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PREFACE

Th is report was prepared for the Arizona Transportat i on Research

Center and the Arizona Department of Transportation in order to conduct

a state-of-the-art study of the characteristics, capabilities and

applicability of several of the more promising methods for planning and

designing drainage for highway crossings on alluvial fans. The report

was prepared and written by Douglas L. Hamilton and Robert C.

MacArthur of Simons, Li & Associates, Inc. in Newport Beach,

California. Dr. Ruh-Ming Li was the Principal-in-Charge. Results,

discussions and recommendations presented in this report are not

intended to be applied directly for design purposes. Further develop

ment and testing of the methods presented is necessary before they can

be considered for uniform application.

Simons, Li & Associates, Inc. is grateful to the Arizona

Transportation Research Center for sponsoring this study and to Mr. V.

Ottozawa- Chatupron of the Center for hi s ski 11 and gui dance throughout

th i s proj ecL
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I. INTRODUCTION

Problem Statement and Need for The Study

Most hydraulic studies pertaining to the planning and design of

highway drainage systems and highway crossings have been developed in

riverine and coastal regions where the characteristics of flooding are

well defined. Hm/ever, there is one type of flooding that is

increasingly becoming a problem for highv/ay designers in the v/estern

United States as the population and development in the West increases.

This type of flooding problem occurs in areas known as alluvial fans.

These areas are found in desert and semi-arid regions where runoff

from sudden thunderstorms flows down steep mountain drainages and emp

ties onto a broad valley floor (see Figure 1).

Concern for flooding and drainage problems on alluvial fans is

increasing as more and more development occurs. Alluvial fans attract

development because of their mild slopes, close proximity to the

foothills and potential for spectacular views of the valley floor.

Descriptions qnd definitions of alluvial fans are found in the reports

by Bull (1977) and Anderson-Nichols (1981).

Flood flows on alluvial fans can be very dangerous because of

their unpredictability, high velocities, and ability to carry large

amounts of sediment and debris. The seriousness of flooding on allu

vial fans is related to the quickness and ferocity of the event as well

as the unpredictability of the flm~ direction due to avulsions or

drastic channel shifts that result from the accumulation of debris in

defined channels.

1
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Although all uvi a1 fans are common geomorph i c features around the

~vorld, especially in arid and desert regions, the hydraulic processes

which form them and continue to modify them are poorly understood from

the viewpoint of traditional hydraulics and highway engineering.

Therefore, the purpose of this study is to conduct a state-of-the-art

study of the capabilities and applicability of several different

methods for planning and designing high\vay crossings on alluvial fans

in order to determine an appropriate direction for future research on

this topic.

Characteristics of Alluvial Fans

It is essential to first discuss the many unique characteristics

of alluvial fans that make analysis of flood problems so difficult.

Approximately one third of the land area in the south\'Jestern United

States is covered by alluvial fans. Alluvial fans are usually asso

ciated with desert and semi-arid regions of the world; however, they do

exist (Bull, 1977) in tropical areas as well.

Alluvial fans are generally aggradational in nature (Bull, 1977).

French (1984) describes the formation of alluvial fans as follovJs:

IIDebris accumulates along the flanks of mountains due to weathering.;

and when an intense precipitation event occurs, the accumulated debris

is transported downslope in an intermountain canyon. At the point

where the canyon enters the valley - the apex of the fan - the widening

of the flow results in a decrease of its debris carrying capacity, and

the debris is deposited at the apex and dOvJnslope from iL II Over time,

3
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Figure 1 Definition
Sketch of Alluvial Fan
Characteristics.
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analysis ~ethods difficult.

Anderson-Nichols (1981) list many of the following key \~atershed

teristics. This makes the development of uniform design criteria and

High\~ays built through undeveloped lands

effective drainage area of the watershed
watershed slope and aspect
vlatershed soil type and vegetation
frequency of forest fires
development density within the watershed
rai nfall intensity and duration
fan slope and topographic shape
existence of one or several entrenched channels
degree of entrenchment of main channels, their orientation
and stabil ity
apex discharge conditions (hydraulic conditions)
sediment characteristicso

o

o

o

o

o

o

o

o

o

o

result with urbanization is essential for proper highway drainage

Urbanization and development pressure on alluvial fans are high.

to accurately estimate the rate of urbanization and changes that may

the same in the future.

usually create accelerated development adjacent to them. The ability

is to cross. Some of the essential steps to consider include:

Morphology, hydrology and hydraulic characteristics vary greatly

design.

A first step to any high\~ay drainage study should include the

identifi cation of the key characteri sti cs of the fan that the hi gh\vay

Therefore, the characteristics of the fan today are unlikely to remain

and fan characteristics which influence fan flooding behavior:

between different fans. Therefore, the extent, severity and behavior

of floods on different fans depend heavi lyon individual fan charac-

I
I
I
I
I
I
I
I
I
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-I
I
I
I
I
I
I
I
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many such events cause deposits to accumulate, resulting in the charac

teristic fan or cone shape.

Dozens of articles and references are available describing the

geologic aspects of alluvial fans. Interested readers should refer

particularly to Anstey (1965) and Bull (1977). Quantitative methods

for hydraulic analysis of these regions, hOl'Jever, are not commonly

found in the literature.

To design highway drainage systems on alluvial fans, one must know

(1) where the highway will be located on the fan, (2) the location of

the major and minor flovJ channels it crosses and (3) the detailed

characteristics about the drainage basin upstream from the high\'Jay.

Because the characteristics of flows vary so greatly depending upon

location on the alluvial fan, design methods and analytical techniques

will also vary. In the paper entitled IIGeneralized Methodology for

Simulating Mudflo\tJs lI
, MacArthur, et al (1986) divide a drainage basin

into three regions. The three regions of concern for highway analysis

are similar and include: (a) The upper vlatershed, (b) the intermoun

tian canyon areas and any stable channels that cross the fan, and (c)

the broad alluvial fan itself. Figure 1 presents a sketch of a genera

lized \~atershed and alluvial fan drainage system. Three hydraulic

zones can be identified on the fan itself: (1) A channelized zone,

near the apex, where a single definable channel exists, (2) a braided

zone, which is a transition area where the channel becomes unstable and

multiple sinuous paths occur, and (3) a sheet flow zone, where flO\~

spreads laterally in the streamwise and transverse directions and is

very shallow.

4
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II. DESIGN PROBLEMS FOR HIGHWAY DRAINAGE ON ALLUVIAL FANS

What do hi gh\'lay planners and des i gners need to knml about the

characteristics of flood events on alluvial fans? They need to kno'll

ho"! to best size and orient culverts and high'day crossings to safely

handle flows from design events with minimum maintenance or damage. To

do this they need to know what the peak discharge and duration for the

design event will be, what the flow velocity will be, what the depth of

flow will be, and how much sediment movement (scour or deposition) can

be expected during the event.

Hydrologic and Hydraulic Problems - Most highway drainage and

hydraulic design guidelines are based on traditional hydrologic and

hydraulic computational methods. They assume that sufficient data are

available to develop the regional hydrology and peak discharges for

various design flood events. Often this is not the case because of an

insufficient period of record requiring that flood flows be estimated

by a variety of rough methods. When results from these rough methods

are compared, they often yield a wide range of different peak

discharges, hydrograph shapes and flood volumes. Peak flo\'J rates

should be estimated by either regional regression models (Chov-l, 1964)

or eDvelope curve methods as recommended by Crippen (1982). French and

Lombardo (1984) have pointed out the limitations that these two methods

have in arid areas. Therefore, accepted standardized methods for deve

loping the design hydrology for highway drainages and highway crossings

are needed as a first step in the analysis.

7
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o

o

o

perform thorough aerial and field surveys of the fan and
upper watershed areas
develop detailed topographic mapping of the study area
including high resolution aerial photographs
attempt to locate historical aerial photos, soils data,
geological data and flood histories of the fan
locate the proposed highway on the topographic maps and
aerial photographs
study the proposed alignment for any obvious problems or
possible improved alternatives
classify the fan according to the key characterics
observed during this preliminary study
identify possible drainage alternatives and locate poten
tial highway culverts and crossings based upon preliminary
results
list all additional data needs and possible problems iden
tified during the preliminary study.

Results from the preliminary study will provide essential infor-

mation for the preliminary design phase of the project (assuming the

project is determined previously to be feasible). Discussions in the

following sections of this report vlill explain the kinds of analyses

that are required for the different regions and will evaluate several

different kinds of analytical tools presently available for analyzing

alluvial fan flooding and drainage problems.
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in the stream'dise and transverse directions, the flO\'I often becomes

two-dimensional and often quite shallow. Flows confined within stable

channels can still be evaluated \lJith one-dimensional tools (unsteady,

or perhaps steady state under some conditions). Sheet flo\'JS distri

buted over the fan surface or broadcast laterally by avulsions from

shallo"J unstable rills are extremely complex in nature. No presently

available analytical tools can analyze these kinds of flOllJs directly.

Kinematic wave approximation, and some two-dimensional models show pro

mise. Discussions in a later section compare several state-of-the-art

models that show promise for these kinds of flows.

Time Scales - Three different time scales are important when ana

lyzing fan flooding dynamics:

(1) geologic time 006 years), during which numerous events and

flow paths wander over the fan and the fan grows and ag

grades,

(2) project time (50 to 100 years), during \'Ihich several flood

events of various magnitudes may occur causing channel shifts

and sediment movement, also during which highway modification

projects may occur and regional urbanization occurs on the

fan,

(3) flood event time (hours to days), during \Jhich high inten

sity, short durati on flows race through the project causing

topographic adjustment and channel shifts to occur. Local

project damages may occur requiring maintenance and repair.

9



Given a design storm, runoff volume and peak discharge estimates

are often obtained by using rainfall-runoff models such as HEC-1 and

Tr-20. These models cannot capture the two-dimensional behavior of

flows on an unbounded plane; however, they can yield useful results if

used vii th care.

Given the design hydrology, most highway crossings are sized and

oriented based on fixed-bed, steady state hydraulic computations such

as found in the computer program HEC-2. Unfortunately, flood flo\'/s

common to alluvial fans are often unsteady, supercritical flows capable

of moving large amounts of sediment. The bed and banks of the ephe

meral channels found on most alluvial fans are usually unstable and

channel avulsions are common. Channel patterns and inundation areas

often change v/ith each flood. Sediment scour and deposition occur

rapidly during floods and quickly alter channel geometries. This is

not to say that traditional hydraulic design methods should not be used

at all. Many locations and hydraulic design questions can be roughly

solved with HEC-2 type tools. Sediment transport, general scour and

local pier scour can then be estimated using methods described by

Simons, Li &Associates (1982 and 1986) and others.

No uniform methods exist for analyzing flmt problems on alluvial

fans- because hydraul i c and sediment transport characteri sti cs vary

greatly over the surface of the fan from its apex to the fan" apron (see

Figure 1). One-dimensional unsteady flow methods are valid in the con

fined intermountain channel section upstream from the fan apex. Beyond

the point where the flow emerges onto the unbounded fan and spreads out

8
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Highway projects, Such a~ the proposed Outer Loop Freeway project

in Phoenix, may be planned for areas where urbanization and development

upstream from the proposed highway have very low density. Culverts and

crossings located to handle the design event defined by the Highway

Department can be bui It now. Later as more roads are constructed and

development occurs, the topographic features of the fan and, therefore,

the flood characteristics change drastically. This effect coupled with

the nonuniformity in design criteria between the various agencies leads

to difficult flood hazard management problems. This situation pre

sently exists throughout much of Phoenix and will cost millions of

dollars to improve.

Therefore, in undeveloped areas where highways are planned, it is

recommended that at least a basic master plan for flood control and

drainage be part of the initial highway siting and feasibility studies.

As the project evolves and goes into the design phases, additional

detail can be added to the master plan. Funding for this additional

work can be shared between the city, counties and developers.

Finally, cities and counties should be encouraged to modify their

drainage and/or land grading ordinances to eliminate uncontrolled

clearing, grubbing and trenching of alluvial fans. Often land owners

will_construct a soil berm around undeveloped property to discourage

automobile trespassing. This deflects all of the water that formerly

moved over the property as shall 0'" sheet flow and concentrates it in

other directions. Obviously these kinds of practices may result in

significant changes in the flow characteristics downslope. No

11



Obviously the last two time scales (project and flood event time)

are most important to planners and des i gn engi neers. They need to

determine \;Jhether existing entrenched channels vii 11 remain stable or

are likely to shift location. They need to anticipate the future

effects of urbanization (planned or unplanned) on the project, and also

anticipate future highway modifications that may be necessary.

Other Problems - Other problems facing high',vay design engineers

are institutional and political problems. The problems result from the

fact that basic design criteria (such as the design hydrology,

recurrence interval, peak discharge, permissible velocity, freeboard

height, etc.) may vary greatly between the various regulating agencies

having jurisdiction over the lands on the alluvial fan. Local city and

county regulations and design ordinances are often much different from

The Federal Highway Administration, the railroads, The Corps of

Engineers, The Soil Conservation Service and The Federal Emergency

~~anagement Agency. Therefore, if di fferent agenci es are des i gni ng

flood control and drainage systems upstream from the high~'Jay and are

not using the same basis for design as the highway department, it will

be difficult to have an effective integrated flood drainage system.

More legislation and interagency cooperation is needed to establish

agreed upon design criteria for alluvial fan flooding. Once the design

criteria and levels of protection are established, then more definite

design methods for meeting the level of protection can be established.

Tettemer (1986) suggests master planning for flood control and

drainage ordinances for developers as means for ensuring an integrated

flood hazard reduction program.

10
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The next section v"i11 identify and evaluate several of the more

promising methods presently available for depicting flow conditions on

alluvial fans.

13



sophisticated computer program or detailed design investigation for a

highway drainage system accounts for future impacts of these random

modifications to the prevailing drainage system. As streets and other

improvements are built they should be designed to maintain the existing

flow pattern and flow rates. Streets and fills should not divert flow

from one drainage area to another. Distributing the flow among as many

streets and shallo\'/ floodways as possible prevents it from collecting

and becoming a flood.

Drainage modifications that concentrate flows that used to spread

as sheet flow may cause the character of the local hydraulic zone to

shift from being a sheet flow zone previously to either a braided zone

or even channelized zone (refer to Figure 1). Once the shift occurs it

may take a long di stance and many years for the dO\o'Jnstream drai nage

area to readjust to the new increase in flow energy. Increased sedi

ment transport and shifts in the direction and magnitude of the peak
,

discharge may also occur downstream from the point of concentration.

Tettemer (1986) suggests that inadequately designed and improperly

placed ditches, \valls or berms can develop false security and more

problems than they \vere intended to solve. Also, all drainage and

flood control projects adjacent to the highway and upslope on the fan

must be maintained regularly to assure their proper function. And,

finally the highway department and local city and county governments

should regularly monitor all activity on the fans. Flows on the allu

vial fan are very sensitive to even minor changes in land form or

grading.

12
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Figure 2 Idealized alluvial fan.
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III. HYDRAULIC ANALYSIS FOR ALLUVIAL FANS

Introduction

Although there has been a great deal of highly significant ,'Jork

done in the field of alluvial fan hydraulics and hydrology, pratical

applications of scientific principles for solving alluvial fan flood

control problems are rare. This chapter will attempt to (1) generally

describe the behavior of flooding on alluvial fans, (2) define the spe

ci fi c parameters requi red to design hi ghway cross i ngs and (3) di scuss

some existing and proposed computational methods for analyzing flows on

alluvial fans.

General Description

Alluvial fans vary in size from a few square miles such as near

Bullhead City, Arizona to hundreds of square miles such as near Phoenix

and Tucson. As the fan area increases, flood waters come not only from

rainfall in the mountain v,atershed above but also from rainfall which

occurs on the fan itse If. Thus the 100 year di scharge at the apex of

the fan is not always the appropriate quantity to use for flood analy

sis. Figure 2 shows an idealized situation of flooding on an alluvial

fan. This is a symmetrical fan \'Jith no flow obstructions. Fehlman

(1987) indicates that unbounded flow on an inclined, flat plane expands

initially with an apex angle of 90 0
• Thus if the fan angle Af is less

than 90 0
, the flow will be spread uniformly across the entire fan. If

the fan angle is greater than 90 0
, the flow wi 11 be spread uniformly

across 90 0 of the fan. This is obviously an oversimplification but it

14
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CASE 1: Flow Obstructed by a Levee.

Figure 3 shows a flood control levee of length L which is oriented

at an angle to the floH path. The first step is to estimate the con

centrated discharge at point 3. This is done by multiplying the

average unit discharge by the length of the levee. Note that the sine

of the angle between the flow direction and the levee must be used to

compute the actual unit discharge that impinges on the levee. The unit

di scharge at poi nt 4 is based on the uni form expans i on of the con

centrated discharge from point 3. The unit discharge at point 5 inclu

des the contribution from the fan apex (point 1) and from the end of

the levee (point 3). From this example it can be seen that development

on an alluvial fan can redirect the natural flow path. Note that an

upper case Q is the discharge at a point expressed in cfs and a lO~ler

case q is the unit discharge in the direction of flo\'J expressed in

cf sift.

17



\'Iill serve for purposes of illustration. As the flow spreads out, it

is convenient to express its magnitude using the discharge per unit

\'/i dth q.A peak di scharge of 1,000 cfs spread out across a 100 foot

wide fan contour would yield a unit discharge of 10 cfs/foot. The unit

discharge at any distance R from the apex of the idealized alluvial fan

is

q = 2Qa/ IT R if Af ~ 90 0

q = 2Qa 90/AfITR if Af<90°

Where Qa is the point discharge at the apex of the fan. This assumes

an ideal fan with no obstructions and uniformly distributed flow with

a maximum expansion angle of 90 0
• Again the flow expansion angle will

be less than this in reality. The purpose of a tl'JO-dimensional flow

model for alluvial fans is, in fact, to determine the actual flow

expansion angle.

This simple model can be used to illustrate four situations which

may be encountered in alluvial fan analysis. The treatment that

fo 11 m'/s does not i ncl ude the dynami c behavi or of the fl QVJ; methods

which will account for this are described later. These examples pro

vide a framevJOrk upon which future research results can be placed.

Ultimately a, two-dimensional flow analysis technique wi 11 be used to

determine the flow expansion characteristics for each concentration

point. The results can then be superimposed for a coalescing fan

situation.

16

I
I
I
I
I
I
I
I
I
I·
I~

I
I
I
I
I
I
I
I



I
I
I
I
I
I
I
I
I
-I
-I
I
I
I
I
I
I
I
I

CASE 2: Flow Obstructed by a Housing Development

Figure 4 shows a housing development which intercepts the flow and

redirects it around the community_ It is then released at point 3 and

point 7. The unit discharge at point 8 is computed using the concept

presented in case 1.

19



Figure 3 Flow obstructed by a levee.
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Figure 4 Flow obstructed by a housing development.
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Figure 6 General condition ,of flooding on an alluvial fan.
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CASE 4: General Condition

Figure 6 shows the general situation. Several alluvial fans from

different drainages coalesce. Many of the roads, structures and

topographic features found on the alluvial fan can cause major changes

in flow direction, depth and velocity. Any mathematical model for ana

lyzing alluvial fan hydraulics should be capable of including such

effects. Since most parts of the fan have no defined channel, the two

dimensional behavior of the flow on an unbounded surface would need to

be described. Using this approach would enable the highway designer to

account for effects of future development on drainage.

23
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such as near Phoenix or Tucson, the amount of rainfall which occurs on

the fan itself should be included. The infiltration rate of the runoff

on the fan is a function of time and may be difficult to determine;

hQ',~ever, it is also an important factor for large alluvial fans. For

illustrative purposes, these two factors are not included in equations

(l), (2), an d (3),

Equations 1, 2 and 3 describe the flm~ behavior exactly, vlithin

the constraints of the assumptions upon which they \'Iere derived. The

equations must be solved numerically, however, as no closed form solu

tion exists. In order to make this numerical solution easier to per

form, one or more of the terms in equations 2 and 3 are sometimes

removed. This mayor may not have a large effect on the computed solu

tion depending upon the nature of the problem.

The specific role of b/o-dimensional floVJ analysis for alluvial

fans can be seen from Fi gure 7. A poi nt di scharge on an unbounded

plane Hill expand initially with an included angle of 90° but will

eventually flow perpendicular to the contours. The assumption made in

the four example cases that a point discharge will expand uniformly

!,'Jith an angle of 90° for any distance vlill yield discharges that are

lmJer than would actually occur. Thus unless two-dimensiona,l flO\~

effects are accurate ly captured, there is a good chance that hi ghway

drainage facilities will be underdesigned. An acceptable computational

technique should include the capability to describe the expansive

nature of the flow, incorporate the effect of both subtle topographic

features and abrupt flm~ obstructions, and should be able to describe

supercritical and subcritical flow behavior.
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Mathematically, the two-dimensional equations for unsteady flow are

vertical direction, the dimension of the equations can be reduced by

one. The only dependent variables are the fluid depth and the unit
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(1)

(2)

0)

This section discusses the basis of two-dimensional flow analysis

pressure distribution, and nearly uniform velocity distribution in the

in which t = time; x = x-horizontal coordinate; y = y-horizontal coor-

and its role in solving allpvial fan flood problems. In general, flow

is usually computed using Mannings equation. For large alluvial fans

discharge in the x and y directions (Hamilton, et al., 1987).

dinate; p and q = the unit discharge in the x and y directions, respec

tively; h = water depth; g = gravitational constant; Sox and Soy = bed

slope in the x and y direcitons; and Sfx and Sfy = frictional

resistance term in the x and y directions. The frictional resistance

on an unbound plane is governed by the three-dimensional, unsteady

equations of mass and momentum conservation. If there is a hydrostatic

3h 3p 3q
- + - + 0at ax ay ..

3p a 2 h2
+ .L(pq)- + _(L + g_) + gh(S + S )3t ax h 2 ay h 0 f

.. 0
x x

E.g a 2 h2
+ .L(ES) + gh(Sat + -(~ + g-) + S ) .. 0ay h 2 ax h 0 f

Y Y

Design Parameters
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Assessment of Random Behavior of Alluvial Fan Flows

As will be discussed in the following section, some deterministic

computational methods are available to assess the general trends of

alluvial fan hydraulics and hydrology, Many of the phenomena that

complicate the analysis of alluvial fan flooding, however, are random,

at least in the sense that we do not have the knowledge to predict in

advance the specific effects from a given causal event. An example of

su ch a random phenomenon is the pa t tern of sed i ment depos it ion wh i eh

occurs during a flood on an alluvial fan. In general, the deposition

pattern is cone shaped and fairly uniform such as the alluvial fan

terrace north of Phoenix shown in Figure 8. Upon close inspection, the

contour lines appear jagged and irregular. On a large scale, it is

apparent that the contour 1i nes can be approximated by smooth, semi

circular curves. The small fluctuations in elevation are due to the

scour, deposition and resuspension of material and is a function of the

local geologic, vegetation, soil mosture and topographic conditions.

Since there is no direct deterministic computational method to simulate

such micro-scale effects accurately, it is more practical to simulate

the average hydrologic behavior and use a probabilistic approach to

account for microscale deviations from the mean.

The contour line noted on Figure 8 has a maximum deviation of

about 2 feet in elevation. This means, historically, that local

changes in bed elevation have been up to two feet during a flood event.

The average deviation from the mean contour elevation can be computed

28



Figure 7 Actual flow paths downstream from obstructions.
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and used as a des i gn factor to be added to the results of the deter

ministic modeling methods.

Computational Techniques

As stated previously, the role of a numerical simulation model is

to predict the average hydraulic parameters needed for the design of

highway crossings. These parameters are the unit discharge, the depth

and velocity of flow and the sedimentation characteristics. This sec

tion discusses such numerical models.

Many computational techniques and computer models were revie\ved.

Five of these are presented here (see Table 1). Most two dimensional

flow models were developed for use with defined, bounded geometry. The

Schamber model and RMA-2 have potential use for unbounded flow. They

are also the only models reviewed that use the full equations of

unsteady, two dimensional flow. Both of these models could be used to

determine the flo\'i characteristics as discussed in the lIDesign Para

meters" section and as illustrated in Figure 7.

One of these two methods should be further developed for alluvial

fan applications as discussed in the proposed work plan, Section VI.

The further development should include the incorporation of appropriate

boundary conditions and the possibility of supercritical flow depths.
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IV. CONCLUSIONS

1. Alluvial fan flooding and related debris and sediment flow is

one of the largest potential hazards in the arid Southwest

and one of the most difficult design problems for the Arizona

Department of Transportation to deal with.

2. Alluvial fan flooding conditions vary throughout the state of

Arizona. The broad alluvial fans near Phoenix are currently

under di fferent stages of development but careful 1and use

planning can reduce concentrated runoff hazards. Because the

hydrologic and hydraulic charactertistics of fans are so

complex and vary greatly, no single methodology is available

for designing highway drainage projects on alluvial fans.

3. A thorough reconnaissance and fan characterization study

should always be conducted as the first phase of any highway

drainage study. This should include an assesment of existing

and proposed land use, drainage features, soil types and

vegetation.

4. Uniform and consistent guidelines, master planning studies

and design criteria must be developed for the large metropo

litan regions of Arizona. Land clearing, grading and

construction activities on alluvial fans must be strictly

regulated to insure an integrated flood hazard reduction

program.

5. The hydraulics of alluvial fan flooding are far more complex

and erratic than that of riverine floods. Therefore, tradi-
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TABLE 1 SURVEY OF COMPUTER MODELS FOR ANALYSIS OF FLOWS ON ALLUVIAL FANS.

NAME
OF

METHOD REFERENCE DESCR IPTI ON
PREVIOUS

:APPLICATIONS

MA THEMATI CAL
SOLUTION

TECHNIQUES

APPLIC;.,9ILITY
FOR ALLUVIAL F~~

MOOELrr:G

Dawdy
Method

:Dcrwdy, 1979

:Em'iOrds and
:Thielmann, 1983

:This technique was developed specifically:Various Flood
:for conducting flood insurance studies :Insurance studies
:on alluvial fans. Although it is a :and planning
:simple technique and can be applied :studies in
:uniformly, there is no direct way to :southern Cali-
:account for topographic features or :fornia and
:existing structural elements. :Arizona.

:Probabalistic
:approach with
:critical depth
:assumed and on
:empirical rela
:tionship between
:width and depth.

:Very useful for
:general planning,
:regulation and
:flood insurance
:but does not yield
:aetoiled enough
:results for design
:purposes.

I
I

RMA-2
Model

:Gee· and MacArthur,
:1982

:MacArthur, et. 01.
: 1985

:This is one of the most widely used and
:tested two-dimensional flow models.
:It solves the full equations of unsteady
:flow in twa dimensions using the finite
:element method. The elements can become
:wet and dry during the simulation
:whic is a necessary requirement for
:alluvial fan analysis. The graphics
:for this program is very strong which
:aids in the interpretation of results.
:There may be a problem as flow changes
:from subcritical to supercriticol.

:Hydraulic :The complete
:Simulations for :St. Venant equa-
:San Francisco :tions are solved
:Bay, Columbia :using the method
:River, Sacramento :of finite ele
:River. No alluvial:ments.
:fan aase studies
:were located.

:This model is a good
:candidate for allu- I
:vial fan modeling .
:becouse of its
:general application
:capabilities and
:wetting and drying I
:Of elements feature.

I
Schamber
Model

:Schamber, 1985

:Hamilton, Schamber
:& MacArthur. 1987

:This model was recently developed for :Simulotion of :The complete :This model is 0 good
:conducting a flood insurance study in on :alluvial fan :twa dimensional :candidate for allu- I
:alluvial fan region near the Wasatch :debris flows for :flaw equations :vial fan modeling
:Front Mauntains. Utah. The full equa- :a flood insurance :are solved :because of its
:tions of unsteady flow in twa dimensions :study along the :using the method :ability to simulate
:are solved using the method of finite :Wasatch Mountains.:of finite ele- :an expanding flow
:elements. An interesting aspect of :Utah. Flood :ments. An inflow :situotion on on I
:this model is that it uses an expanding :anolysis near Mt. :hydrogroph boun- :unbounded plain. •
:computationol grid. This is quite useful:Saint Helens. :dory condition and:
:for alluvial fan analysis since on :Washington. :the alluvial fan
:unbounded flow situation can be :topography are
:simulated. This model is currently :the main input I
:being improved by its author and it is :requirements. •
:0 good candidate for generalized
:application to alluvial fans.

Link-Node :Gurule, 1982
Model

:Orlob, 1978

:The link-node model is a pseudo twa
:dimensional approach for analyzing flow
:on a horizantal plane. This technique
:allows for spatial variation of the
:one dimensional equations of unsteady
: flow. This simplified approach has
:been used largely for estuary studies.
:This model may be difficult to use in
:an alluvial fan situation because the
:geometry does not have fixed. bounded
:topography in which to confine the flow.

:Son Francisco Bay
:circulation and
:water quolity.
:Many estuary and
:tidal appli
:cations.

:The one dimen
:sional equations
:for unsteady flow
:are solved
:using an explicit
:finite difference
:methad..

:This model is not
:0 good candidate
:for alluvial fan
:simulations
:because of the
:restrictions on
:specifying the
:topographic
:feotures.

I
I
I

Diffusion
Analogy
Hydro
dynamic
Model

:Hromadka. 1985
:This madel. called OHM, uses a simp
:lified version of equations (2) and (3)
:called the diffusion analogy. An
:explicit finite difference formulation
:is used thus computation time tends to
:be large and computer memory require
:ments tend to be small. The diffusion
:analogy may be a good approximation
:for steep alluvial fans because the
:flows upon them are governed. more by
:the bed resistance rather than inertial
:effects. The model has a fixed compu
:tational grid which limits the accurate
:descriptian of topographic features.

31

:Plano Trabuco
:flood plain
:study, Orange
:County, CA.
:Retention basin
:analysis. Orange
:County. CA.

:The diffusion
:analogy of the
:two dimensional
: flow equat ions
:are solved using
:an explicit
:finite difference
:method on a
:fixed coputa
:tional grid.

:Although this model I
:can simulote flow
:on a flood plain,
:the constraints on
:the specification
:of the topographic .1
:doto may couse
:difficulty in
:general application. .
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V. RECOMMENDED FURTHER WORK

1. Numerical models capable of estimating the location and size

of channels formed by unsteady, supercritical flovls in ero

dible alluvial fans must be developed and tested.

2. Laboratory and field verification of these tools are essen

t i a1 (see MacArthur, et a1, 1987).

3. In areas where there are insufficient stream gaging records,

techniques which are superior to the regional method of peak

flood flovJ analysis and the envelope curve method can be

employed.

4. Uniform and regionally consistent design guidelines need to

be established.

5. A case study such as the proposed Outer Loop Freeway should

be used to test and compare the capabilities of several of

the more promising computational methods. The same models

should be applied to any case studies that may exist with

actual measured flood event data and ~bserved project perfor

mance information.

6. Regional emergency management procedures should also be deve

loped to minimize dovmfan flooding problems that may result

form upperfan flood repair work.

7. Existing computational techniques can be tailored to be used

directly by highway drainage designers. This will involve

some further research, simple laboratory experiments and com

puter model development. The benefits will be a significant

advance in the state of the art and a more unified, compre-
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ti ona 1 gradually vari ed > steady state> fi xed bed methods for

analyzing hydraulic problems are often inadequate for allu

vial fan flooding problems.

6. Regular project maintenance is essential to insure proper

project function.

7. Quick field-engineered solutions to alluvial fan flooding and

drainage problems often create more problems than they vlere

intended to solve.

8. Although there is a computer model for two-dimensional flmlJ

that can be tailored to fit the needs of the Arizona

Department of Transportation, none of the models will yield

directly the desired high\'1ay drainage design parameters if

used "off the she If . II

9. Generalized methodology for two-dimensional flow analysis

combined with site specific hydrology and topographic

features can playa major role in developing a uniform proce

dure for proper design of highway drainage on alluvial fans.

10. Flood protection on alluvial fans conflicts with a dominant

geological process which wants to bury development with a

layer of sediment. Successful drainage must be designed to

transport the sediment as far down the fan as possible.

11. All drainage facilities should be designed to account for the

presence of debris and should be part of a strict maintenance

program.

12. The Schamber model and RMA-2 show the most promise for two

dimensional flow analysis for alluvial fans.
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VI. PROPOSED WORK PLAN FOR ANALYSIS OF FLOWS ON ALLUVIAL FANS

Purpose

The purpose of this section is to outline a program to develop

reliable methods for planning and designing highway crossings and

drainage projects on alluvial fans. The program will be conducted in

three phases and consist of research, model development, data collec

tion, model calibration and verification, methods documentation, and

field testing.

General Approach

A program to develop reliable methods for simulating flm'ls on

alluvial fans requires work and results from the following areas: (1)

basic research into the physics of shallow flow on alluvial fans, (2)

field monitoring and data collection, (3) numerical model development,

(4) model testing and sensitivity analyses, (5) model calibration and

verification, (6) physical modeling (This may be necessary to provide

data for items 1 and 5), (7) field applications, (8) documentation and

reporting, and (9) review, improvement, expansion and updating of model

capabilities as more information and field data becomes available.

Many of the hydraulic characteristics of alluvial fans and the

subsequent movement of sediment and debris during flow events are

poorly understood. Therefore a combined program of basic research into

the physics of shallow flo\'>/s on alluvial fans and field monitoring of

representative fan areas are essential components of any meaningful

development program. Development of a mathematical model, or perhaps a
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hensive approach to highway drainage on alluvial fans.

The sediment aggradation and degradation which occurs during

an alluvial fan flood should be recorded and analyzed to

obtain quantitative techniques for estimating sedimentation

behavior.
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improvement to the modeling methods will occur as new issues are iden

tified by the ATRC and new methods for simulating them are identified

by field needs and/or basic research.

Finally, several field applications will be made using the

modeling methodology for problems found in Arizona. The intent of the

field applications \vill be to test the capability of the model to

duplicate actual flow conditions.

Mode 1 structure and des i gn shall be as general i zed as pract i ca1

while realizing the applications will be primarily for flow problems on

a11 uvi a1 fans found in Ari zona. The 1atest techni ques in structured

programming and software engineering will be applied during model deve

lopment.

Proposed Methodology

An essential first phase of any model development will be to meet

with staff from the ATRC to discuss specific components of alluvial fan

flow problems that affect the proper design of highway projects.

Specific capabilities and general design features of the proposed

modeling methods for a first generation model must be identified and

agreed upon. Future generation models can be improved to make the

methods more generalized as our knowledge of the flow physics improves.

An integrated anaylses system is proposed. The approach \vould

allow users to apply several alternative fluvial systems analysis tools

representing a variety of study levels from a simple steady-flow back

water computation such as HEC-2, to a one-dimensional unsteady flow
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family of mathematical models, capable of simulating the hydraulics of

alluvial fans can be initiated once the desired capabilities and model

features have been defined and agreed upon withATRC staff. Model

developers must '.~ork closely \1ith staff from ATRC to insure proper

direction and emphasis of the model development program. Development

should proceed in phases. A first generation set of models should be

prepared and tested initially. Improvements and model expansion can

follow as future phases once the first generation modeling package has

been thoroughly tested. Development of an all-purpose universal model

should not be attempted as part of the first phase. A computer model

for the simulation of unbounded shallow flow such as described in the

"Design Parameters" section would be more appropriate. Careful model

testing and field application will identify capabilities that future

generation models must have.

Results form the basic research and field monitoring tasks must be

intigrated into the design of the model(s) and carefully tested.

Following preliminary testing, numerical sensitivity analyses should be

performed to quantify the numerical stability, accuracy and convergence

of the model. Physical modeling tests may be necessary to both iden

tify certain key hydraulic flow characteristics of alluvial fans, and

to develop sufficient data to be able to verify the capabilities of the

numerical model(s).

Each phase of development and testing shall be fully documented.

Revie~~ comments and feedback from the ATRC will be incorporated on a

regular basis into the approach. Continuous expansion, updating and
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routing, to a fully hJo-dimensional dynamic flow and sediment routing

tool (mobil boundary modeling). Existing softv·/are, and traditional

methods will be used wherever possible and wherever applicable.

Development or improvement of ne~~ unsteady two-dimensional modeling

tools is also requried.

The emergence of uniform and widely available operating systems

su ch as MS-DOS and UNI X provi des an opportunity for the creation of

much improved user interfaces to a fluvial hydraulics system. The

system would be developed by improving and integrating existing soft

~~are i-Iherever possible and developing "shells" to manage data and

program operation. The ability to use various levels of analysis with

input data shared by each program will provide users with the flexibi

lity to perform several levels of analysis quickly and uniformly.

Planning and/or design decisions can be made more readily with this

type of approach.

Figure 9 presents a flow diagram of a possible integrated alluvial

fan analysis system.

Generalized Analysis Procedures

Once an integrated package of programs has been deve loped the

foll~wing procedures may be used to evaluate highway crossing designs

on alluvial fans.

1. Site investigation and basin characterization

Conduct a thorough site investigation of the project area and exa

mine the drainage basin and alluvial fan areas upstream and dmmstream
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f lOllS.

bulked flows will account for the increase in total water and sediment

models such as RMA-2 or the modified Schamber model for unbounded flow

flO\J volume that results from entrainment of sediment during flood

42

Examine the computed velocity, flow depth and other

Compute scour or depos it depths us i ng tradit iona1 scourthe fan.

-Determine the representative alluvial fan sediment scour and depo

sition depths from measured contour profiles along the fan at several

dynamic routing.

project site. Determine the flow per unit length along the proposed

highway and the velocity and depth of flow expected as a result of the

Determine the hydraulic characteristics of the project site using

locations. Perfo~m statistical evaluations of the depths of rills and

gullies as well as berms and deposits for different drainage zones on

angle (Af, Figure 2) for the fan for the various design floods. Route

the flood using advanced methods (RMA-2 or Schamber Model) down to the

Prepare and execute advanced two-dimensi ona1 hydrodynami c simul ati on

situations. Use the Schamber model to determine the flmJ spreading

applicable.

hydraulic characteristics with respect to anticipated design features.

traditional steady state fixed bed backwater methods, such as HEC-2 if

5. Determine the representative alluvial fan sediment scour and
deposit depths from statistical methods

4. Determine the hydraulic characteristics of the project site
by several methods

Interagency Committee, ATRC, and others to develop sediment loading

bulking factors for the flood floVJS developed in step 2 above. The

I
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I
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I
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from the project site. Examine past aerial photographs and topographic

maps of the area. Identify the dominant soil types, erodibility, and

amount of vegetative cover for the drainage area upstream from the

site. Determine grain size distribution of bed and bank materials in

the immediate vicinity of the proposed highway crossing. Determine

whether the alluvial fan area draining into the project area is predo

minately in a channelized zone, braided zone or sheet flow zone as

shown in Figure 1. Examine past historical data and information

regarding storm intensities and flow characteristics of the area.

Examine previous highway and channel maintenance and/or damage reports

if available. Develop a thorough characterization of the drainage

basin and estimate the sediment transporting ability, debris loading or

scour and deposition potential for the project site.

2. Develop representative hydrology

Collect the necessary hydrologic data and combine it with the

basin characterization data from task one above. Use these data and

accepted hydrologic procedures to develop the expected flood hydrology

for the project site. Develop design flood hydrographs, peak dis

charges, flow duration, and fiood volume for design floods for the pro

ject area. Estimate future changes in hydrology that may occur as a

result of upstream urbanization. Develop future hydrology for these

conditions as well.

3. Estimate sediment load bulking factors

Use methods prescribed by the Los Angeles County Flood Control

District, The U.S. Army Corps of Engineers, The Pacific Southwest
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8. Monitor the project and re-evaluate and modify design
procedures as necessary

Evaluate project performance ~vith respect to the original design

procedures. If project performance varies greatly from the desi gn

calculation, attempt to determine \'Jhere and i/hy the modeling methods

failed and develop revised procedures that are more reliable. As

second and third generation models are developed the accuracy and

reliability of the design methods will improve. By the end of the 4 to

5 year study period, the models and design methods should be well

refined and reasonably generalized.
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calculation methods and the hydraulic characteristics determined from

step 4. Adjust these depths of scour, deposit, flow velocity etc. by

adding the statistical deviation values that were just determined (see

secti on on th is topi c) . That is, determi ne depths of scour as the

scour of the computed depth plus some dev i at i on away from the mean

depth determined from the statistical evaluation. An example equation

for scour depth is :

dscour = dcalculated +dstatical deviation

This approach can be used to adjust floVi depths flov.J velocities and

alter hydraulic characteristics of the flow.

6. Perform highway crossing design calculations

Using the information and results from the previous steps 1

through 5, determine the best orientation, sizing and design of the

proposed highway crossing. The hydraulic characteristics (flO\.J depth

and velocity) now reflect the characteristics of flows found on allu

vial fans.

7. Evaluate potential maintenance requirements

Perform additional analyses to estimate the amount of sediment

accumulation and/or debris accumulation that may occur in the project

area. Perform this analysis for several different upstream drainage

basin modifications that may occur as a result of urbanization activi

ti es. Modify the des i gn based on the effects of anti ci pated drai nage

basin changes.
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8. Monitor the project and re-evaluate and modify design
procedures as necessary

Evaluate project performance with respect to the original design

procedures. If project performance vari es great ly from the design

calculation, attempt to determine \<Jhere and 'dhy the modeling methods

failed and develop revised procedures that are more reliable. As

second and third generation models are developed the accuracy and

reliability of the design methods will improve. By the end of\ the 4 to

5 year study period, the models and design methods should be well

refined and reasonably generalized.
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Phase I Problem Identification

VII. TENTATIVE TIME SCHEDULE

Calendar Months

study period.

I
I
I
I
I
I
I
I
I
I·
I-
I
I
I
I
I
I
.

I
I

36 months

48 months

tical analysis methods will be available for use before the end of the

A four to five years program is necessary in order to properly

address the analysis and highway design problems associated with allu-

in order to complete the project in 4 to 5 years, and, of course, prac-

need further refinement following detailed discussions with staff from

ATRC. Many of the proposed activities will be occurring simultaneously

vial fans in Arizona. The following tme schedule is proposed but will
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Phase II Model Design Basic Research and Field Monitoring

Calendar Months

1. Evaluate characteristics, capabilities and
applicability of several of the more promising
state-of-the-art methods for planning and designing
highway crosing on alluvial fans (present study). 6 months

2. Meet with staff from ATRC, develop a list of
specific capabilities and features which the
methods should have. Select example drainage
basin and alluvial fan areas to monitor. 1 month

3. Identify specific areas where data must be collected.
Identify specific basic research tasks that are
necessary in order to complete the project. 1 month

2. Initiate basic research studies outlined in item
1-3 above. Prepare summary reports throughout
study.

4. Prepare a detailed scope of work, time schedule and
estimate of costs. 1 month

1. Design and conduct field monitoring of the flow
and sediment transport characteristics on the
test fan sites. Continuously monitor these
sites for four years, prepare summary report
of results.
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3. Design the structure, capabilities and linkages
for the various models and computational methods
to be intergrated into the analysis package.
Construct paper models of the I/O and data flow.
Decide on the character and types of solutions
(output) users may require identify specific
software engineering tasks for model development. 4 months

4. Begin model development and testing. 12 months

5. Perform detailed sensitivity study of the modeling
modeling package. Develop and document a test data
set and preliminary users manual. 4 months

Phase III Detailed Model Testing Calibration and Verification

Calendar Months

1. Perform additional model testing, and documen
tation.

2. Perform detailed calibration and verification of
the model using data collected during the field
studies.

3. Use laboratory physical modeling as an additional
method for developing verificational data.

4. Make computer model modificaions and thoroughly
document how to use the package.

5. Apply the modeling package to actual field design
problems work closely with ATRC to make model
improvements and adjustments if necessary.

6. Conduct a one-week training course and workshop
for staff from ATRC on how to use the design
analysis package.

12 to 24 months
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PREFACE 

This report was prepared for the Arizona Transportation Research 

Center and the Arizo na Department of Tr ansportation in order to conduct 

a state- of - the -art study of the characteristics, capab ilit ies and 

applicability of severa l of the more promising methods for planning and 

designing drainage for highway crossings on alluvial fans . The report 

was prepared and writt en by Douglas L. Hamilton and Robert C. 

MacArth ur of Simons, Li & Associates, Inc. in Newport Beach, 

California. Or. Ruh-Ming Li was the Principal-in-Dl arge. Results, 

discussions and recommendations presented in this report are not 

intended to be applied directly for deii gn purposes. Further develop

ment and testing of the methods presented is necessary before they can 

be considered for uniform application. 

Simons, Li & Associates, Inc. is grateful to the Arizona 

Tran sportat ion Research Center for sponsoring this study and to Mr . V. 

Ottoza\9a -01atupro n of the Center for his ski 11 and guidance throughout 

this project. 
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I. INTRODUCTION 

Problem Statement and Need for The Study 

Most hydraulic studies pertaining to the planning and design of 

highvtay drainage systems and highway crossings have been developed in 

riverine and coastal regions ·.vhere the characteristics of flooding are 

well defined. Hm1ever, there is one type of flooding that is 

increasingly becoming a problem for high1·1ay designers in the v1estern 

United States as the population and development in the West increases. 

This type of flooding problem occurs in areas known as alluvial fans. 

These areas are found in desert and semi-arid regions where runoff 

from sudden thunderstorms flows down steep mountain drainages and emp

ties onto a broad valley floor (see Figure 1). 

Concern for flooding and drainage problems on alluvial fans is 

increasing as more and more development occurs. Alluvial fans attract 

development because of their mild slopes, close proximity to the 

foothills and potential for spectacular views of the valley floor. 

Descriptions qnd definitions of alluvial fans are found in the reports 

by Bull (1977) and Anderson-Nichols (1981). 

Flood flmvs on alluvial fans can be very dangerous because of 

their unpredictability, high velocities, and ability to carry large 

am o u r:J t s of sed i men t and deb r i s . The s e r i o u s n e s s of f l o o d i n g on a l 1 u -

vial fans is related to the quickness and ferocity of the event as well 

as the unpredictability of the fl01v direction due to avulsions or 

drastic channel shifts that result from the accumulation of debris in 

defined channels. 
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Although alluvial fans are common geomorphic features around the 

world, especially in arid and desert regions, the hydraulic processes 

which form them and continue to mod ify them are poorly understood from 

the vi ewpo int of tr adi t io nal hydraulics and highway engineer ing. 

Therefore, the purpose of this study is to conduct a state-of-the-art 

study of the capabiliti es and applicability of severa l different 

methods for planning and designing high >vay crossings on alluvial fans 

in order to determine an appropr iate direction for future research on 

this topic. 

Characteristics of Alluvial Fans 

It is essential to first discuss th e many unique characteristics 

of alluvial fans that make analysis of flood problem s so difficult. 

Approximate ly one third of th e land area in the southwestern United 

States is covered by alluvial fans. Alluvial fans are usually ass o

ciated with desert and semi-arid regi ons of the world; however, they do 

exist (Bull, 1977) in tropical ar eas as v-;ell. 

Alluvial fans are generally aggradational in nature (Bull, 1977). 

French (1984) describes the formation of alluvial fans as follo v1s: 

"Debris accumulates along the flanks of mountains due to weathering~ 

and when an intense precipitation event occurs, the accumulated debris 

is transported downslope in an intermountain canyon. At the point 

where the canyon enters the valley- the apex of the fan- the widening 

of the flow results in a decrease of its debris carrying capacity, and 

the debris is deposited at the ape x and dovmslope from it." Over time, 
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many such eve nts cause depos it s to accumulate, resulting in the charac

teristic fan or cone shape . 

Dozens of arti cle s and references ar e avai l abl e describing the 

geologic aspects of alluvial fans . Interested readers should refer 

particularly to Anstey (1965) and Bull (1977). Quantitative methods 

for hydraulic ana lysis of these regions, hovJever, are not commonly 

found in the literature. 

To design highway drain ~g e systems on alluvial fans, one must know 

(1) 1,-1 here the hig hv1ay will be located on the fan, (2) the location of 

the major and minor flm·1 channels it crosses and (3) the detail ed 

character i st ics about the drainage basin upstream from the high1vay. 

Because the characteristics of flows vary so greatly depending upon 

location on the alluvial fan, design methods and analytical techniques 

wi 11 also vary. In the paper entitled "Generalized Methodology for 

Simulating Mudflov1s", MacArthur, et al (19 86 ) divide a drainage basin 

into three regions. The three regions of concern for highway analysis 

are similar and include: (a) The upper watershed, (b) the intermoun

tian canyon areas and any stable channels that cross the fan, and (c) 

the broad alluvial fan itself. Figure 1 presents a sketch of a genera

lized ~~atershed and alluvial fan drainage sys t em. Three hydraulic 

zones can be identified on the fan itself: (1) A channelized zone, 

near the apex, 1vhere a single defina.ble channel exists, (2) a braided 

zone, which is a transition area where the channel becomes unstable and 

multiple sinuous paths occur, and (3) a sheet flow zone, where fl01~ 

s pre ad s l ate r a 1 1 y i n t h e s t r e amw i s e and t ran s v e r s e d i r e c t i on s and i s 

very sha 11 0\•1. 
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Morphology, hydrology and hydraulic characteristics vary greatly 

between different fans. Therefore, th e extent, severity and behavior 

of floods on different fans depend heavily on individual fan charac-

teristics. This makes the development of uniform design criteria and 

analysis methods difficult. 

Anderson-Nichols (1981) list many of the following key watershed 

and fan characteristics which influence fan flooding behavior: 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

effective drainage area of the watershed 
watershed slope and aspect 
watershed soil type and vegetation 
frequency of forest fires 
development density within the watershed 
rainfall intensity and duration 
fan slope and topographic shape 
existence of one or several entrenched channels 
degree of entrenchment of main channels, their orientation 
and stability 
apex discharge conditions (hydraulic conditions) 
sediment characteristics 

Urbanization and development pressure on alluvial fans are high. 

Therefore, the characteristics of the fan today are unlikely to remain 

the same in the future. Highways built through undeveloped lands 

usually create accelerated development adjacent to them. The ability 

to accurately estimate the rate of urbanization and changes that may 

result with urbanization is essential for proper highway drainage 

design. 

A first step to any high1~ay drainage study should include the 

identification of the key characteristics of the fan that the highway 

is to cross. Some of the essential steps to consider include: 
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0 

0 

0 

0 

0 

0 

0 

0 

perform thorough aerial and field surveys of the fan and 
upper watershed areas 
develop detailed topograp hic mapping of the study area 
including high resolution aerial photographs 
attempt to locate historical aerial photos, soils data, 
geological data and flood histories of the fan 
locate the proposed highway on the topographic maps and 
aerial photographs 
study the proposed alignment for any obvious problems or 
possible improved alternatives 
classify the fan according to the key characterics 
observed during this preliminary study 
identify possible drainage alternatives and loca te poten
tial highway culverts and crossings based upon preliminary 
results 
li st all additional data needs and possible problems iden
tified during the preliminary study. 

Results from the preliminary study Vii ll provide essential infor-

mation for the preliminary design phase of the project (assuming the 

project is determined previously to be feasible). Discussions in the 

following sections of this report v1i ll explain the kinds of analyses 

tha t are required for the different regions and will evaluate several 

different kinds of analytical tools presently available for analyzing 

alluvial fan flooding and drainage problems. 
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II. DESIGN PROBLEMS FOR HIGHWAY DRAI NAGE ON ALLUVIAL FANS 

What do hi gh\'tay pl anners and des i gners need to knovt about the 

characteristics of f l ood eve nts on all uvial fans? They need to kno'il 

ho<·t to best size and orient culverts and high >~ay crossings to safely 

ha ndl e flows from design events with minimum maintenance or damage . To 

do this they ne ed to know what the peak discharge and duration for the 

design event will be, what the f l ow velocity wi ll be, what the depth of 

flow will be, and how much sed iment movement (scour or deposition) can 

be expected during the event . 

Hydrologic and Hydraul i c Problems - Most high1'1ay drainage and 

hydraul i c design guidelines are based on tradit io nal hydrologic and 

hydraulic computational methods. Th ey assume that sufficient data are 

available to develop the regi ona l hydro logy and peak dis charges for 

various design flood events. Often this is not the case because of an 

insufficient period of record requiring that flood f l mvs be estimated 

by a variety of rough methods . When results fr om the se rough methods 

are compared, they of t en yield a wide rang e of different pe ak 

di scharges , hydrograph shapes and flood volumes. Pea k f lo v1 rates 

shoul d be estimated by either regional regression mode l s (Cho v.J , 1964) 

or e8ve lope curve method s as r ecommended by Cr ippen (1982) . French and 

Lombardo (1984) have pointed out the limitati ons that these two method s 

have in arid areas. Th erefore , accepted standardized methods for deve

loping the de sign hydrology for high way drainages and high way cro ssi ng s 

are needed as a first ste p in the ana lysis . 
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Given a desig n storm , runoff volume and peak di s charge estimates 

are often obta i ned by using rainfa ll- run off models such as HEC-1 and 

Tr-20. The se mode ls cannot capture the t wo- dimension a l behavior of 

flows on an unbounded plan e ; howeve r, they can yield useful results i f 

used v;i th care. 

Given the des i gn hydrology, most high\'lay crossings are sized and 

orien ted based on fi xed-bed, steady state hydraulic compu tat ion s such 

as found in the computer program HEC-2. Unfortunately, flood flov1s 

common to alluvial fans are often unsteady, supercritical flm~s capabl e 

of moving 1 arge amounts of sediment. The bed and banks of the ephe

meral chann els found on mo st alluvial fans are usually unstable and 

channel avulsions are common . Channel patterns and inundation areas 

often change v1ith each flood. Sediment scour and deposition occur 

rapidly during floods and quickly alter channel geometries. This is 

not to say that traditional hydraulic design methods should not be used 

at all. Many locations and hydraulic design questions can be roughly 

solved >v ith HEC-2 type tools. Sediment transport, general scour and 

local pier scour can then be estimated using methods described by 

Simons, Li & Associates (1982 and 1986) and others. 

No uniform methods exist for analyzing flo~v problems on alluvial 

fans - because hydraulic and sediment transport characteristics vary 

greatly over the surface of the fan from its apex to the fan · apron (see 

Figure 1). One-dimensional unsteady flow methods are valid in the con

fined intermountain channel section upstream from the fan apex. Beyond 

the point where the flow emerges onto the unbounded fan and spreads out 
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in the stream'itise and transverse directio ns , tile flov1 often becomes 

tl'io-dimensional and often quite sha llovL Fl ovJs confined with in stab l e 

channels can st ill be eva l uated 1~ith one- di mens ional too l s (unsteady, 

or perhaps steady state under some conditions) . Sheet f l ov1s distri

bu ted over the fan surface or broadcast l aterally by avulsions fr om 

shallovt unstab l e ri ll s are extremely complex in nature. No presently 

a v a i l a b l e an a l y t i c a l too l s can an a l y z e these k i n d s of f l Oiv s d i r e c t l y . 

Kin ematic wave approximat i on, and some two-dimensional mode l s show pro

mise . Discussions i n a later section compare several state-of-the-art 

models that show promise for these kin ds of flo v1 s. 

Time Scales - Three different time scales are importan t when ana

lyzing fan flooding dynamics: 

(1) geologic time (106 years), during wh ich numerous events and 

flo;v paths wander over the fan and the fan grm,,s and ag

grades, 

(2) project time (50 to 100 years), during which several flood 

events of various magnitudes may occur causing channel shifts 

and sediment moveme nt, also during which highway mod ification 

projects may occur and regional urbanization occurs on the 

fan, 

(3) flood event time (hours to days) , during 11hich high inten

sity, short duration flow s race through the project causing 

topographic adjustment and channel shifts to occur. Local 

project damages may occur requiring maintenance and repair. 
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Obviously the last two time scales (project and flood event time ) 

are most important to planners and design engin eers . They need to 

determine v; he ther existing entrenched channe 1 s v1i 11 remain stable or 

are li ke ly to shift location. They need to anticipate the futur e 

effects of urbanization (planned or unplanned) on the project, and also 

anticipate future highway modifications that may be necessary. 

Other Problems - Other problems facing high'.vay de s ign engineers 

are institutional and political problems. The problems result from the 

fact that basic design criteria (such as the design hydrology, 

recurrence interval, peak discharge, permissible velocity, freeboard 

height, etc. ) may vary greatly between the various regulating agencies 

having jurisdiction over the lands on the alluvial fan. Local city and 

county regulations and design ordinances are often much different from 

The Federal Highway Administration, the railroads, The Corps of 

Engineer s , The Soil Conservation Service and The Federal Emergency 

t~anagement Agency. Therefore, if different agencies are designing 

flood control and drainage systems upstream from the high1vay and are 

not using the same basis for design as the highway department, it will 

be diff icult to have an effective integrated flood drainage system. 

More legislation and interagency cooperation is needed to establish 

agreed upon design criteria for alluvial fan flooding. Once the design 

criteria and levels of protection are established, then more definite 

design methods for meeting the level of protection can be established. 

Tettemer (1986) suggests master planning for flood control and 

drainage ordinances for developers as means for ensuring an integrated 

flood hazard reduction program. 
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Highway projects, Such as the proposed Outer Loop Freeway project 

in Phoen i x, may be planned for areas where urban iza t ion and develoom~nt 
' -

up s tr eam from the propo sed highway hav e very l ow density. Culverts and 

crossings loc ated to handle the design event defined by the High•t~ay 

Deparbnent can be built now. Later as more roads are constru cted and 

development occurs, the topographic features of the fa n and, therefore, 

the flood characteristics change drastically. This effect coupled with 

the nonuniformity in design criteria between the various agencies lead s 

to difficult fl oo d hazard management problem s . This s ituation pre

sently exists throughout much of Phoeni x and will cost millions of 

dollar s to improve . 

Therefore, in undeveloped areas where highways are planned, it is 

recommended that at least a basic master plan for flood control and 

drainage be part of the initial highway siting and fe~sibility studies. 

As the project ev olves and goes into the design phases, additional 

detail can be added to the master plan. Funding for this additional 

work can be shared between the city, counties and developers. 

Finally, cities and counties should be encouraged to modify their 

drain~ge and/or land grading ordinances to eli min ate uncontrolled 

clearing, grubbing and trenching of alluvial fans. Often land mvners 

will -construct a soil berm around undeveloped property to discourage 

automobile trespassing. This deflects all of the water that formerly 

moved over the property as shallovl sheet flow and concentrates it in 

other directions. Obviously these kinds of practices may result in 

significant changes in the flow characteristics downslope. No 
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sophisticated computer program or detai l ed des i gn in vestigat i on for a 

highway drainage system accounts for future imp acts of these rand or.1 

modificat i ons to the prevailing drainage system . As streets and other 

improvements are bui lt they should be designed to ma i ntain the existing 

flow pattern and f l ow rat es . Streets and fills should not divert flow 

fr om one drai nage area to another. Distributing the flo w among as many 

street s and shallo~' f lo od ~vays as possible prevents it from collecting 

and becoming a flood. 

Dr ainage modifications that concentrate flows that used to spread 

as sheet flov1 may cause the character of the local hydraulic zone to 

shi ft from being a sheet flow zone previously to either a braided zon e 

or even channelized zone (refer to Figure 1). Once the shift occurs it 

may take a long distance and many years for the downstream drainage 

area to readjust to the new increase in flow energy. Increased sedi

men t transport and shifts in the direction and magnitude of the peak 

discharge may also occur downstream from the point of concentration. 

Tett emer (1986) suggests that inadequately designed and improperly 

placed ditches, \valls or berms can develop false security and more 

problems than they 1vere intended to solve . Also, all drainage and 

flood control projects adjacent to the high1vay and upslope on the fan 

mustbe maintained regularly to assure their proper function . And, 

finally the hi gh1vay department and local city and county governments 

should regularly monitor all activity on the fans. Fl ows on the allu

vial fan are very sensitive to even minor changes in land form or 

grading. 
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The next section will identify and evaluate several of the more 

promising methods presently available for depicting flow conditions on 

alluvial fans . 
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III. HYDRAULIC ANALYSIS FOR ALLUVIAL FANS 

Introduction 

Although there has been a great deal of highly significant •,vork 

done in the field of all uvial fan hydraulics and hydro l ogy, pratical 

applications of scientific principles for solving alluvial fan flood 

con tro l problems are rare. Th is chapter wi ll attempt to (1) generally 

describe the behavior of f l oodin g on alluvial fans, (2) defin e the spe

cific parameters required to design highway crossings and (3) discuss 

some existing and proposed computat i ona l methods for analyzing flows on 

allu vial fans . 

General Description 

Alluvial fans vary in size from a few square miles such as near 

Bullhead City, Arizona to hundreds of square mile s such as near Phoeni x 

and Tu cson . As t he fan area increases, flood waters come not only from 

rainfall in the mountain watershed above but also from rainfall which 

occurs on the fan itself. Thu s the 100 year discha r ge at the apex of 

the fan i s not always the appropriate quantity to use for flood analy

sis. Figure 2 shows an idealized situation of flooding on an alluvial 

fan. This is a symmetrical fan 1vith no flow obstructions . Fehlman 

(19 B7 ) indicates that unbound ed flow on an inclined, flat plane expand s 

initially with an apex angle of 90°. Thus if the fan angle Af is les s 

than 90°, th e flow will be spread uniformly across the entire fan. If 

the fan angle is greater than 90°, the flow wi 11 be spread uniformly 

across 90° of the fan. This is obviously an overs implification but it 
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Qo.-= Poiht Dil~ha'("~e. cd:: FA~ ~pe'~< (cts) 

A~::. F~n Anj~ (de3ru~) 

R ::. Dls.tah(.Q. -t-rot'\ f\pex (feet) 

e Point: 

Uni-t: Dlsch~f',_e. a.t o.ny distol'lc.t2.. -tro~ A.f~LX (c.h/ t-t} 

'j =- a QQ )rr R \ -t A tr 2~o" 
J, = ~ Q Q 9 0 I Ar 7T R i +- A~ < ct 0° 

Figure 2 Idealized al luvi al f an. 
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lv i ll serve for purposes of illustration. As the flov1 spreads out, it 

i s convenient to express i ts magn itud e us in g the discharge per unit 

vti dth q . A peak discharge of 1,000 cfs spread out across a 100 foot 

wide fan contou r wou ld yield a unit disch~rge of 10 cfs/foot . The unit 

discharge at any distance R from the apex of the ideali zed alluvial fan 

is 

q 2Qa/ TI R if Af :2 goo 

q = 20a 90/AfTIR if Af<90 ° 

Where Oa is the point di scharge at the apex of the f an. Thi s assumes 

an ide al fan with no obstructions and uniformly distributed flow with 

a max imum expansion angle of goo. Again the flow expansion angle will 

be le ss than this in reality. The purpose of a tlvo-dimensional flow 

model for alluvial fans is, in fact, to determine the actual flo w 

expansion angle. 

This simple model can be used to i ll ustrate fo ur situations which 

may be encountered in alluvial fan analysis. The treatment that 

follmvs does not include the dynamic behavior of the flow; methods 

which will account for this are described later. These examples pro

vide a framevwrk upon which future research results can be placed. 

Ultimately a two-dimensional flow analysis technique will be used to 

determine the flow expansion characteristics for each concentration 

point. The results can then be superimposed for a coa 1 esci ng fan 

situation. 
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CASE 1: Flow Obstructed by a Levee. 

Figure 3 shows a f l ood control levee of length L which is oriented 

at an angle to the flo<·l path. The first step is to estimate the con 

centrated di scharge at point 3 . This is done by multiplying the 

average unit discharge by the l ength of the levee. Note that the sine 

of the angle between the flow direct i on and the levee must be used to 

compute the actua l unit discharge that impinges on the l evee. The unit 

discharge at point 4 is based on the uniform expansion of the con 

centrated discharge from point 3. The unit discharge at point 5 inclu

des the contribution from the fan apex (point 1) and from the end of 

the levee (point 3) . From this example it can be seen that development 

on an alluvia l fan can redirect the natural f l mv path. Note that an 

upper case Q is t he discharge at a point expressed in cfs and a l ower 

case q is the unit discharge in the direction of flol'l expressed in 

cf s/ft. 
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F1nd Untt Dt~charge at 

q:2 :: 2 G, ~m A t/2 /71 t2.rJ.z } 

q? -:: z Q, ~In A v~ 111 g 1 I:; 

q4 :: 2 Q?J ~1n A~4/7T l23-4 

Po tnt!:> 4 and 5 

q5 :: Cf- 4 + 2 Q 1 ?In A t,5(71 t2v:, 

Figure 3 Fl ow obstructed by a l evee . 
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CASE 2: Flow Obstructed by a Housing Development 

Figure 4 shows a housing development wh i ch intercepts the flo11 and 

redirects it around the community. It is then released at point 3 and 

point 7. The unit discharge at point 8 is computed using the concept 

presented in case 1. 
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F1r1d Untt DJ~char-ge ai Pomt 8 

Q
3 
= O, Lr ( .?1n A 1,2 + ~In A/,-?) 

'11 (2. 11 2. r::<r,3 
I 

o
1 

= Gt Lr (~tn A 1,1. + ~m AI,?) t Q,Lr( ?tn Av; +:Sin A t1 4) 
11 Q,,'2. {2,/;, 11 Rv:, RtA 

Figure 4 Flow obstructed by a housing development. 
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Figure 5 Effect of dev el opment on highway drain age . 
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CASE 4: General Condition 

Figure 6 sf1o>1S t he genera l situat ion . 

different dra i nages coalesce. Many of 

Several al luvi al fans from 

the roads, structures and 

topographic features found on the al luvial fan can cause major changes 

in flow direction, depth and velocity . Any mathematical model for ana 

lyzing alluv i al fa n hydraulics should be capable of including such 

effects. Since most parts of the fan have no defined channel, the two 

dimensiona l behavior of the f l ow on an unbounded surface would need to 

be described . Using this approach would enable the highway designer to 

account for effects of future development on dra inage. 
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Fi gure 6 Ge ne ra l condit io n of fl oodin g on an allu vi al fa n. 
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Design Parameters 

This section discusses the basis of two - dimensional flow analysis 

and its ro l e in solving all ,uvial fan flood problems. In general, flmv 

on an unbound plane .is governed by the three-dimensional, unsteady 

equations of mass and momentum conservation. If .there is a hydrostatic 

pressure distribution, and nearly uniform ve l ocity distribution in the 

vertical direction, t he dimensio n of the equat i ons can be reduced by 

one. The on l y dependent var i ab l es are the fluid depth and the unit 

d i s charge i n t he x and y d i recti on s ( H ami lt on , e t a 1 . , 19 8 7 ) . 

Mathematically, the two-dimensional equations for unsteady flow are 

dh 
- + at 

Clp 
- + ax 

dO ay ~ o 

ap a 2 h2 a 
- + -(E._+ g-) + -(pq) + gh(S 
at ax h 2 ay h 0 

~ • a q
2 

h
2 a 

-(- + g-) + -(E.9) + gh(S at ay h 2 ax h 0 

X 

y 

+ s ) 
f 

X 

( 1 ) 

"' 0 (2) 

(3) 

in which t = time; x = x-horizontal coordinate; y = y-horizontal coor-

dinaie; p and q = the unit discharge in the x and y directions, respec-

tiv e ly; h = water depth; g = gravitational constant; S0 x and S0y = bed 

slope in the x and y direcitons; and Sfx and Sfy = frictional 

resistance term in the x andy directions. The frictional resistance 

is usually computed using Mannings equation. For large alluvial fans 
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such as near Phoenix or Tucson, the amount of rainfall which occurs on 

the fan itself should be included. Th e infiltration rate of the runoff 

on the fan is a function of time and may be difficult to determine; 

h o ·.~ e v e r , it i s a 1 s o an i m p o r t an t f a c to r f o r 1 a r g e a ll u v i a 1 fan s . For 

illust rative purposes, these two factors are not included in equations 

(1), (2), and (3). 

Equations 1, 2 and 3 describe the flmv behavior exactly, vJithin 

the constraints of the assumptions upon which they were derived . Th e 

equations must be solved numerically, however, as no closed form solu

tion ex ists. In order to make this numerical solut ion easier to per

form, one or more of the terms in equations 2 and 3 are sometimes 

removed. Thi s may or may not have a large effect on the computed solu

tion depending upon the nature of the problem . 

The specific role of t wo -dimensional flovJ analysis for alluvial 

fans can be seen from Figure 7. A point dis charge on an unbounded 

plane ~~ill expand initially with an included angle of 90° but will 

eventually flow perpendicular to the contours . The assumption made in 

the four example cases that a point discharge 1vill expand uniformly 

vJith an angle of 90° for any distance v1ill yield discharges that are 

lower than would actually occur. Thus unless two - dimensiona.l flo1v 

effects are accurately captured, there is a good chance that highway 

drainage fac i lities wi ll be underdesigned . An acceptable computational 

technique should include the capability to describe the expansive 

nature of the flow, incorporate the effect of both subtle topographic 

features and abrupt fl01v obstructions, and should be able to describe 

supercritical and subcritical flow behavior . 
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Alluvial Fan~ 

Figure 7 Actual fl ow paths downstre am fro m obstruct i ons. 
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Assessment of Random Behavior of Alluvial Fan Flows 

As will be discussed in the following section, so~e deterministic 

computational methods are availab l e to assess the general trends of 

alluvial fan hydraulics and hydrology. ~~any of the phenomena that 

complicate the analysis of alluvial fan flooding, however, are random, 

at least in the sense that we do not have the knowledge to predict in 

advance the specific effects from a given causal event. An example of 

such a random phenomenon is the pat tern of sediment deposition which 

occurs during a flood on an alluvial fan. In general, the deposition 

pattern is cone shaped and fairly uniform such as the alluvial fan 

terrace north of Phoen ix shown in Figure 8. Upon close inspection, the 

contour lines appear jagged and irregular. On a large scale, it is 

apparent that the contour lines can be approximated by smooth, semi

circular curves. The small fluctuations in elevation are due to the 

scour, deposition and resuspension of material and is a function of th e 

local geologic, vegetation, soil mosture and topographic conditions. 

Since there is no direct deterministic computational method to simulate 

such micro-scale effects accurately, it is more practical to simulate 

the average hydrologic behavior and use a probabilistic approach to 

account for microscale deviations from the mean. 

The contour line noted on Figure 8 has a maximum deviation of 

about 2 feet in elevation. This means, historically, that local 

changes in bed elevation have been up to two feet during a flood event. 

The average deviation from the mean contour elevation can be computed 
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and used as a design factor to be added to the results of the deter

ministic modeling methods. 

Computational Techniques 

As stated previously, the role of a numerical simulation model is 

to predict the average hydraulic parameters needed for the design of 

highway crossings. These parameters are the unit discharge, the depth 

and velocity of flow and the sedimentation characteristics. This sec

tion discusses such numerical models. 

Many computational techniques and computer models were revie\~ed. 

Five of these are presented here (see Table 1). Most t\t1o dimensional 

flow models were developed for use with defined, bounded geometry. The 

Schamber model and RMA-2 have potentia 1 use for unbounded flow. They 

are also the only models reviev1ed that use the full equations of 

unsteady, two dimensional flow . Both of these models could be used to 

de term i n e the f 1 o \~ character i s t i c s as d i s c u sse d i n the "Des i g n Par a

meters" section and as illustrated in Figure 7. 

One of these two methods should be further developed for alluvial 

fan applications as discussed in the proposed work plan, Section VI. 

The further development should include the incorporation of appropriate 

boundary conditions and the possibility of supercritical flow depths. 
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NAME 
OF 

METHOD 

Dawdy 
Method 

RMA- 2 
Mode l 

Schamber 
Model 

TABLE 1 SURVEY OF COMPUTER MODELS FOR ANALYSIS OF FLOWS ON ALLUVIAL FANS. 

REFERENCE 

:Dawdy , 1979 

: Ech-10rds and· 
:Thielmann , 1983 

PREVIOUS 
DESCR I PT! ON : APPL! CA Tl ONS 

:This technique was developed specifically :Various Flood 
:for conducting flood insurance studies :Insurance studies 
:on alluvial fans. Although it is a :and planning 
:simple technique and can be app l ied :studies i n 
:uniformly , there is no direct way t o :southern Cali-
:account for t opographic features or : fornia and 
:exist ing structur al elements. :Ar i zona. 

:This is one of the mos t widely used and 
:Gee and Ma cArthur, :tested two-d imensional flow models . 

:Hydraulic 
:Simulations fo r 
:Son Francisco 
:Boy, Co lumbia 
:R iver, Sacrame nto 

:1982 :It so l ves the full equations of uns t eady 
:flow in two dimensions using the finite 

: ~lccArthu r, et. al. :el ement method. The elements con become 

MATHEMATICAL 
SOLUTI ON 

TECHNIQUES 

:Probobalistic 
:approach with 
:cr itical de pth 
:assumed and an 
:empirical relo
:tionsh ip be tween 
:width and depth. 

:The complete 
:St . Venant equa
:ti ons are solved 
:using the me thod 
:of f inite ele-

:1 985 :wet end d r y dur ing the simu l atio n 
:whic is a necessary requirement fo r 
:alluv ial fan analys is . The graphi cs 
:for this program is ve ry strang which 
:aids in the i nterpretation of results. 
:There may be a pr oblem as flow changes 
:from subcritical to supercriticol. 

:River . No alluvial:ments. 
:fan case studies 
:were located . 

APPLI C:.9 I L !TV 
FOR ALLUVIAL F~~ 

MODELH;G 

:Ve r y useful fo r 
:general planning, 
:regulation end 
:flood insur ance 
:but does not yield 
:detailed enough 
: results for cesign 
:purposes. 

:This mod:i is a good 
:candidate for ollu
:viol fan moceling 
:because of its 
:general application 
:capabilities end 
:wetting and drying 
:of elements feature . 

:This model was recently developed fo r :Simulation of :The complete :This mode l is a good 
:Schamber, 1985 

:Hamil t on, Schamber 
:& MacArt hur, 1987 

:conducting a flood insurance study in an :alluvial fan :two dimensional :candidate fo r ollu-
:ol l uvial fan region near the Wasatch :debris flows for :fl ow equations :viol fan modeling 
:Front Mountains, Utah. The full equa- :a fl ood insurance :are solved :because of its 
:tions of unsteady flow in two dimensions :study along the :using the method :ability to simulate 
:are solved using the method of finit e :Wasatch Mountoins,:of finite ele- :an expending f l ow 
:elements . An interest ing aspect of :Utah. Flood :ments. An inflow :situation on an 
:this model is tha t it uses on expanding :analys is near Mt. :hydrogr oph boun- :unbounded plain. 
:computational grid . This is quite useful:Soint Helens, :dory condition and: 
:for alluvial fan anal ysi s since on :Washingt on. :the alluvial fan 
:unbounded flow situation con be :topography ore 
:simulated. This model is currently :the main input 
:being improved by its author and it is : requirements. 
:a good candidate for generalized 
:application t o alluvial fans. 

:The one dimen- :This model is not 
Link-Node :Gurule, 1982 
Model 

: T11e link-node model is a pseudo two 
:dimens i onal approach for analyzing flow 
:on a horizontal plane. This technique 
:allows for spatial variation of the 

:Son Francisco Boy 
:circulation and 
:water quality. 
:Many estuary and 
:tidal appli
:cations . 

:sional equations :a good candidate 
:for unsteady fl aw :for alluvial fan 

:Orlob , 1978 

Diffusion :Hromodko, 1985 
Analogy 
Hydro-
dynamic 
Model 

:one dimensional equati ons of unsteady 
:flow. This simplified approach has 
:been used largely for estuary studies. 
:This model may be difficult to use in 
:on alluvial fan situation because the 
:geometry does not have fixed, bounded 
:topography in whi ch to confine the flow. 

:This model, called OHM , uses o si mp
: lifi ed vers ion of equations (2) and (3) 
:cal l ed the diffus ion analogy . An 
:expl icit finite difference formulation 
: is used thus computation time tends to 
:be large and computer memory require
:ment s tend to be small. The diffusion 
:enol ogy may be a good approximation 
: for steep alluvial fans because the 
:flows upon them ore governed . more by 
:the bed resistance rather than inertial 
:effects. The model has a fixed compu
:totionol grid which limits the accurate 
:description of topographic features . 
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:Plano Trabuco 
:flood plain 
:study, Orange 
:County, CA. 
:Retention basin 
:analysis, Orange 
:County, CA. 

:are solved :simulations 
:using an explicit :because of the 
:finite difference : r estrictions on 
:method. · :specifying the 

:topographic 
: featur es. 

:The diffusion 
:analogy of the 
:two dimensional 
:flow equations 
:are solved using 
:on explicit 
:finite difference 
:method on a 
:fixed coputo
:tionol grid. 

:Although this model 
:con simulate fl ow 
:on o fl ood plain , 
:the constraints on 
:the specification 
:of the topographic 
:data may cause · 
:difficult y in 
:general application. 
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IV. CONQUSIONS 

1. Alluvial fan flooding and related debris and sediment flow is 

one of the l argest potential hazards in the arid Southwest 

and one of the most difficult des i gn problems for the Arizona 

Department of Transportation to deal with. 

2. Alluvia l fan flooding conditions vary throughout the state of 

Arizona . The broad alluvial fans near Phoenix are currently 

under different stages of development but careful land use 

planning can reduce concentrated runoff hazards . Because the 

hydrologic and hydraulic charactertistics of fans are so 

complex and vary greatly, no single methodology is available 

for designing highway drainage projects on alluvial fans. 

3 . A thorough reconna i ssance and fan characterization study 

should always be conducted as the first phase of any highway 

drainage study . This should include an assesment of existing 

and proposed land use, drainage features, soil types and 

vegetation . 

4 . Uniform and consistent guidelines, master planning studies 

and design criteria must be developed for the large metropo

litan regions of Arizona. Land clearing, grading and 

construction activities on al l uvial fans must be strictly 

regulated to insure an integrated flood hazard reduction 

program. 

5. The hydraulics of alluvial fan flooding are far more complex 

and erratic than that of riverine floods. Therefore, tradi-
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tional gradually vari ed , steady state, fixed bed methods for 

analyzing hydraulic probl ems are often inadequate for a llu

via l fan flooding probl ems. 

6. Regular project maintenance is essential to ins ure proper 

project function. 

7. Quick field-engineered solutions to alluvial fan flooding and 

drainage problems often create more problems than they were 

in tended to solve. 

8 . Although there is a computer model for two-dimensional flmv 

t hat can be tailored to fit the needs of the Arizona 

Department of Transportation, none of the models will yield 

directly the desired highway drainage design parameters if 

used 11 off the she 1f. 11 

9. Generalized methodology for two-dimensional flow analysis 

combined with site specific hydrology and topographic 

features can play a major role in developing a uniform proce

dure for proper design of highway drainage on alluvial fans. 

10. Flood protection on alluvial fans conflicts \\lith a dominant 

geological process which wants to bury development with a 

layer of sediment. Successful drainage must be designed to 

transport the sediment as far down the fan as possible. 

11. All drainage facilities should be designed to account for the 

presence of debris and should be part of a strict maintenance 

program. 

12. The Schamber model and RM.A-2 show the most promise for two

dimensional flow analysis for alluvial fans. 
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V. RECOMMENDED FURTHER WORK 

1. Numerical models capable of estimating the location and s ize 

of channels formed by unst eady , supercritical fl ov1s in ero

dible alluvial fans musi be developed and tested. 

2. Laboratory and field verification of these tools are esse n

tial (see MacArthur, et a l, 1987). 

3. In areas where there are insufficient stream gaging records, 

techniques which are superior to the regional method of peak 

flood fl m1 analysis and the envelope curve method can be 

employed. 

4. Uniform and regionally consistent design guidelines need to 

be established. 

5. A case study such as the proposed Outer Loop Freeway should 

be used to test and compare the capabilities of several of 

the more promising computational methods. The same models 

should be applied to any case studies that may exist with 

actual measured flood event data and nbserved project perfor

mance information. 

6. Regional emergency management procedures should also be deve

loped to minimize downfan flooding problems that may result 

form upperfan flood repair work. 

7. Existing computational techniques can be tailored to be used 

directly by high•vay drainage designers. This will involve 

some further research, simple laboratory experiments and com

puter model development. The benefits 1·Jill be a significant 

advance in the state of the art and a more unified, compre-
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hensive approach to highway drainage on alluvi al fans. 

8 . The sed i ment aggradation and degradation which occurs duri ng 

an alluvial fan flood should be recorded and analyzed to 

ob t ain quantitative techniques for estimating sedimentat i on 

behavior . 
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VI. PROPOSED WORK PLAN FOR ANALYSIS OF FLOWS ON ALLUVIAL FANS 

Purpose 

The p u r p o s e of t h i s s e c t i o n i s to o u t 1 i n e a pro g r am to d e v e 1 o p 

reliable met hods for planning and designing hi ghway crossings and 

drainage projects on alluvial fans. The program v1ill be conducted in 

three phases and consist of research, model development , data collec

tion, model calibration and verification, methods documentati on, and 

field te sting. 

General Approach 

A program to devel op reliable methods for simulating flows on 

alluvial fans requi res work and results from the following areas: (1) 

basic resea rch into the physics of shallo~v flow on alluvial fans, (2) 

field monitoring and data collection, (3) numerical model development , 

(4) model testing and sensitivity analyses, (5 ) model calibration and 

verificati on, (6) physical modeling (This may be necessary to provide 

data for items 1 and 5), (7) field applications, (8) documentation and 

reporting, and (9) review, improvement, expansion and updating of mo del 

capabilities as more information and field data becomes available. 

r~any of the hydraulic characteristics of alluvial fan s and the 

subsequent movement of sediment and debris during flo1v events are 

poorly understood. Therefore a combined program of basi~ research into 

the physics of shallow flows on alluvial fans and field monitoring of 

representative fan areas are essential components of any meaningful 

development program. Development of a mathematical model, or perhaps a 
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family of mat hemat i cal mode l s, capab l e of simulating the hydraulics of 

alluvial fans can be i nitia ted once the desired capabi lit ies and mode l 

features have been defined and agreed upon with ATRC staff . Model 

developers must work close ly Hith staff from ATRC to insure proper 

di rect i on and emphas is of th e model development program. Development 

sho ul d proceed in phases. A f ir st generation set of mode l s should be 

prepared and tested initially. Imp r ovemen ts and model expans i on can 

fol l ow as future phas es once the first generation modeling package has 

been thoroughly tes t ed . Develo pment of an all-purpose universa l model 

should not be attem pted as part of the firs t phase . A computer mode l 

for the simulation of unbounded shallow flow such as described in t he 

"Design Parameters" secti on 1vould be more appropriat e . Careful model 

testing and field application will identify capabil i ties that future 

generation models must have. 

Results form the basic research and fie ld monitoring tasks must be 

intigrated into the design of the model(s) and carefully tested. 

Following prelimi nary testing, numerical sensitivity analyses should be 

performed to quantify the numerical stability, accuracy and convergence 

of the model. Physical mod eling tests may be necessa ry to both iden

tify certain key hydraulic f low characteristics of alluvial fans, and 

to develop sufficient data to be abl e to verify the capabilities of the 

numerical model(s). 

Each phase of development and testing shall be fully documented. 

Review comments and feedback from the ATRC vtill be incorporated on a 

regular basis into the approach. Continuous expansion, updating and 
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improvement to the modeling methods will occur as new issues are iden

tified by the ATRC and new methods for simulating them are identified 

by field needs and/or basic research. 

Finall y , several field applications will be made using th e 

modeling methodology for problems found in Arizona. The intent of the 

field applications \~ill be to test the capability of the model to 

duplicate actual flow conditions. 

Model structure and design shall be as generalized as practical 

while realizing the applications will be primarily for flow problems on 

a 11 uvial fans found in Arizona. The 1 ates t techniques in structured 

programming and software engineering will be applied during model deve

lopment. 

Proposed Methodology 

An essential first phase of any model development will be to meet 

with staff from the ATRC to discuss specific components of alluvial fan 

flow problems that affect the proper design of highway projects. 

Specific capabilities and general design features of the proposed 

modeling methods for a first generation model must be identified and 

agreed upon. Future generation models can be improved to make the 

methods more generalized as our knowledge of the flow physics improves. 

An integrated anaylses system is proposed. The approach \vould 

allow users to apply several alternative fluvial systems analysis tools 

representing a variety of study levels from a simple steady-flow back 

water computation such as HEC-2, to a one-dimensional unsteady flow 
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rou ti ng , t o a fu ll y t\vo -di mens i ona l dynam i c flow an d sedi ment ro ut ing 

t oo l (mo bil boun dary mod e ling ) . Existing sofh1are, and traditio nal 

met hods wi l l be us ed wher ev er poss ibl e an d wher eve r applica bl e . 

De ve l opme nt or improvement of new uns t eady t wo-dimensional mode l ing 

too l s is a l so req uri ed. 

The emerge nce of un iform and widel y ava il abl e ope r at i ng systems 

such as MS - DOS and UNI X provides an opportunity for the crea t i on of 

much im prov ed use r i nt er f aces to a fluv i al hydraul ics sys t em . The 

sys t em \'to ul d be deve loped by imp roving and i ntegra t ing ex i sting soft

ware ~1he r e v er pos sibl e and developing "shells" to manage da t a and 

progr am oper ation. The ability to use various levels of analysis with 

inpu t dat a shared by each program will provide users with the flexibi

lity to per f orm seve r al levels of analysis quickly and uniformly. 

Planni ng and / or design decisions can be made mo r e readily with this 

type of appr oach. 

Figure 9 presents a flo w diagram of a pos s ible integrat ed alluvial 

fan analys is sys t em. 

Generalized Analysis Procedures 

Once an integrated package of programs has been developed the 

follo~Ving proced ures may be used to evaluate highHay crossing designs 

on alluvial fans. 

1. Site investigation and basin characterization 

Conduct a tho r ough site investigation of the project area and exa

mine th e drainage basin and all uvial fan areas upstream and downstream 
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ALLUVIAL FAN 
CHARACTERISTICS 

HYDROLOGIC DATA 
CLEAR WATER DISCHARGE 

J--~---t1 BULKING FACTOR ;J--------f---------t 

SEDIMENT DATA 

Grain size 
Fire history 
Soil moisture 

TWO DIMENSIONAL FINITE 
ELEMENT MODEL FOR 

SIMULATING FLOW EXPANS ION 

FLOW OBSTRUCTI ONS 
RECONCENTRATE SOME OF 

THE DISCHARGE 

Existi ng roads 
Future development 

1 
I 

I RECOMPUTE FLOW 
EXPANSION 

HYDRAULICS AT PROPOSEDI----~------'1 
PROJECT SITE 

t-~--1 STATISTICAL DEVIATION TO 
~CCOUNT FOR RANDOM PHENOMENA 

FINAL DESIGN PARAMETERS 

Flow velocity 
Unit discharge 
Flow depth 
Sediment volumes 
Scour depths 

POST PROJECT 
MONITORING AND 
EVALUATI ON OF 
DESIGN METHODS 

FIGURE 9 DIAGRAM FOR AN INTEGRATED SYSTEM OF ALLUVIAL FAN HYDRAULIC AND SEDIMENTATION ANALYSIS 
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from the project site. Exam ine past aerial photographs and to pographi c 

maps of the area . Identify the dominant soi l types, erodibility, and 

amount of vegetative cover for the drainage area upstream from the 

site. Determine grain s ize distribution of bed and bank ma terials in 

the immediate vicinity of the proposed high\vay crossing. Determine 

whether the alluvial fan area draining into the project area is pred o

minately · in a channelized zone, braided zone or sheet flo1v zone as 

shovm in Figure 1. Examine past historical data and information 

regarding storm intensities and flow characteristics of the area. 

Examine previous highway and channel maintenance and/or damage reports 

if available. Develop a thorough characterization of the drainage 

basin and estimate the sediment transporting ability, debris loading or 

scour and deposition potential for the project site. 

2. Develop representative hydrology 

Collect the necessary hydrologic data and combine it with the 

ba sin characterization data from task one above. Use these data and 

accepted hydrologic procedu res to develop the expected flood hydrology 

for the project site. Develop design flood hydrographs, peak dis

charges, flow duration, and flood volume for design floods for the pro

ject area. Estimate future changes in hydrology that may occur as a 

result of upstre am urbanization. Develop future hydrology for these 

conditions as \vell. 

3. Estimate sediment load bulking factors 

Use methods prescribed by the Los Angeles County Flood Control 

District, The U.S. Army Corps of Engineers, The Pacific Southwest 
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Interagency Committee, ATRC, and others to develop sediment loading 

bulking factors for the flood flovJs developed in step 2 above. Th e 

bulked flows \vi ll account for the increase in tota l water and sedimen t 

f l ovJ volume that results from entra i nment of sediment during flood 

fl 0\/S . 

4. Determine the hydraulic characteristics of the project site 
by several methods 

Determine the hydraulic characteristics of the project site using 

traditional steady state fixed bed backwater methods, such as HEC-2 if 

applicable. Examine the computed velocity, flow depth and other 

hydraulic characteristics with respect to anticipated design features. 

Prepare and execute advanced two-dimensional hydrodynamic simulation 

models such as RMA-2 or the modified Schamber model for unbounded flow 

situations. Use the Schamber model to determine the flow spreading 

angle (Af, Figure 2) for the fan for the various design floods. Route 

the flood using advanced methods (RMA-2 or Schamber Model) down to the 

project site. Determine the flow per unit length along the propos ed 

highway and the velocity and depth of flow expected as a result of the 

dynamic routing. 

5. Determine the representative alluvial fan sediment scour and 
deposit depths from statistical methods 

--Determine the representative alluvial fan sediment scour and depo-

sition depths from measured contour profiles along the fan at several 

locations. Perfo~m statistical evaluations of the depths of rills and 

gullies as well as berms and deposits for different drainage zones on 

the fan. Compute scour or deposit depths using tradition a 1 scour 
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calculation methods and the hydrau li c characteristics determined fr om 

step 4. Adjust these depths of scour , deposit, flo\'/ velocity etc. by 

adding the statistical deviation values that were just determi~ed ( see 

section on this topic) . That is, determine depths of scour as the 

scour of the com puted depth plu s some dev i ation av1ay from the mean 

depth determined from the statistical eva l uation . An example equation 

for scour depth is : 

dscour dca lculated + dstatical deviation 

This approach can be used to adjust flov1 depths flow vel oc ities and 

alter hydraulic characteristics of the flow. 

6. Perform highway crossing design calculations 

Using the information and results from the previous steps 1 

through 5, determine the best orientation, si zing and design of the 

proposed high1vay crossing. The hydraulic characteristics (flo1~ dep th 

and \felocity) nmv r ef lect th e characteristics of flov1s found on allu

vial f an s . 

7. Evaluate potential maintenance requirements 

Perform additional analys es to estimate the amount of sediment 

accumulation and/or debris accumulation t hat may occur in the project 

area. Perform this analysis for several different upstream drainage 

basin modi f ications that may occur as a result of urbanization activi

ties. Modify the des ig n based on the effects of anticipated drainage 

ba s in cha nge s . 
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8. Monitor the project and re-evaluate and modify design 
procedures as necessary 

Evaluate project performance vJith respect to the original design 

procedures. If project performance varies great ly from the design 

ca l culatio n, attempt to determine where and <·Jhy the model i ng methods 

failed and develop revised procedures that are more reliable. As 

second and third generation models are developed the accuracy and 

rel i abi lity of the design methods will improve. By the end of the 4 to 

5 year study period, the mode l s and design methods should be well 

refined and reasona bl y generalized . 
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VII. TENTATIVE TIME SCHEDULE 

A four to five years program is necessary in order to properly 

address the analysis and hig hway design problems associated wi th allu -

vial fans in Arizona . The fo ll owing tme schedule is proposed but will 

need further refinement following detai led discuss ions with staff from 

ATRC . Many of the proposed activ it ies will be occurr ing s imultaneously 

in order to com pl ete the project in 4 to 5 years, and, of course, prac-

tical analysis methods will be available for use before the end of the 

study period . 

Phase I Problem Identification 

1. Eva luat e characteristics, capabilities and 
applicability of several of the more promising 
stite-of-the- ar t methods for planning and designing 

Calendar Months 

highway erasing on alluvial fans (present study). 6 months 

2. Meet with staff from ATRC, develop a list of 
spe ci fic capabilities and features wh ich the 
methods shoul d have. Select example dr ainage 
basin and alluvial fan areas to monitor. 1 month 

3. Identify specific areas where data must be collected. 
Id entify specific basic research tasks that are 
necessary in order to complete the project. 1 month 

4. Prepare a det ailed scope of work, time schedule and 
estimate of costs. 1 month 

Phase II Model Design Basic Research and Field Monitoring 

1. Design and conduct field monitoring of th e flow 
and sed iment transport characteristics on the 
test f an sites. Continuously monitor these 
sites for four years, prepare summary report 
of results. 

2. Initiate basic research studies outlined in item 
I-3 above. Prepare summary reports throughout 
study. 
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8. Moni t or the project and re-evaluate and modify design 
procedures as necessary 

E v a l u ate pro j e c t perf o rm a n c e w i t h res p e c t to t h e or i g i n a l d e s i g n 

procedures . If project performance varies greatly from the design 

ca l culation, attempt to determine where and >·Jhy the modeling methods 

failed and deve l op revised procedures that are more reliab l e. As 

second and third generation models are deve l oped t he accuracy and 

re l iab ility of the design me t hods wi l l i mprove . By the end of the 4 to 

5 year study period, the models and des i gn methods should be well 

refined and reasonably genera li zed . 
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3. Design the structure, capabilities and linkages 
for the various models and computationa l methods 
to be intergrated into the analysis package . 
Construct paper models of the l/0 and data f low. 
Decide on the character and types of solutions 
(ou tput) users may require identi fy specific 
software engineer i ng tasks for mode l development . 

4. Begin model development and test ing. 

5. Perform deta il ed sensitivity study of the modeling 
mode ling package. Devel op an d document a test data 
set and preliminary users man ual. 

4 months 

12 months 

4 months 

Phase III Detailed Model Testing Calibration and Verification 

1. Perform add iti ona l mod el testing, and documen 
tatio n. 

2. Perf orm detailed calibration and verification of 
th e model using data collected during the field 
stud ie s . 

3. Use labora tory physica l model ing as an additiona l 
method for developing verificational data. 

4. Make computEr model modificaions and thoroughly 
document how to use the package. 

5. Appl y the modeling package to actual field design 
problems work clo se ly with ATRC to make mode l 
improv eme nts and adjustments if neces sary . 

6. Conduct a one-week training cour se and works hop 
for staff from ATRC on how to use the de sign 
anal ys i s package. 
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