given point on the alluvial fan. Armoring of the levee face is an
essential requirement to ensure the successful operation and specific analysis must be applied
to evaluate the vertical limits of the armoring, specifically toe-down depths, since scouring of
the slope protection is one ofthe most common failure modes. The hydraulic evaluation must
have the ability to analyze the potential for alternative flowpaths, flow-impingement on the
levee, degradation, deposition, sediment ramping, and maximum flooding depths from a
variable and random flowpaths. A detailed design procedure is reviewed which provides a
systematic approach for evaluating the design hydraulic and sediment transport requirements
of protective levees associated with alluvial fans.

ALLUVIAL FAN GEOMORPHOLOGY AND FLOODING CHARACTERISTICS

Alluvial fans are a dominant feature in the arid southwest where it is estimated that 15 to 25
percent ofthe area is covered by fans. Fans are depositional landforms which have developed
over a geologic time scale and located at the base of mountain ranges where ephemeral
mountain streams emerge onto the valley floors. Tbe morphology of an alluvial fan is
dependent upon a complex interaction ofseveral variables which include: (I) area, mean slope,
and vegetative cover of the source area, (2) slope of the stream channel, (3) discharge and
climatic environment, and (4) geometry of the mountain front, adjacent fans and valley floor.
The location of the stream channel on a fan is often erratic due to the rapid expansion of the
width and h.ighly variable sediment load. During a flood event, the flow may abandon the path
it has been taking and follow a new one. This occurrence is termed an avulsion which can
result from floodwater overtopping the original channel bank and creating a new channel.
Through multiple avulsions over geologic time, the fan aggrades uniformly so that it tends to
exhibit concentric, semi-circular contour lines. Changes in the flow or sediment supply can
affect the morphology ofthe apex and fan surface. Understanding of the fan geomorphology
is a critical step in the initial planning efforts for protective levees.

Senior Vice President, PACE, 17520 Newhope Street, Fountain Valley, CA, 92708, Phone: (714)-481­
7231 Fax: (714)-514-8804 E-mail: bphillips@pacewater.com



The flood dynamics of an idealized alluvial fan can be characterized by several zones which
are defined beginning from the apex as: (1) channelized zone, (2) braided zone, and (3) sheet
flow zone. The channelized zone is an entrenchment on the uppermost portion of the fan
which can result in high velocity flow with significant debris/sediment load and unpredictable
location. As the single channel encounters flatter slopes on the mid-fan area then a transition
area develops where the channel becomes unstable and multiple sinuous flow path form in the
braided zone Flow velocities are further reduced near the base of the fan where the flow
spreads out laterally and is very shallow.

ALLUVIAL FAN FLOODING DESIGN ISSUES AND MANAGEMENT MEASURES

Alluvial fan formations have topographic, morphologic, and hydrologic features which differ
substantially from the characteristic riverine floodplains that influence the associated design
requirements of flood protection measures. Alluvial fan floods do not exhibit the more
predictable behavior and well-defined boundaries normally encountered in riverine floodplains
which common hydraulic models are available. Application of standard riverine design
criteria for protective levees on alluvial fans will not correctly address the complex hydraulics
and ensure flood protection reliability. FEMA(l989) has identified the following flood
hazards which are common characteristics of flooding on alluvial fans and include: (1) high
velocity flow (IS to 30 fps) that can produce significant hydrodynamic forces on structures,
(2) significant erosion/scour depths, (3) deposition of sediment and debris to depths of 15-20
feet during a single event, (4) debris flow and their associated impact forces and large
sediment loads, (5) flash-flooding (little warning time) (6) unpredictable flow paths, (7)
hydrostatic and buoyant forces, and (8) inundation. An issue associated with the application of
a levee for flood protection on an alluvial fan is the consequences for events exceeding the
design height capacity could be more catastrophic than the event would have been under non­
leveed conditions due to the potential failure which might result in a catastrophic flood.

Floodplain Management tools available for alluvial fans which address the identified hazards
can be generally categorized as either "whole fan" protection which focuses on regional
solutions or "localized" protection which benefits individual developments. Typical
management tools include (I) levees and floodwalls, (2) channelization, (3) debris and
detention basins, (4) drop structures, (5) debris fences, (6) local dikes, (7) street orientation, (8)
elevating structures, and (9) floodplain zoning. Levees are considered whole fan solutions and
one of the few measures which is effective in the channelized flow zone of the alluvial fan.
Levees provide regional flood protection of the down-fan area, but must be continuous from
the apex or lateral boundary, to the toe of the fan.

ALLUVIAL FAN HYDRAULICS AND UNCERTAINTY

The methodology adapted by FEMA for conducting the evaluation of flood hazard zones on
alluvial fans was based upon the procedures developed Dawdy (1979). The primary
assumptions were (I) a critical flow condition, and (2) geometry of the channel entrenchment
is based upon field evidence that the channel will stabilize into a self-forming channel section

W=9. 5Q04

at a point where a decrease in depth causes a two-hundred fold increase in width.
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Edwards-Thielman adjusted the Dawdy equation based upon studies for the alluvial fan in
Cabazon, California, through the assumption ofnormal depth as a more realistic scenario than

3/8
W= J7.16 (Qn)

S3/J6

critical depth which resulted in the following:
The current FE?vl1~~ methodology for computation of the fan width that defiiies the floodplain
boundary for specific flood hazard zones (ie. depth/velocity zones) for any return period (n­
year). The analysis for the single channel region involves the application of the probability
density function ofthe apex discharge based upon a Pearson Type III distribution and a similar

W= N 9.408 A CJP'(y> 10gJOQ,)-P'(y> 10gloQw)}

l-N](Q> Qw)

relationship has been developed for the multiple channel zone.
These empirical relationships provide the basic tools to assist in the evaluation of the alluvial
fan hydraulics for maximum flow conditions or "worst case" scenario. Fixed bed water
surface profile models should be developed to provide a sensitivity analysis of hydraulic
characteristics of the floodplain adjacent to the levee for a range of potential flowpath
orientations. Hydraulic characteristics from both the alluvial fan hydraulic relationships and
water surface profile models should be applied for evaluation ofthe both height and toe-down
requirements. Independent hydraulic analysis is required to determine tbe maximum
requirements for both of these conditions which generally involves a sensitivity analysis of (I)
the cross section orientation relative to the levee alignment and (2) variation ofthe mannings
coefficient based upon relative changes in the streambed characteristics.

DESIGN OBJECTIVES AND SPECIAL CONSIDERAnONS

The primary design objective of the levee is to ensure that the potential for overtopping failure
has been minimized and adequately addressing the uncertainties associated with the hydraulics
and sediment! debris. Previous studies by the ACOE (1993) have assessed structural flood
control measures on alluvial fans. The historical difficulties which were identified with levee
failures on alluvial fans included (1) restricting sediment transport and causing deposition, (2)
failure ofrock rip-rap bank protection, (3) erosion failure ofunarmored earthen embankments,
and (4) toe failure of slope revetments. Standard FEMA requirements for levee design that
should be addressed as pan ofthe design include: (1) embankment geotechnical stability, (2)
settlement, (3) slope revetment, (4) closures, (5) freeboard, (6) liquefaction, and (7)
maintenance/inspection. Requirements for seepage and interior drainage are less ofa concern
on an alluvial fan because of fan orientation, duration of storm, and embankment slope
revetment. Special design considerations associated with a protective levee on a alluvial fan
includes (I) venical and horizontal alignment, (2) orientation relative to the fan direction, (3)
embankment cross section, (4) slope revetment or armoring, (5) embankment height, and (6)
toe-down protection.

HORIZONTAL ALIGNMENT SELECTION

The lateral extent of the levee traversing the alluvial fan and the horizontal alignment relative to the
orientation of the fan are primary design issues effecting hydraulic performance which requires evaluation of
multiple alterative alignments. It is desirable to maintain the angle oforientation between the normal flow



direction on the alluvial fan and the levee alignment as small as possible, generally not greater than 45'.
Larger convergence angles result in significant reduction ofhydraulic and sediment conveyance potential for
flow following a path adjacent to the levee. However, the smaller convergence angle for the levee alignment
generally results in a longer levee system to traverse across to the terminus point on the fan, smaller levee
height, but ultimately requiring higher construction costs. A feasibility analysis should investigate several
alignments to investigate the most cost effective facility.

The levee should follow an alignment which traverses across the entire extent of the alluvial fan and anchor
beyond the lateral limits of the fan, preferably canyon walls. However, for many alluvial fans it is difficult to
determine precisely the active lateral boundary of the fan, especially if several fans coalesce together.
Significant importance is associated with the boundary delineation and a significant portion ofthe fan may be
considered geologically inactive which could reduce the facility requirements. If the proposed levee
terminates without extending to the upstream lateral boundary ofthe alluvial fan, then the potential for flow
flanking the levee should be incorporated in the analysis and providing a secondary flow path to
accommodate the by-pass as part of the flood protection. The potential for flanking of the fan can be
quantified through the application of the FEMA methodology for probability of flooding at a specific location
on the alluvial and using the fan contour width associated with the bypass area. This procedure will result in
a discharge for that portion of the fan contour width below the apex and follows the analysis outlined by
French (1991).

LEVEE EMBANKMENT HEIGHT REQUIREMENTS

The total height of the levee must be able to accommodate variable flowpaths and hydraulic characteristics,
including potential sediment deposition associated with debris laden flows and alluvial stream mechanics.
The criteria applied to evaluate the levee height above the natural streambed includes sufficient freeboard
above the maximum design water surface elevation to consider variations of the fluvial system to assure
overtopping does not occur. Alluvial fan design discharges from the watershed hydrology utilized for the
hydraulic analysis should include an appropriate "bulking factor" to increase clear water discharges to
account for sediment in the total flow volume. Additional items which should be accounted for in the total
levee height above the water surface elevation include: (I )sediment deposition, (2) superelevation / surface
wave formation, (3) bedform (anitdune height), and (4) residual freeboard. The maximum water surface
elevation adjacent to the levee should be evaluated at critical depth which is consistent with FEMA
requirements for floodplain analysis ofsupercritical alluvial channels. The supercritical hydraulic parameters
generally associated with the fixed bed water surface profile analysis should be utilized to calculate the
additional cumulative components. The minimum residual freeboard outlined by FEMA in Part 65. 10 (b) (I)
(ii) of the NFIP for levees is three feet with a laO-year design frequency. The required total levee
embankment height calculated with this procedure should be compared to the specific energy for the
supercritical conditions and the maximum height utilized.

Levee Height ~ HI = Y'riti"ld'!'th + Deposition + Superelevation + 0.5 Antidune + F.B.

or Levee Height ~ Specific Energy",p=riti"l

PROBABILITY ANALYSIS OF LEVEE BYPASS

Although the physical information provided regarding the alluvial fan flooding indicates that the levee
alignment selected would contain the anticipated flooding, we want to quantify the potential for flanking of
the fan through the application of the FEMA methodology for probability of flooding at a specific location on
the alluvial. However, as identified by many investigator this procedure assumes complete randomness of
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flooding and does not evaluate the potential that floods are more likely to follow previously defined flowpaths
(ie. French, et. aI, 1993). The procedure was adopted in order to satisfy the most conservative evaluation of
the flooding condition to satisfy the identified concerns.

The objective of the technical analysis was to detennine the amount of flow which could
potentially bypass the head of the transverse levee. Although this would be physically
difficult for this situation to occur based upon the items previously identified which included
the fan configuration and geomorphology. Current studies regarding the techniques of
alluvial fan flooding evaluation which were incorporated into this analysis included: (1)
Alluvial Fan Flooding Methodology - Final Report (October 1996), prepared by Bechtel
Corp. for the Army Corps of Engineers, Los Angeles District, (2) FEMA Fan, An Alluvial
Fan Analyzer User Manual (February 1998), US Army Corps of Engineers, and (3) Design
ofFlood Protection for Transportation Alignments on Alluvial reinS, French. This studies
refine the FEMA methodology on alluvial fans for specific applications which can be applied
to our situation. An earlier study prepared for the Arizona Department of Transportation
(FHWA-AZ88-802) Analysis ofFlows on Alluvial Fans (1988) was also evaluated, but it did
not apply the probability function to the analysis and only relied upon uniform distribution of
the flows across the fan, so was not incorporated.

The procedures which were outlined in the preceding references were applied to determine
the lOO-year flowrate at a specific distance below the apex of the alluvial which is an amount
lower than that at the apex. The alluvial fan flooding can be categorized into two particular
regions, either the single channel zone or the multiple channel zone. The proposed location
of the upstream levee head is located in an area which is defined as "single channel" based
upon channel and fan slope (FEMA, 1985). The theoretical approach utilized by FEMA to

P(H= 1)= r" (I "exp{-O.5(Y-j.l/l u 'J d
JrrPH_Q ,q/ u.J2;r y

establish the N-year alluvial fan flooding results in the following basic form of the equation:

The flood width for N-year discharge can be reduced to the following form which is utilized

~= 9408C A P'( )
N W YN

for the current analysis:
Where Y, is the 10glOQ and P' represents the probability density function that
follows a log Person type III distribution. The constants C, A, and N are the
transformation constant for the frequency distribution, avulsion parameter, and the
return period, respectively. This is consistent with the procedures also reviewed by
French (1988) for a reduced contour width over the entire fan width at a particular
contour elevation. The application of this procedure utilizing the following
procedure:

I. The contour width was measured at the head of the transverse levee to
determine the value, W, in the equation indicated. The width was measured over
the maximum limits of the fan which included the area that could be flank around
the levee.



2. Perfonn the computation of the flow statistics for the calculated peak discharges
at the apex of the fan. The flow statistics include the mean (~), variance (a), and
skew coefficient (g). These values were calculated from the hypothetical
discharges previously determined in the regional hydrology analysis for this
project A least-squares best fit analysis can be perfomed on the 10gIO of the data
and result in clear water discharges estimated from the BEC-Ior other hydrology
model for ~, a, and g.

3. Calculate the transformed statistics for the alluvial fan for the log-person

A kc= [ } exp (0.92 m)
A - 0.92

distribution based upon FEMA methodology:

4. Calculate the probability associated with the flood width for the contour width
at the levee head when the avulsion factor, A, is 1.0.

5. Calculate the associated discharge with this probability utilizing the frequency
factor for a log person type III distribution.

This will provide the flanking discharge applying FEMA methodology.

FLow IMPINGEMENT EVALUATION

Levee alignments which follow a transverse alignment across the alluvial fan have the
potential for flowpaths to impinge directly on the levee and then convey collected flow along a
path parallel to the levee. The impingement can result in (1) sediment ramping, (2) sediment
agradation, and (3) water surface runup along the levee face. The disruption in the hydraulic
and sediment transport characteristics that would be incurred as a result of the flow following
this path could cause potential sediment buildup upstream along the levee face. Flowpaths
which impinge on the levee would encounter a reduction in channel slope compared to the
normal fan slope. The milder slope which occurs along a path adjacent to the levee would
generate lower average flow velocities and a corresponding reduced sediment transport
capacity. The mechanics of the flow conditions along this secondary path would attempt to re­
establish a equilibrium sediment transport condition through gradual building of the slope to
reflect the upstream fan slope. The area between the new bed profile and existing bed profile
would be filled with sediment deposited due to the differential sediment transport rates
associated with the two different flow paths. Effects of the water surface mnup can be
estimated from the amount of superelevation associated with a channel characterized by the
"self-forming" channel geometry and minimum radius equivalent to this channel width.

An idealized representation of the impingement sedimentation process can be developed to
estimate the potential maximum deposition depth at a point along the levee based upon simple
geometric relationships. The maximum differential in sediment volume is calculated from the
sediment hydrograph associated with the two different sediment transport capacities, either
parallel to the fan or parallel to the levee. The maximum deposition depth that may occur
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would depend upon the location of the contract point if a triangular sediment deposition
pattern is assumed. The width of the deposition pattern can be estimated as the self-forming
channel width on an alluvial fan from the basic empirical relationships. Applying a trail and
error procedure, the location of the impingement point is varied to obtain the maximum
deposition depth for the differential sediment volume which occurs at the triangle apex and the
new slope of the deposited material intersects upslope on the natural fan surface.

SLOPE REVETMENT AND TOE-DOWN DEPTHS

Structural slope revetment is critical design requirement for the levee construction since
historically unarmored levees are extremely vulnerable to erosion and even rock rip-rap has
exhibited historic erosion problems. The most common failure mechanism of rigid bank
protection revetments for alluvial stream is generally due to under scouring at the toe of the
revetment. The design of the slope revetment must ensure adequate toe-down protection
below anticipated scour depths to account for dynamic changes in the streambed. Toe-down
depth of the protective slope revetment must consider these potential adjustments which
includes potential of (1)general alluvial streambed degradation, (2)bedforrn height, (3)local

ZTQlOf= ZGenrro/+ ZBed/orm + ZL<1>l'Flow!nmemenl + ZLocalScaur

scour (primarily contraction or abutment scour), and (4)low-flow entrenchment.
Bedform / Antidune Height - Supercirtical flow in alluvial streams will result in the potential
formation of antidunes within the streambed. The antidune height can be estimated by the
equation developed by Kennedy (1961) and if the calculated dune height exceeds the flow
depth, then the flow depth should be used rather than the computed value. Half the antidune
height is the allowance associated with bedform development for streambed adjustment.

ZA = 0.027 V'

Low Flow Entrenchment - The mechanics ofalluvial stream generate small incised channels
during periods oflow-flow rates or the recession of the storm hydrograph. The magnitude of
the potential low-flow entrenchment that may occur on this portion of the alluvial fan should
be estimated through detailed field reconnaissance of the area.

Local Scour - The potential for local scour can result in localized changes of the average
hydraulics or abrupt changes in the horizontal alignment, particularly if flow training devises
are utilized at the upstream terminus. This type of local scour results from obstruction to the
natural floodplain width or decreased flow area ofa floodplain contraction created by training
levees constructed across a transverse alignment on the fan. The amount ofJocal scour utilized
the maximum depth indicated by the various empirical relationships for the different forms of
local scour which may occur. Laursen(1960) derived the following contraction scour equation

based upon a simplified sediment transport function:
General Degradation - General scour can be evaluated through the application of one of the
many available moveable bed sediment routing models. The sediment routing analysis can
evaluate the design storm hydrograph and variable sediment inflow from the alluvial fan in
order to quantify potential streambed adjustments.



DESIGN SUMMARY

The following guidelines provide a generalized procedure to assist the design development of
levee facilities on alluvial fans, but each specific application must incorporate the unique local
conditions and features to the design formulation. It should be recognized that continual
maintenance and inspection is essential in order to ensure optimal performance and long term
flood protection.
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DESIGN OF FLOOD PROTECTION FOR
TRANSPORTATION ALIGNMENTS ON ALLUVIAL FANS

By Richard H. French,' Member ASCE

ABSTRACT: The method of floodplain delineation on alluvial fans developed for
the National Flood Insurance Program (NFIP) may be modified to provide estimates
of peak flood flows of specified return periods at transportation alignments, such
as aqueducts or railroads, crossing alluvial fans. The modified methodology divides
the total length of the alignment into segments, and the peak flow expected in each
segment during a flood event is estimated as a function of the return period of the
event, the segment length, and the location of the alignment on the alluvial fan.
This estimate of the peak flow can be used to properly size the facilities such as
dikes, berms, and culverts to protect the alignment from flood damage. The pro­
posed methodology has potential applications in any environment where trans­
portation alignments must cross alluvial fans on which the hydraulic processes are
similar to those for which the NFIP methodology was developed. An example of
the use of this methodology is provided.

INTRODUCTION

It is generally recognized that the design of flood-control facilities in the
arid and semiarid western United States is often more difficult than in the
more humid areas of the country for a number of reasons. First, the tra­
ditional methods of flood frequency analysis using historic stream flow rec­
ords are generally not applicable because of a lack of data and the highly
episodic nature of flood events in thc dcsert environment. Second, precip­
itation records are generally short, the gaging stations poorly distributed,
and the records available often erratic and unreliable. Therefore, the use
of precipitation-driven watershed models in the arid environment yield es­
timates of flood hydrographs with a greater degree of variability than similar
hydrographs in other regions. Furthermore, there are usually not sufficient
data to either fully calibrate or validate the watershed models used. Third,
sediment transport is a more serious consideration in the arid environment
than in humid areas. Fourth, in the alluvial fan environment, which is a
significant portion of the area in the southwestern United States, the chan­
nels are neither well defined nor stable.

A methodology was developed to identify flood hazard zones on alluvial
fans, by Dawdy (1979), for the National Flood Insurance Program (NFIP).
In its intended application, this methodology defines the boundaries of the
flood hazard zones but provides minimal information to the hydraulic en­
gineer for the design of drainage protection. An extensive review of the
literature, French et al. (1991), also revealed that there is minimal guidance
regarding the design of drainage protection for transportation systems cross­
ing alluvial fans.

In this paper, the Federal Emergency Management Agency (FEMA)
method of delineating floodplains on alluvial fans is modified and used to

'Res. Prof., Water Resour. Ctr., Desert Res. Inst., P.O. Box 19040, Las Vegas,
NV 89132-0040.
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estimate peak flood flows at transportation alignments, such as aqueducts
and railroads, crossing aUu'/ia! fans. The total length of the alignment is
divided into segments, and the peak flow expected in each segment during
a flood event is estimated as a function of the return period of the event,
the segment length, and the location of the alignment on the alluvial fan.
The proposed methodology has potential applications in any environment
where transportation alignments must cross alluvial fans on which the hy­
draulic processes are similar to those for which the FEMA alluvial fan
methodology was developed.

BACKGROUND

From a geomorphologic viewpoint, an alluvial fan is a triangular or fan­
shaped deposit of boulders, gravel, and finer sediment found at the base of
desert mountain slopes deposited by intermittent streams as they debouch
onto the valley floor (Stone 1967). There are many other definitions of
alluvial fans; for example, FEMA (Federal Register 1989) stated the fol­
lowing definition:

"Alluvial fans are geomorphic features characterized by cone- or fan­
shaped deposits of boulders, gravel, sand, and fine sediments that
have been eroded from mountain slopes, transported by floodwater
draining upstream watersheds, and then deposited on the adjacent
vaHey floor. ... flooding that occurs on active aHuvial fans is char­
acterized by fast-moving debris and sediment laden shallow flows. The
paths foHowed by these flows are prone to lateral migration and sudden
relocation to other portions of the fan. In addition, these fast moving
flows present hazards associated with erosion, debris flow, and sedi­
ment transport."

Bull (1968) noted that no single criterion should be used to define an
aHuvial fan. From the viewpoint of hydraulic engineering, the focus of the
definition of aHuvial fan should be the processes that formed and continue
to modify the fan, or fan-like landform, rather than a description of the
landform itself. If such a viewpoint is adopted, then an alIuvial fan should
exhibit the following characteristics. First, the surface must be a feature on
which deposition and erosion are active processes on an engineering, as
opposc:d to a geologic, time scale. Surface activity is a primary characteristic,
since stable incision of a channel on an alluvial fan surface can result in
portions of the surface being abandoned and thus becoming inactive. Chan­
nel incision may also result in the effective apex of the fan being moved
down the fan. Over any reasonable time scale (engineering or geologic), an
alIuvial fan must, on the average, be an aggradational feature, in both time
and space. However, at specific location during a specific period of time
erosion may be taking place.

Second, there should be a defined apex that is the highest point on the
active surface where the stream that forms the surface emerges from either
the mountain front or from an area on the surface where the channel is
stably incised. .

Third, the primary slope of the surface is in the radial direction, Fig. 1,
with smalI slopes in the transverse directions. In the case of fans in the
United States, the radial slope should, in general, range between 0.0087 ftl
ft and 0.14 Wft (Anstey 1965).
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Topographic Conlours

Railroad
-- Alignment

Fan
boundary

FIG. 1. Schematic Definition of Idealized Alluvial Fan and Proposed Railroad
Alignment Crossing Fan. Topographic Contours Shown, Schematically, are Equally
Spaced

Fourth, channels on the fan surface are poorly defined and are not stably
entrenched. Flood flows on the fan surface will cut their own channels
through the existing alluvial material by bottom scour and channel side-wall
erosion; and these channels, during either a single event or over a series of
flood events, will migrate across the surface (Dawdy 1979). Therefore, the
location of the channel on an alluvial fan surface is random.

DEVELOPMENT OF METHODOLOGY

As described elsewhere, Dawdy (1979), Mifflin (1988), and French (1987),
because the location of the channel on an alluvial fan is hypothesized to
migrate during a single event or over a series of events, FEMA developed
a stochastic methodology to assess flood hazard on alluvial fans. This sto­
chastic methodology takes into account the hydraulic and geomorphologic
processes that formed the surface and continue to modify it; that is, channel
migration is essential if a symmetric landform is to be developed. In the
following paragraphs, the equations composing the FEMA methodology are
briefly developed; for a more detailed development, the reader is referred
to Dawdy (1979) or FEMA (Fan 1990).

Let H be a random variable that has the following meaning for discrete
points on an alluvial fan'

H = {I, if the point is flooded
0, if the point is not flooded
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Let Q be a second random variable that is the peak flood flow rate
resulting fr0m a precipitation event of a knm'!n return perio<:f I)rrnrring in
the upstream watershed. If f(q) is the probability density function (PDF)
of Q, then the probability of a point being flooded during an event with a
peak flow rate of at least q0 is

P(H = 1) = f~ PH IQ(I,q)f(q) dq (1)
q.

where PIJIg(l,q) = the probability of the point of interest being flooded
given that tbe peak flood discharge is qo' The PDF of Q is generally assumed
to be log-Pearson type III (LP3) (Dawdy 1979), which is a log-normal
distribution when the LP3 skew coefficient is zero. In this development, the
skew coefficient will be assumed to be zero, for notational convenience and
brevity, with the understanding that a similar development can be performed
in the case where the LP3 skew coefficient is nonzero. Whenf(q) is assumed
to be described by an LP3 distribution and the skew coefficient is zero, Eq.
(1) becomes

where Yr = loglo(qr); qr = peak flood flow with a return period of Tyears;
I.l = mean value; and cr = standard deviation of the PDF of Q.

Since FEMA must delineate areas of flood hazard on alluvial fans for the
NFIP, the original FEMA methodology estimated the probability of hazard
at points on the alluvial fan. As noted by French and Lombardo (1984) and
Mifflin (1988), when the facility of interest has finite size, the floodplain
delineation methodology must be modified. In the case of a transportation
alignment crossing an alluvial fan, the facility has a finite length; and in
many cases, the alignment would extend completely across the alluvial fan
(Fig. 1). In such cases, one drainage design approach is to subdivide the
total alignment length into segments and provide adequate facilities (dikes,
berms, culverts) in each segment to pass the flow under the alignment in
the case of railroads and highways and over or under the alignment in the
case of canals. If the length of a drainage design segment is Ws and the
width of the fan contour at the location of the alignment is We, then a simple
equation quantifying PH lq(l,q) is

PH I Q(I,q) = w ~Ws (3)
e

where w = width of the channel cut by the flood flow crossing the fan and
subject to (w + Ws) < We' Eq. (3) tacitly assumes that there are not
preferred directions of flow on an alluvial fan surface, and having taken the
size of the facility into account, the probability of floodin~ along a topo­
graphic contour is uniform. Other equations quantifying PHIQ(I,q) could be
hypothesized; however, given the available data, more complex forms are
not currently justified.

Based on limited field observations, Magura and Wood (1980) asserted
that alluvial fan channels stabilize at a point where a decrease in the depth
of flow results in a 200-fold increase in width. This assumption, combined
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with the assumption that during flood events flow in these channels occurs
at critical depth (Dawdy i979), yields an equation, in English units, for the
width of the channel or

w = 9.41 q°.4 (4)

Other assumptions can be made regarding the width of the channel cut
through the alluvium; see for example, Edwards and Thielman (1984).

Additional field observations, DMA (Alluvial Fan 1985) or French (1987),
resulted in the hypothesis that near the apex of the fan, flood flows are
confined to a single channel, and at some point down the fan from the apex,
the flood flow is conveyed in multiple channels. In Fig. 2, the radial distance
from the apex of the alluvial fan to the point on the fan where the single
channel branches into multiple channels is plotted as a function of the ratio
of the slope of the canyon upstream of the apex to the slope of the fan. In
the multiple channel region of the alluvial fan, limited field observations
suggest that the aggregate width of the channels is 3.8 times the width
estimated by (4), French (1987), or FEMA (Fan 1990). Therefore, in the
multiple channel area

w = 35.8q°.4 (5)

Substitution of (3) in (2) yields

[
- 0.5(y - fLf]exp

~ = L: (w ~cWs) IT;'; dy (6)

Substitution of either (4) or (5) in (6) yields after manipulation

o L.............L............l..........Lu........L..........L.......L~:O::'...L.......J...........J
1.0 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.6 1.9 2.0

Canyon Slope/Fan Slope

FIG. 2. Relationship between Length of Single Channel and Ratio of canyon Slope
to Fan Slope ("Flood Insurance" 1985)
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Py [- 0.5(y - fl.')2]
...p 2

1 Aq3 JX a
-=- dy
T We Yr aV2-TT

ApPLICATION

In Fig. 1, a hypothetical railroad alignment is shown crossing an idealized
alluvial fan. This alignment nearly parallels an alluvial fan contour, which,
given the grade limitations on railroads, is realistic. Similar grade limitations
also apply to irrigation and water-supply aqueducts crossing alluvial fans;
and therefore, this example is equally applicable to the design of drainage
protection for aqueducts crossing alluvial fans. The length of the alluvial
fan contour (We) at the elevation of the proposed crossing is approximately
3,000 ft (910 m).

In the first section of this paper, a number of difficulties associated with
estimating flood flows in the arid southwestern environment were enum­
erated. A typical approach to this problem is to use a watershed rainfall­
runoff model, such as HEC-l, in the watershed above thefan apex to predict
peak flows at the apex of the alluvial fan; see for example, Burkham (1988).
The input to the watershed model would be regional analyses of precipitation
such as Miller et al. (1973) or the results of local studies such as Clark
County Regional Flood Control District (CCRFCD) (Hydrologic Criteria
1990). The estimated peak flood flow rates are then used with the equations
provided by WRC ("Guidelines for" 1981) or Dawdy (1979) to estimate
the LP3 mean, standard deviation, and skew coefficient required for the

C = exp(0.92 f.l. + 0.42 a2)

Il-' = f.l. + 0.92 a2

and 13 = 9.41 in the single channel region and 13 = 35.8 in the multiple
channel region. The coefficient A in (7) is the avulsion coefficient that takes
into account that during a flood event the flow may abandon one channel
and either follow or form a new channel. An avulsion can result from the
sudden deposition of sediment and/or debris with the flow then overtopping
the channel banks or by erosion of the banks. If the probability of an avulsion
occurring in anyone event is 0.5, A would have a value of 1.5.

On the right-hand side of (7), the first term is the probability of a point
on the alluvial fan contour of length We, Fig. 1, being flooded, on the average
every T years; and the second term is the probability of the flow rate q1
being equaled or exceeded at the apex of the fan. The integral in the first
term is a transformed log-normal PDF, and the integral in the second term
is an untransformed log-normal PDF. Values of the log-normal and LP3
deviates are tabled in WRC (Guidelines for 1981) as a function of the skew
coefficient and exceedance probability. The form of (7) masks the fact that
it is only valid when (w + W,) <: We in (3).

[
-0.5(y - fl.)2]

exp 2

W J~ a+ -' dy
We Yr aV2-TT

where
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analysis described previously. In general, the skew coefficient for watersheds
in the arid southwest should have a value near zero; see for example, the
generalized skew coefficient data provided by WRC ("Guidelines for" 1981).

For the purposes of the example problem, it is assumed that commonly
accepted rainfall-runoff modeling of the watershed above the fan has re­
sulted in the following estimates of the LP3 parameters: /I. = 2.06, u =
0.496, and G = 0 where G is the skew coefficient. The values of the
parameters for the transformed log-normal PDF, the first term in (7), are
/I.' = 2.29 and C = 7.38. If the avulsion coefficient is assumed to have a
value of 1.5 ("Flood Insurance" 1985), which is a standard assumption
lacking data to the contrary, then substitution of values in (7) yields

[
-0.5(Y - 2.29)2Jexp

1 f~ 0.496
2

- = 0.035 dy
T YT 1.24

ex [-0.5(y - 2.06)2J
w f~ p 0.4962

+ 3,0~O YT 1.24 dy (8)

in the single channel region of the fan. In th~ multiple channel region of
the fan, the coefficient preceding the integral in the first term would have
a value of 0.13.

If the event return period, T, for which alignment protection is to be
provided, is selected, then (8) can be solved for various values of W, to
estimate the peak flow rate qT that can be expected to occur in a drainage
segment every T years. For example, given the data provided and with T

1000100
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FIG. 3. Expected Flow at Alignment with Return Period of T-years, as Function
of Length of Drainage Segment (0.305 m = 1 ft and 0.028 m3 ts = 1 cu ftlsec)
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FIG. 4. Ratio of q.,lQT as Function of Ratio W,IW,

= 25 years and Ws = 1,000 ft (305 m), in the single channel region of the
fan the first term = 0.007 and the second term = 0.033 when qT = 510 cu
ft/sec (14 m3/s). For these data, the left-hand side of (8) has a value of 0.04
and the right-hand side (the first and second terms) also has a value of
approximately 0.04. Therefore, the estimated peak flood flow rate at the
alignment with a return period of 25 years is 510 cu it/sec (14 m3/s) when
the drainage segment length is 1,000 ft (305 m).

In solving (8), care is required for two reasons. First, as noted previously,
(w + Ws) < W,. In (8), Ws is an explicit variable; however, the value of w
is not obvious. Second, the flow rate qr at the alignment cannot exceed the
flow rate of the same return period at the apex of the fan, Qr. Given the
form of (8), these are not completely independent requirements.

In Fig. 3, qris plotted as a function of Ws for the hydrologic data provided;
return period of 25 and 100 years; and an avulsion coefficient value of 1.5.
For the hydrologic data provided, the LP3 estimated flow rates with return
periods of 25 and 100 years are Q25 = 850 eu ft/sec (24 m3/s) and Q100 =:

1,640 cu ft/sec (46 m3/s), respectively. In Fig. 3, the curves are terminated
where qr =: Qr; and at these points of curve termination the condition (w
+ W,) < We is also satisfied. In Fig. 4, the data presented in Fig. 3, in the
range of valid solutions, are plotted in dimensionless form. In Fig. 5, qr is
plotted as a function of Ws for avulsion coefficient values of 1.0, 1.5, and
2.0. In Fig. 5, the return period is 25 years; and only the results for the
single channel region of the fan are presented.

With regard to Figs. 3-5, the following observations are pertinent. First,
qr is the peak flood flew rate that will occur in a drainage segment of
specified length on the average once every T-years. As Ws approaches We>
qr approaches Qr. (Figs. 3 and 4). This is a reasonable result; that is, as
the drainage segment length becomes large relative to the fan contour width,
there is an increasing probability that the T-year event at the apex will strike
it. Second, whether the alignment is in the single or multiple channel region
of the alluvial fan, it has a significant effect on the value of qr (Figs. 3 and
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Figure, T = 25 years and Only Results for Single Channel Region of Fan are
Presented (0.305 m = 1 11 and 0.028 m'/s = 1 cu ft/sec)

4). Third, the results for the multiple channel region of the fan are con­
servative since it is not certain that all of the multiple channels conveying
the flood would impact the same drainage segment length. Fourth, the effect
of the value of the avulsion coefficient on qT is the most pronounced when
Ws is small relative to We (Fig. 5). In (8), as Ws approaches We> the value
of the second term becomes large relative to the first term; and therefore,
the effect of the avulsion coefficient on the result becomes less.

CONCLUSION

The methodology developed and discussed in the previous sections of this
paper is intended to provide discharge estimates as a function of return
period that will allow drainage protection for transportation alignments
crossing alluvial fans to be designed on a rational basis. The proposed
methodology takes into account the hydraulic and geologic processes that
formed and continue to modify alluvial fan surfaces and is a modification
of the methodology used by FEMA to define floodplains on alluvial fans.
Given that the proposed methodology is based on the FEMA methodology,
it is subject to the same limitations, It must be admitted that the FEMA
methodology is based on an incomplete and empirical understanding of the
hydraulic processes on an alluvial fan and contains a number of assumptions
that have not been validated. However, even given the limitations of the
base methodology, the approach presented here provides a rational basis
for sizing transportation drainage structures given the location of the align­
ment on the fan, the return period of the design event, and the drainage
segment length,
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ApPENDIX II. NOTATION

The following symbols are used in this paper:

A = avulsion coefficient;
C = computed coefficient;

f(q) = probability density function of Q;
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random variable;
peak flood flow rate resulting from precipitation event of known
return period;
peak flood flow rate with return period of T-years at apex of alluvial
fan',
flow rate in alluvial channel of width w;
peak flood flow rate with return period of T-years at a point in the
drainage segment;
event return period in years;
alluvial fan contour width;
drainage segment length;
width of channel cut by flood flow across alluvial fan;
dummy variable of integration;
coefficient which has value of 9.41 in single channel area of alluvial
fan and 35.8 in multiple channel area;
mean value of log-normal PDF;
mean value of transformed log-normal PDF; and
standard deviation of log-normal PDF.
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ESTIMATING THE DEPTH OF DEPOSITION (EROSION) AT SLOPE

TRANSITIONS ON ALLUVIAL FANS

By Richard H. French,! Julianne J. Miller; and Steve Curtis'

ABSTRACT: A typical flood mitigation structure on an alluvial fan consists of a dike/channel system that
deflects the fi0V-: away from the area requiring protection. Such a structure results in a change in cbannel slope
from steep to mlld when the flow first encounters the structure and from mild [0 steep when the flow is released
at the downstream end of the structure. These slope changes result in sediment deposition at the point where
the ~ow encounters the s~~cture ~d erosion ,a,[ the point of release. In designing the structure, the length and
maxlmu~ dept~ of deposlt10n (eroSton) are Cflncal variables that must be estimated. A simple model to estimate
these vanables .1~ propos~d and developed. !he hypothesized model has been used to estimate the length and
depth of deposItIOn (eroSlon) on several projects in southern Nevada.

Direction fo flow

ASSUMPTIONS

FIG. 1. Typical Positioning of Dike/Channel System for Rood Miti­
gation on Alluvial Fan

Topographic Contour

/' Apex

\

In developing this approach, two assumptions were made.
First, without geologic controls (such as an erosion resistant
caliche, fault, or soil layer or bedrock) longitudinal slope tran­
sitions do not abruptly occur in alluvial fan channels. There­
fore. when the longitudinal slope of a channel changes from
steep to milder, deposition occurs; and it is hypothesized that
the deposition will fonn a smooch transition between the
slopes over some unknown distance.

Second, the slopes and geometries of the conveyance chan­
nels, hydrograph, sediment size characteristics, and other var­
iables and parameters controlling sediment transport are
known, Modeling unsteady sediment transport across alluvial
fans is often based on sediment routing procedures. That is,
the event hydrograph is partitioned into increments during
which the flow can be assumed pseudo-steady. Then, using
these quasi-steady ftows, a sediment transport algorithm is
used to estimate the equilibrium sediment transport rate for the
specified ftow rate, channel geometry, sediment size charac­
teristics, and channel longitudinal slope. Therefore, when the
longitudinal slope of the channel changes from steep to milder,
the volume of sediment that must be deposited is estimated by
subtracting the downstream equilibrium transport rate from the
upstream transport rate and integrating over time.

Therefore, it is .hypothesized that the sediment deposition
will form a smooth transition between the steep and milder
slopes; and further, this transition can be approximated by a
vertical parabolic curve that smoothly joins the slopes (Fig.
2). The hypothesized transition curve is similar to the approach

----= -- - Diversion
Dike

improve the quality of life and allow the validity of the ap­
proach to be proven in the future.

Sediment transport problems related to the identification and
mitigation of flood haZllId on alluvial fans in arid and semiarid
environments is a current and critical concern of the engi­
neering profession. In particular. estimating the length and
maximum depth of deposition or erosion that occurs during a
flow event when there is a change in the longitudinal slope of
the channel is an important problem. Deposition occurs when
the slope changes from steep to mild and erosion occurs when
the slope cbanges from mild to steep. Although the focus of
this paper is on deposition, the method is equally applicable
to erosion, under certain conditions.

Flood control structures on alluvial fans protecting down­
stream facilities often consist of deflecting dikes and channel
systems crossing the fan transversely (Fig. 1). At the point
where the flow is intercepted by the dike/channel system, the

ngitudinal slope of the conveyance channel changes from
::Iteep to mild and deposition results. When the flow is released
at the end of the dike. the change is from mild to steep and
erosion results. The length over which deposition occurs dur­
ing a flow event is a critical issue since 1t determines the max­
imum depth of deposition, which can have a significant effect
on the height of the dike. Exis!ing 1D and 2D models provide
little assistance in addressing this problem, because in these
models, deposition must occur over the channel reach lengths
defined by the user. Therefore, the length and maximum depth
of deposition are somewhat arbitrary and have no theoretical
basis.

The purpose of this paper is to describe an approach that
has been used in Clark County. Nevada, and on the Depart­
ment of Energy's Nevada Test Site to estimate the length and
maximum depth of deposition when dike/channel systems
transversely cross alluvial fans. Although neither field data nor
observations are available to validate the approach described,
it is hoped that the publication of this paper may stimulate
discussion and identify data either justifying the approach Or
suggesting modification. It is appropriate to note that through­
out history civil engineers have had to design structures to

IRes. Prof., Div. of Hydrologic Sci., Desert Research lnst., 7010 Dan­
dini Blvd., Reno, NV 89512.

1Asst. Res. Hydro., Div. of Hydrologic Sci., Desert Research lnst.,
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FIG. 2. Schematic Definition of Variables

where YT = vertical elevation of the curve connecting the two
channel reaches.

It can be shown that the depth of deposition in Reach
(y,) is

(5)

(4)

(3)

(2)

( I)

dy
at.x=L; dx=S2

d'y
d2x :::; r :::; constant

(S, - S,)x' S S, L
Yr :::; 2L + IX + YH - 2

S,L
at x :::; 0; Y=YH - 2

Integrating (l) twice and applying the boundary conditions
yields

and me boundary conditions are

at x; 0; dy - Sax - ,

For 0 "" x "" O.5L (Reach I)
Right side slope: tOR
Left side slope: ZI L

Bottom width: b,
Longitudinal slope: Sl

In Fig. 2. a hypothetical situation is shown in plan and pro­
file. In this figure, the following variables are defined: x =
horizontal coordinate, y = vertical coordinate defining the el­
evation of the channel bed above an arbitrary datum, L = total
horizontal length of deposition. and YH = hioge point elevation
of the channel above the darum. Of the common channel
shapes, a trapezoid with unequal side slopes is the most com­
plex, but also the most general. For example, if the bottom
width is zero, then the shape is triangular; and if the side
slopes are zero, the channel shape is rectangular. For the chan­
nels shown in Fig. 2, the following variables are defined:

THEORETICAL DEVELOPMENT

described by the U.S. Bureau of Reclamation (USBR 1987)
to estimate erosion in a channel below a detention basin re­
leasing desilted water.

(7)

For O.5L "" x "" L (Reach 2)
Right side slope: t,.
Left side slope: t"
Bottom width: b2

Longitudinal slope: S,

The differential equation defining the vertical curve
smoothly joining the two channels in Fig. 2 is

(6)

and integration of (6) provides an estimate of the volume of
deposition or

V :::; b1(S2 - Sl) L2 + 81(S2 - 8,)1 L)
'48 640
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where

CONCLUSION

e - ZUI + ZIL (8)
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hI = channel bottom width in Reach 1;
b2 = channel bottom width in Reach 2;

dmu ::;:. maximum depth of deposition (erosion);
L ::;:. length over which deposition (erosion) occurs;

51 = longitudinal slope of Reach I;
Sz = longitudinal slope of Reach 2;
Vo = total volume of deposition (erosion) over length L;
VI = volume of deposition (erosion) in Reach 1;
V2 ::;:. volume of deposition (erosion) in Reach 2;
x = longitudinal coordinate;
y ::;:. vertical coordinate;

YH pre-event hinge point elevation;
YOI = elevation of channel bottom where deposition (erosion)

begins (Reach 1);
YCi2 = elevation of channel bottom where deposition (erosion)

ends (Reach 2);
Yr = elevation of post-event channel bottom;

ZIL = channel left bank. side slope in Reach 1;
ZIR = channel right bank. side slope in Reach 1;
lu = channel left bank side slope in Reach 2;
l2R = channel right bank side slope in Reach 2;
91 defined parameter~ and
9, = defined parameter.

The foLlowing symbols are used in this paper:

NOTATION
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(14)

(11)

(10)

2
e,

v,

The total volume of deposition in the two reaches is

= (e, + e,)(S, - S,)' L' + (b, + b,)(S, - S,) L'
v, 640 48

(12)

The foregoing methodology is an approach for estimating
the length and maximum depth of deposition that takes place
on an aJiuvial fan when the longitudinal slope changes from
steep to milder, The method is equally applicable to estimating
the length and maximum depth of erosion that takes place
when the longitudinal slope changes from mild to steeper, if
tbe channel bed does become armored and nonerodible sub­
surface layers are not encountered. It is a relevant question
whether this approach provides reasonable estimates of the
maximum depth of deposition. For the situation shown in Fig,
1. the approach is believed to be reasonable because the point
where the channels join would migrate from the initial point
of intersection in the direction shown in Fig, 1.

Finally, although this methodology has been used in the
design of several large dike/channel systems on alluvial fans

If VD is the volume of material to be deposited during an event,
then me governing equation is

(e, + e,)(S, - S,)', (b, + b,)(S, - S,) L' V (13)
0- 640 L+ 48 -0

which is a cubic equation that can be easily solved, In the case
of a rectangular channel (Z"'I = llL ; l2R ; l21J, (13) reduces
to a quadratic equation. The maximum depth of deposition,
which occurs at the hinge point, is given by

(S, - S,)L
dmu. = 8

where

Analogously. in Reach 2, the depth of deposition is

(S, - S,),' (S, - S,)L
Y, =YT - Ye, = 2L - (S, - S,)x + 2 (9)

and the volume of deposition is

b,(S, - S,) L' + e,(S, - S,)' L'
48 640
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ALLUVIAL FAN LEVEE DESIGN
Example Calculations

1. Alluvial Fan - Self Forming Channel Hydraulics

The most widely known procedure for conducting hydraulic analysis of alluvial fans is the
methodology adopted by FEMA. The procedure was originally developed by Dawdy (1979) and
resulted in the development of the following equation for an self-forming entrenched channel on
the alluvial fan. The procedure relies heavily on empirical equations relating depth and width of
flow to discharge. The geometry of the alluvial fan channel is based upon field evidence that the
channel will stabilize into the self-forming channel section (ie. erosion of the banks will cease) at a
point where a decrease in depth causes a two-hundred fold increase in width.

W=9.SQo,

where: W = channel width (It)
Q = discharge (cfs)

Assuming that the hydraulic regime of the flow in this self-forming channel approaches critical (for
best efficiency), the Froude number, F=1.0.

F=J.O=---,=V=
~gD"

where: Dh = hydraulic depth (It)
V = velocity (fps)

For a wide channel the hydraulic depth is considered equal to the flow depth, D:

Q
_ Q _ [(9.SQU4/ _ Q06

D - -WV- - ~gD - -9.S-"'-o.}C==g~D

This results in the following equations developed by Dawdy (1979) including the relationship
between velocity and discharge:

V=J.S Q"'

D=O.07 Q"4

q =g=O.lOS QOh
W

Edwards and Thielman developed a modified procedure for the evaluation of the alluvial fan
hydraulics based upon the application of Manning's equation for a wide rectangular channel,
assuming a supercritical flow regime, and the use of Dawdy's original criteria that the self-forming
channel will stabilize at a point where a decrease in depth causes about a two-hundred fold
increase in width. Edwards and Thielman procedure resulted in the following equations:

D=( Qn f"
J78.S.JS



Example:

w 17.16 (Qnlx

S3/1fJ

Description
Example Fan

Characteristics

1OO-year Discharge 14,720 cfs

Fan Slope (So) 0.030

II Dawdy Procedure I
Width 441 ft

Velocity 10.22 fps

Flow Depth 3.25 ft

I Edwards-Thielman Procedure I
Width 394 ft

Velocity 11.47fps

Depth 3.28 ft

2. Levee Revetment Toedown Calculation

Slope Revetment Toe Protection Requirements

The primary failure mechanism of rigid bank protection revetments for alluvial channel systems is
generally due to under scouring at the toe of the revetment. The design of the channel bank
revetment must provide adequate toe-down protection below the earthen channel invert to
account for dynamic changes in the streambed elevations during the passage of a storm
hydrograph. The toe-down depth must consider the potential of general bed degradation, bend
scour (for curved portion of the channel horizontal alignment), bedform height, abutment or
contraction scour, and scour associated with hydraulic structures. Local scour needs to be

Z Towl =Z Gel/em/ + Z Bend + Z Bedform + ZStr/lcture + Z LoYI' Floll' lncisell1el1l + ZCOlltmetioll

considered in addition to development of the potential long- term equilibrium channel slope or
invert elevation that may develop from general degradation and sediment deposition.

Antidune Height

Bedforms usually develop in sand bed channels and create a succession of crest and troughs in
a sinusoidal pattern along the channel bed depending upon the flow conditions. The potential
exists for the creation of antidunes within an alluvial channel when the Froude number of the
design flow is near or greater than 1.0. The distance between the mean bed elevation and the
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trough of the antidune is approximately equal to the distance from the mean bed elevation to the
antidune crest, and the sum of these distances is termed the antidune amplitude. The amplitude

of the antidune wave height, ZA, is estimated by the following equation proposed by Kennedy
(1 963):

In this equation V is the flow velocity. If the antidune wave height computed from the above
equation exceeds the flow depth, then the flow depth should be used rather than the computed
value. Half the antidune wave height is the amount of scour that may have the potential to occur
adjacent to a levee for the toe-down consideration. However, if the calculated dune height
exceeds the depth of flow, then the depth of flow is used for the dune height value for
toedown and channel height analysis.

Bend Scour

Contraction or Abutment Scour

upon the assumption of constant stream power through the channel bend and can be used to
determine the maximum bend scour component in sand-bed channels.

Z B,u" =o. 0685 D V"" (I. 59 (w )"2 - J.(J)/( D7,' S~3)
R

Bend scour occurs due to the transverse or secondary currents which develop as the flow is
forced to change direction through impingment on the channel bank. Scour takes place along the
outside of a bend and deposits along the inside of the bend. It is important to note that this
scouring mechanism is caused by the spiral pattern of secondary currents, and is not due to a
shift of the maximum longitudinal velocity against the outer bank. An estimate of the bend scour
magnitude can be evaluated utilizing the relationship developed by Zeller (1 981), which is based

velocity of upstream flow
D = upstream flow depth
Dh = upstream hydraulic depth
Se = upstream energy slope
W = channel width
R = radius of curvature of the bend

where: V =

The proposed configuration for the upstream channelization inlet and flow training devices will
develop the potential for abutment scour. The scour results from obstructions created to the
natural floodplain width and the decreased flow area of the contraction channel section due to the
channelization. With a decrease in flow area, there is an increase in average velocity and bed
shear stress through the contraction. The abutment scour will occur in the stream bed upstream
of the channel inlets. The increase in transport of bed material from the channel reach will lower
the streambed elevation. Lauren (1960) derived the following live-bed contraction scour equation
based upon a simplified sediment transport function:
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Y! = (Qmc! l' (Wei l,(111 l'
Y1 QmcJ J1/c! 111

where: Qmc= flow in the main channel
Wmc= bottom width of the main channel
n = Manning friction factor
K = coefficient which is a function of bed material transport or shear

Low Flow Channel Entrenchment

velocity/fall velocity, generally equals 0.69

An alternative procedure to evaluate the magnitude of the abutment scour utilizes the following

Z cOlltractioll SCO/fr depth = y! - Y 1
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(0 <aiD <25)

(aiD> 25)Z -40F'UJ
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upstream flow depth (tt)
a = length which extends into the flow path (tt)
F = upstream Froude number

where: D =

relationships from Simons and Senturk (1974):

The subscripts 1 and 2 refer to the upstream and contracted portions of the channel respectively.
Where the main channel narrows naturally and there is no overbank flow, then the equation can
be reduced to the ratio of the widths with an exponential term.

Determination of the local scour associated with the contraction of the channel section utilized
one of these empirical methods, which ever provided the largest scour depth. The results will
not be summed with the other scour components since these also involve the mechanics of flow
impingement.

The mechanics of alluvial streams generates a small, incised channel during period of low-flow
rates or during the recession of the storm hydrograph. The incisement,when located adjacent to
flood control channel revetments, can subject the structures to failure during subsequent major
flood events. The magnitude of potential low-flow incisement that may occur in the vicinity of the
proposed channel and transverse levees was estimated upon field reconnaissance. Field
observation indicated that depths of incisement up to two feet can be anticipated and this value
is recommended for use in the levee and channel toe-down design. The channelized portion will
also be able to limit the maximum value of the low-flow incisement depth with the grade control
structure spacing and the low-flow notch in the structure.



Channel Toedown Example Calculation

Toe Protection Depth = Bend Scour + Contraction Scour + Y, Antidune + Low Flow Incisement

Toe-downun.AL.v•• =5.9 + 17.0 + 4.8 + 4.0 =26.0 ft (max) 15.0 ft (min)
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The levees function to train flows on a wide flood into a confined channelized section. As
indicated previously, contraction scour will occur due to the associated change in cross section
area. The toe-down near the channel entrance must account for this potential scour in addition to
the other degradation components. The maximum toe-down requirement for the levees was
estimated to include the sum of the streambed adjustments from (1) bend scour, (2) contraction
or abutment scour, (3) one-half of antidune wave amplitude, and (4) low-flow incisement along
the levee. The contraction scour is only applied within the influence zone near the levee entrance
to the channelized section.

3. Levee Height

Training Levees and Transverse Levees (Use larger of heights)

. Total Height = (Critical Depth),.o + Deposition + Superelevation + 0.5 Antidune

. Total Height = (Total Energy),.o

The 100-year flow depths were calculated with the HEC-RAS values

HeightL.... samP,. =8.7 + 1.8 + 2.3 + 5.2 =18.0 ft

This maximum height of levee can be compared to the specific energy for the 100-year event
as a worst case scenario for the design criteria and ensures that the flows can be intercepted by
the channel system even if the incoming flow looses all velocity. The specific energy associated
with the self-forming alluvial fan channel is 17.3 feet.

4. Flow Impingement Deposition on Levee

The disruption in hydraulic and sediment transport characteristics that would be incurred as a
result of the flow following this path could cause channel deposition and buildup upstream of the
transverse. Flow which follows a path which impinges on the sample levee would encounter a
reduction in slope. The slope along the upstream sample alluvial fan is approximately 0.031, and
the slope along the proposed transverse levee is 0.020. The milder slope which occurs along a
path adjacent to the transverse levee would generate lower average velocities and would develop
the potential for deposition to occur within this zone. The mechanics of the flow conditions along
this secondary path would attempt to re-establish a equilibrium sediment transport condition
through gradual building of the slope to reflect the upstream fan slope. The area between the
new bed profile and the existing bed profile would be filled with sediment deposited due to the
differential sediment transport rates of the upstream fan slope and the reach along the levee.

The sediment deposition volume over the 1DO-year flood hydrograph was determined by
comparing the sediment transport capacity upstream of the fan (inflow sediment load) and that of
the reach with a path parallel to the transverse levee (outflowing sediment). The sediment
transport rates computed over a range of flood discharges were integrated over the entire 100­
year flood hydrograph in order to estimate the total volumes. The inflowing sediment volume
delivered from the upstream alluvial fan for a 100-year flood was estimated to be 107,880 cubic
yards. The computed outflowing sediment volume was 99,720 cubic yards. The volume of
sediment which would potentially be deposited is 8,160 cubic yards.



The depositional area for the sediment volume would occur along a length upstream of the
contact point with the transverse levee and extend to the channel inlet. The maximum deposition
depth at the impingment point along the transverse levee can be computed based upon simple
geometric relationships for the assumed deposition pattern and knowing the initial slope of the
existing upstream alluvial fan, the reach along the transverse levee, computed deposition volume,
and the deposition width. The deposition would develop a new slope along the reach described.
The width of the deposition area was estimated as the flow width computed for the 1DO-year flood
based upon the alluvial fan hydraulic relationships. Using geometric relationships of the assumed
triangular deposition pattern, the maximum deposition depth that may occur would depend upon
the location of the contact point measured along the transverse levee, upstream of the inlet from
the engineered channel. Using a trial and error procedure, the value of this distance was varied
to obtain the maximum deposition depth which was determined to be 2.0 feet under the 1DO-year
flood condition. Design of the transverse levee height incorporates the potential sediment
aggradation because of the flow path uncertainty on the active alluvial fan area.




