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OPENING REMARKS

I would like to welcome all of you, from Arizona, California, and Nevada, and
even one from Vermont. There about a hundred of us today. It's great to see
so many of you with us for this very special day focusing on problems and
solutions for alluvial fan flooding.

As Dave Burris mentioned, by about last spring, a number of us in AFMA became
very aggravated in dealing with our alluvial fan area drainage and flooding
problems. We got together and asked ourselves, "What can we do to raise our
level of expertise--our level of sophistication in dealing with alluvial fans
in Arizona?" We formed an Alluvial Fan Committee to approach this question.
The committee considered a number of methods for increasing our expertise, or
for drawing existing expertise from elsewhere into Arizona. We first
considered the possibilities for some kind of design competition. We met
biweekly for two months and finally decided that idea was premature--that more
information needed to be developed or collected first--that the
state-of-the-art was not yet such that it was time for design competitions.

However, we looked at a number of other ideas, and out of the wide array of
possibilities, we decided to really pursue two particular ones at this time.
We decided that someone needed to sit down and decide, "Well, what is the
state of knowledge of alluvial fans?" in Arizona, and the Southwest-,-·in the
world. And we decided to start putting together a list of alluvial fan
references. I am happy to say the first draft of this selected bibliography,
which we would like to have both complete and annotated some day, is now
available from AFMA. It currently contains the first 40 classic references
that most people would want to begin familiarizing themselves with the
subject, some of these by authors who are with us today. There are about 200
more references that exist, which have to do with hydraulics, sediment
transport, geology, hazard analysis, and computer modeling. There is even, I
discovered, a 3l8-page book written in Japanese, entitled, Alluvial Fans.
Unfortunately, no one on the Alluvial Fan Committee speaks Japanese well
enough to review the book, but perhaps one day this kind of reference will
also be accessible to us. It turns out that alluvial fans are a problem
primarily in arid and semi-arid areas in various countries around the world.
The problem is certainly not exclusive to the arid Southwestern U.S.A. What
the Committee would like to do is keep the bibliography as an open draft,
perpetually being updated and filled out as more sources become available.
Using this document as a resource, we should all have a much improved chance
of becoming familiar or more familiar with alluvial fans and the state of
published information on how they work and how we may better work with them.

The second major activity we committed to invest in was collecting speakers
and having special sessions at either regular or specially organized
professional meetings. This way we may keep up with the state-of-the-art,
through discussion with those creating it, before perhaps their results have
become conclusive enough to publish. Such is the goal of meetings such as
this one today: for us to have dialogue and learn from each other. ~e are
off to a dynamic start.
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At this time, I would like to thank the Alluvial Fan Committee members who
slaved along with me during the last year. Most of them have moved to newer
and better jobs during the year, which I believe is an indication of the very
high caliber of professionals we have on the Committee. I would particularly
like to thank Doug Toy of Franzoy-Corey Engineering and Ron Smith of
Ellis-Murphy Engineering, who spent extra time having numerous telephone
conferences and breakfast meetings with me, beyond the very frequent regular
committee meetings. I would also like to enthusiastically thank the other
committee members: Terri Miller of the Arizona Department of Water Resources,
Pat Deschamps, who is now with Simons, Li, and Associates, Dave Dust, who is
now with Erie and Associates, and Bill Snell, who is now with Pima County
Department of Transportation and Flood Control District.

Today, we have a wonderful group of speakers for you. We have not tried to
cover every aspect, fact, or viewpoint on fans in today's group of talks, but
we have tried to hit various levels and areas of interest. We will stay with
the program as you have it, and if questions overrun a speaker's time slot,
just save your questions for the panel period, when the speakers will all be
back for roundup. The panel discussion will conclude our day.

3
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A Brief Introduction to Alluvial Fans

Kebba Buckley

To Contact: Ms. Kebba Buckley
Project Engineer
Flood Control District of Maricopa County
3335 W. Durango St.
Phoenix, AZ 85009
602/262-1501
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A BRIEF INTRODUCTION TO ALLUVIAL FANS

Kebba Buckley

Let's spend a few minutes talking about what alluvial fans are. Where did
this odd name come from, and what do they look like? The term was first used
in 1873; yes, geologists have worked on this subject for a long time: The
first citation of that paper was in 1880, so we know the literature has a long
history. Probably the most classical work has been done by Dr. William Bull,
who is a professor at the University of Arizona in Tucson. He is a well-known
geomorphologist, and he has published some papers summarizing the
state-of-the-art. The most recent of these was in 1977 and is called simply
"The Alluvial Fan Environment" (Progress in Physical Geography, Vol. 1, No.2,
1977). For anyone who would like more detail than we are offering today, this
excellent paper should be first on your reading list.

So what is the definition of an alluvial fan? You will see many definitions
in the literature, and you will hear many different terms and definitions
today. The theme here for the next minute-and-a-half will be: don't be
scared by the terms. You will hear the term "alluvial fan"; you \'lill hear
"alluvial slope", "alluvial cone", and "pediment". For our purposes today,
these are all virtually the same. For example, let's take the word pediment.
When I was a little geology major, I was taught that a pediment is a bedrock
sill. Yet, today, there are well-respected researchers who use the term to
mean a bedrock sill covered with an alluvial fan thin enough to be washed away
in a major storm event. The flood flow and sediment flow management problems
are still the same in distributary landscapes.

In general, we are referring to major landscape features which, from above,
have a fan-like shape, and are formed by alluvial processes, which are wind
and water. According to Dr. Bull, an alluvial fan is "a (sedimentary) deposit
whose surface forms a segment of a cone that radiates downslope from the point
where the stream leaves the source area."

Looking at Figure 1, you can see that flow leaving a mountain range between
two peaks essentially leaves at a point. This becomes the high point, or
apex, of the fan. As the flow leaves the apex, it begins to spread out, or
fan out, thus losing velocity and dropping its sediment load at an increasing
rate. What began at the top as a single stream with a single sediment load
begins to split into distributary flow pattern. The end result, from above,
looks like a fan-shaped, dry-land delta, with a concave longitudinal profile
(from the apex dovm) , and convex cross-fan profile. Some like to define
different parts of fans, and you will notice a variety of carefully developed
classifications. Figure 1, for example, shows an upper fan segment, middle
fan segment, and lower fan segment. Then, there is a zone of coalescence,
where two fans join each other, because of course, each is getting wider
toward its base. Sometimes a flow line or stream on a fan becomes incised, or
well-defined, and it stops distributing flow across the original fan. It will
then carry flow to a point below the original fan's active area, and as its
flow loses energy, it will begin to drop its sediment load and start forming a
new, secondary fan.

5



I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I

The most beautiful way to see these features on paper is to get copies of
environmental geology maps published by the State of Arizona Bureau of Geology
and Mineral Technology. These are detailed, multicolored maps which may
currently be purchased for several dollars if you would like to see the
McDowell Mountains as you never imagined them. A number of other Phoenix-area
quadrangles have also been mapped, but the maps have not yet been published.
You may, however, see them hanging in the office of Dr. Troy Pewe in the
Geology Department at Arizona State University in Tempe. Dr. Pewe is the
originator of this type of alluvial fan mapping.

With this very brief introduction to alluvial fans, I hope those of you who
are new to the subject will feel much more at home as we explore the subject
throughout the day.

6
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Bullhead City: Current Approaches to Flood Control

Mayor Glenn Tudor

Further information on alluvial fan flooding and projects in
Bullhead City may be obtained from the author or:

Todd Connelly, Director of Planning and Zoning
P. O. Box 1048
Bullhead City, AZ 86430
602/763-8303
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BULLHEAD CITY

CURRENT APPROACHES TO FLOOD CONTROL

Comprehensive flood control for a community requires several types of
mechanisms to alleviate and lessen the impacts of storm waters. Several
programs and requirements that help mitigate flood hazards have been
implemented since Bullhead City's incorporation.

FLOOD PLAIN REGULATIONS

The Arizona Revised Statutes, Section 45-2341 to 45-2345, delegates to
local governmental units the responsibility of adopting flood control
regulations. Chapter 15 of the City of Bullhead City Code outlines those
regulations. These regulations apply to all areas of special flood hazards as
identified by the Federal Insurance Administration on the Flood Insurance Rate
Map. Briefly the regulations prohibit:

1. Uses which are dangerous because of water or erosion hazards; and those
which result in dangerous increases in erosion or in flood heights or
velocities.

2. Uses vulnerable to flood damage must be protected at the time of initial
construction.

3. The alteration of natural flood plains, stream channels, and natural
protective barriers is controlled.

4. Dredging, filling, grading, and other development which may increase flood
damage is controlled.

5. The construction of flood barriers which divert flood waters or increase
flood hazards in other areas are regulated or prevented.

HYDROLOGY REPORTS

Bullhead City has adopted an Engineering Procedures Manual that requires
completion of a hydrology report prior to development of any commercial,
industrial, or residential single lot or subdivision. No building permits
will be issued nor approvals granted prior to submittal of a hydrology
report. Developers must include on site plans submitted all proposed
buildings, asphalt, grass, concrete, and landscaping with dimensions of each
depicted; existing and finished grades of all surfaces, as well as the
proposed drainage scheme for new development.

9
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ON SITE RETENTION OF STORM DRAINAGE

On site retention of storm drainage is a conse~uence of a hydrology
report. This report is the mechanism used to determine the amount of water to
be retained, method of retention, and the method for draining the retained
water in a 36-hour period. Calculations for retention are based on a 24-hour,
50-year event. Retention is re~uired for all new subdivisions and single lot
developments, if storm runoff has not been included in a retention facility
elsewhere. Specifically, for Bullhead City, on site retention of storm
drainage plays a vital role in local flood control by monitoring the large
peak runoff rates that are a result of impervious development.

GRADING REGULATIONS

Bullhead City has also adopted Chapter 70 of the Uniform Building Code
entitled "Excavation and Grading". These regulations state that no person
shall do any grading or place any fill on any lot or parcel of land without
first obtaining a permit from the Building department. Applications for such
permits must include a plan showing topography of the lot or parcel of land,
existing and proposed grades, and proposed finished floor elevations. Slope
control and setbacks for buildings adjacent to hillsides are regulated to
avoid damage due to erosion.

FUTURE DIRECTION FOR APPROACHING FLOOD CONTROL

The City is pursuing additional studies on flood control to ensure
implementation of appropriate mechanisms to mitigate potential flood hazards.
The City's primary concern is to ac~uire the appropriate information to assure
we set the proper course for the extensive investment that will be re~uired.

The present course re~uires that new development provide ade~uate flood
control structures, but this is a slow process that ignores the re~uirements

for existing development. Public education and support will be a vital key to
our success.

10
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Learning From Experience on Alluvial Cones

John M. Tettemer

Papers on this and related topics may be obtained from the author:

John M. Tettemer, President
John M. Tettemer & Associates
1952 Fairburn Avenue
Los Angeles, CA 90025-5912
213/474-8338

11
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LEARNING FROM EXPERIENCE ON ALLUVIAL CONES

John M. Tettemer, President
John M. Tettemer &Associates, Ltd.

This paper presents case histories of management approaches to alluvial

cones in several desert and canyon communities in the west. These cases are

chosen to ill ustrate some important 1essons about the way all uv ia 1 cones

perform naturally, and how their performance responds to man's activities.

These lessons then lead to a la-step approach to alluvial cone planning and

management.

Kebba described for us earlier the typical alluvial cone: a relatively

steep, narrow canyon discharging onto a relatively flat, broad alluvial

plain. Sediment deposition creates the cone, with its apex at the canyon

mouth. Over the years the flow path fol lows different routes down the cone,

changing when sediment deposits build up and deflect the flow to a new path.

At any given time there is 1ikely to be an eroded incision left by the last

major flow. This incision is often interpreted to be the rel iable flow path

of future flood waters, and people proceed to build houses on the rest of

the cone, avoiding the "channel". They don't rea 1ize that somewhere

upstream there may be a sediment heap, a tree trunk, or a grading project

which can deflect the flow away from its former path and toward their

improvements. Or, a large flood in the future may overwhelm the existing

eroded channel and start a new channel.

When this happens, the developed area of the cone is suddenly a mudflow

disaster area and the people wonder how we let this happen. Let's take a

look at some examples of how local agencies have dealt with alluvial cones
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and see if we can work up a checklist of dos and don'ts to avoid future

flood and debris disaster areas on alluvial cones.

Los Angeles County, California

Our first case history is a small alluvial cone in Los Angeles County,

Cal ifornia. The canyon which created this cone is tributary to a large

river just emerging from the mountains, as shown on Figure 1. A low-flow

channel had establ ished itself across the cone and was reinforced in places

with minor dirt berms placed by the property owner to protect his pasture.

For many years the flow was contained within the low-flow channel. During

these years the community south of the cone was growing rapidly, unaware

that the growth path was leading directly into the potential overflow path

of the cone. A large storm finally occurred, flows broke out of the low

flow channel, and runaway flows from the cone found their way through the

streets and yards of the amazed downstream community.

This situation immediately became a high-priority candidate for a flood

control project. The local flood control district developed a concept

consisting of an armored levee to prevent flows from breaking south into the

community. Since the levee is located at the break point on the cone where

the steep canyon discharges onto the flatter river flood plain it was

recognized that sediment would deposit against the levee. This kind of

deposition tends to create a ramp which eventually carries debris-laden flow

over the levee--I'll describe such a case in a few minutes.

To prevent the ramping and overtopping of the levee the levee was designed

to be operated like a debris basin. Sufficient freeboard was designed into

the levee to contain the debris expected during a design flood. The right

of way take was designed large enough to accommodate the deposition without
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impacting the adjacent property and to al low maintenance. The project is

operated and maintained like a debris basin. When deposition reaches the

prescribed limit, the area is cleaned out.

This case history represents a situation where the community was lul led by

the fact that the canyon flows had fol lowed the low-flow channel for many

years. There was no perception of a watercourse in the potential overflow

path. Development gradually creeped within the hazard area, and eventually,

a large flood caused the flow to break out through the development. The

solution was appropriate to the situation; however, we would hope to be more

alert in the future to this type of potential hazard. The post script to

th is case is that deve 1opment has now fi 11 ed in a 11 the way to the

protective levee, underscoring the need for effective maintenance.

Palm Springs, California

Another example of this approach to cone management is in Chino Canyon in

Palm Springs, where the Palm Springs Tramway is, as shown on Figure 2. This

is a large cone that occupies a couple of square miles. As the City of Palm

Springs expanded it began encroaching into the lower end of the cone. In

this case the Corps of Engineers built a heavy-duty levee and channel to

convey the flow along the edge of the cone. There are a good many more

examples along the desert fringes of this type of structural containment

where a portion of the cone is al located to floods and debris, with a levee

to separate that portion from the remainder which can be developed.

These are structural rescues of regulatory failure. They are not optimum

solutions. They are expensive to build and maintain, they involve land

enhancement, and they do not eliminate the prob 1em. They mere 1y move the
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problem to another location. When you have on your planning hat you want to

think of ways to avoid having to mount a rescue operation. Funds are too

scarce these days to spend on protecting ill-advised development in

hazardous areas.

Riverside County, California

My next example is illustrated on Figure 3. This is a proposed golf course

residential development near Palm Springs, Cal ifornia. The property is made

up of two coalescing alluvial fans which extend from the base of the

mountains to a large wash. The existing low-flow streambeds from the two

canyons have very 1itt1e capacity, so the lOO-year flows break out of the

low-flow channels and can potentially flow over the entire property. The

owner wished to control the flows so as to develop the property, but wanted

to maintain the natural appearance of the area and maintain the year-round

canyon low flows in the present threads.

We looked at 18 alternatives, considering hydrau1 ics, sediment transport,

cost, aesthetics, and compatibility with the golf course and land

development plan. Figure 3 shows the preferred alternative. Low flows

remain in the existing streams. Flood flows from the two canyons are

gently nudged into the val ley formed by the coalescing of the two cones.

The combined flows proceed in a common channel to the river outlet.

Flows in the south channel are contained within the existing watercourse as

far as it has the capacity. The natural watercourse capacity is

supplemented where needed by widely spaced, gently contoured berms which fit

into the golf course. Natural rock armor and grade stabilizers are provided

where necessary to control erosion. The overall effect is a low-profile,

relaxed flood containment system which blends in naturally with the
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surroundings. Velocities are maintained in the system to carry sediment

through. The existing riparian habitats are preserved, facil itating the

Federal 404 permit and the Cal ifornia 1603 streambed alteration agreement

processes.

This is a case of capitalizing on the val ley formed by the coalescing of two

cones and managing the flows as 1ittle as possible. The engineering is all

there. In fact, there is much more engineering involved than there would be

with a uniform concrete channel, but the result is natural appearing and

relaxed. The property, which was completely flood prone, is now

developable.

Palm Desert, California

The next case is in the desert area of Riverside County, Cal ifornia, as

shown on Figure 4. The large alluvial fan is formed by the outwash of three

major canyons. The low-flow channels have migrated toward the edge of the

cones, assisted by sand dikes. By 1976, the sand dike shown on Figure 4 had

been in place many years and the community had come to rely on it for flood

protection. Development on the lower cone was extensive, and was proceeding

up the cone.

From listening to the talks this morning we know this situation spells

troub 1e. We're tak ing sed iment-1 aden flow and ask ing it to turn a corner.

Turning the corner slows the velocity, causing the sediment to deposit,

fi 11 ing the area behind the dike. \·Jhen the dike is full of

sediment the flow goes over the top, taking the dike and its impounded

sediment with it.
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That's just what happened during the tropical storm Kathleen in 1976. As I

recall, some $26 million worth of damage was caused to homes and businesses

on the cone. Houses were fil led to the ceil ing with sand. And this wasn't

the end of the story--another similar storm struck a couple of years later

with similar results. This failure was quite predictable. The system

failed to recognize all the things we have to deal with on alluvial cones in

the desert--high-intensity cloudburst,drainage area soils and cover

conducive to high runoff, sediment, erosion, and urban development. If you

have developing cones similar to this one the time to act is now, before

suffering mil lions of dol lars in damage.

This community then set out to solve the problem. The solution that came

from the engineers was to capture the debris from the western canyons in two

debris basins and carry the clear-water flow in a concrete channel, as shown

on Figure 5. The easterly canyon was taken into a grass-l ined channel.

The channels were built, and at the first rain the high-velocity flow in the

concrete channel ripped out the invert. The flow was so fast it just rol led

up the concrete lining of the channel. They rebuilt the channel bottom and

it's working okay now. The grassy swale channel was not as steep and has

performed satisfactorily. This channel is a good case history on the

performance of bermuda grass for erosion control. Before building the

channel, the local engineers conducted tests on the durabil ity of bermuda

grass and found that velocities of 12 to 15 feet per second can be resisted.

This is well above the standard textbook values. There is clearly a need

for continued work on design and maintenance standards for grass channels,

considering the potential economic and aesthetic benefits.
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Figure 5: Palm Desert, CA
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What can we learn from this case history? The hazard was underestimated.

The protective works were underdesigned. The community developers and flood

plain regulators relied on the inadequate facil ities. The debris basin

concrete channel was expensive to build, repair, and maintain, and has

significant environmental, aesthetic, and visual impacts. There is

substantial land enhancement. Where conditions are favorable, grass-lined

channe 1s can be cons idered. In retrospect, it was a good opportun ity to

master plan a phased cone development plan.

This system, 1ike the other ones we have discussed, discharges into a river.

The effect of this system on the river is to remove some of the sediment

that was naturally a part of the river flow and helped keep the erosion and

sedimentation of the river bed in balance. The equilibrium of many desert

streams has been upset by urbanization, drainage improvements, detention,

and debris control. The result is erosion and headcut. An eroding desert

stream can quickly become very expensive to control. The eroded channel is

more hydraul ical ly efficient than the natural flood plain. The higher

velocity causes increased erosion. Unless controlled, this self-generating

process will continue until a new equilibrium is reached. Some former flood

plains are now eroded channels 30 feet deep and 500 feet wide, with vertical

banks that are still being undercut. When you are considering strategies

for managing development on alluvial cones and protecting existing

development, keep in mind the sediment balance of the system and don't trade

one problem for another.

Tucson, Arizona

Our next case is in Arizona, on the Papago Reservation just southwest of

Tucson. This one is somewhat different from the ones previously discussed.
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It is relatively far removed from the apex of the cone. There is no wel 1

defined canyon del ivering flow to the site. Instead, the site is traversed

by many braided stream threads as shown on Figure 6.

The Santa Cruz River flows from south to north through the site. Most of

the surface flow crossing the site on its way to the river passes beneath

the 1-19 Freeway in a series of culverts ranging from 24-inch pipes to a 6

barrel, 10-foot-by-lO-foot box cul vert. This large culvert is the most

northerly one shown on Figure 6 and discharges into a State drain which

carries the flow to the Santa Cruz River. The freeway is elevated through

the property and constitutes a drainage constraint. We found the existing

culverts would not pass the 100-year Q.

Our task was to find an environmentally acceptable way to manage the

drainage so that a planned community of 100,000 inhabitants could be

developed on the property. After considering numerous alternatives, we

concluded that a combination of detention and broad low-profile floodways

would meet the following objectives.

Provide 100-year protection for buildings and major infrastructure.

Avoid building new culverts through the freeway.

Utilize existing freeway culverts as fully as practical.

Avoid increasing flood peaks leaving the property.

Assure a stable system from the standpoint of erosion.

Maintain a natural appearance.

Provide outlets for local urban storm drain systems.

Be economical to build and maintain.

Fit into the land-use and circulation pattern.

24
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As shown on Figure 6, most of the flows entering the property are collected

and delivered to three detention basins. The detained flows are gradually

released through broad, seminatural floodways. The floodway alignments are

determined by existing freeway drainage structures, existing points of

discharge from the property, and the land-use and circulation plan. Most of

the existing braided stream threads will be developed areas with urban

drainage systems. Where necessary for erosion control, the floodways will

be provided with rock erosion control revetments and grade stabil izers.

Internal or downstream detention basins may be provided if necessary to

mitigate runoff to predevelopment levels.

The result here is an unobtrusive flood control system that does a heavy

duty job. The peak runoff rates from Southern Arizona thundershowers are

extremely high. One key to the solution is detention, which works very well

for high-intensity, low-volume desert storms. Another key is enough land to

design wide, shallow, hydraul ically inefficient floodways. This minimizes

the cost of erosion control and blends with the open, spacious feel ing of

the planned community. The floodways will contain desert plants to further

soften the i r appearance.

Las Vegas, Nevada

Our next case study is the alluvial fan at Las Vegas, Nevada. This is a

very large cone, extending 20 miles in each direction. Drainage flows from

west to east down the cone from the mountains to Las Vegas Wash. The City

of Las Vegas is located on the cone adjacent to Las Vegas Wash, and is

growing up the cone to the southwest, west, and northwest, as shown on

Figure 7.
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When we began working in Las Vegas nine years ago we found a number of

interesting things going on with the drainage. Some are legacies from the

past, such as the existing highway and railroad embankments, which tend to

collect the flows on the cone and del iver them to the downtown area. These

embankments and the openings through them for street underpasses and

drainage determine existing drainage patterns and must be considered in

hazard evaluation and master-planning.

As the City expands up the cone, the new east-west streets tend to intercept

drainage flowing radially down the cone and del iver the water downtown.

Effective alluvial cone management requires street design standards that

allow drainage to follow the natural radial flow paths and avoid the

collection and concentration of flow.

The computed IOO-year peak Os from some of the mountainous drainage areas

are very 1arge. These flows, part i cu 1ar ly where they are co 11ected and

carried behind highway embankments, form a sizable river during the IOO-year

flood. These situations, which were not included on the City's Flood

Insurance maps when we began work there, require attention for flood plain

management and for master planning.

As the City grows to the west, the urbanized area tributary to the older

downtown area is enlarged, increasing the frequency and severity of flooding

in the older areas. This situation needs to be addressed in the master

plan.

There was a continuing need for drainage design information for design of

highway bridges, subdivision review, and channel improvements; however,
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there was no rel iable drainage master plan hydrology on which to base

designs.

The opportunities were clear. The City had experienced major floods in 1975

and 1976 and was committed to a flood hazard reduction program. We made a

thorough analysis of policy options, based on the hydrologic and hydraulic

performance of desert thunderstorms on a developing alluvial cone. Our

report, which came to be known as "The Blue Book", recommended a broad-based

flood hazard reduction program consisting of the following elements:

Flood Hazard Reduction Ordinance

Master Plan of Flood Control and Drainage

Drainage Manual

Procedures and Criteria for Review of Land Developments

Review of General Plan

Review of Zoning Actions

Public Information

Public Works Program

Maintenance

The City proceeded with the ordinance, in a process which incorporated full

public involvement, including developers, lenders, real estate interests,

environmental interests, and the general publ ic. The ordinance contained a

requirement for all of the other program elements recommended in the blue

book.

The master plan came next. We found some interest in things during the

master plan studies. We found that when existing development patterns

extend to the west over the developable land, the flow rates reaching the
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downtown area will triple what they are today due to the acceleration of

runoff by development and streets. On the other hand, we found that by

maintaining the natural radial flow paths on the cone, we could keep the

flow diffused so it does not become a flooding problem so soon. This will

reduce the extent and cost of the storm drain system. We also found that

while peak runoff rates were high due to the intense cloudburst type of

rainfall, the total storm volumes were manageable in detention basins, and

we found severa 1 exce 11 ent detent ion bas in sites on Federa 1 1and contro 11 ed

by the Bureau of Land Management.

We found that a system of detention basins with outfal ls across town into

which local drains can be discharged would cost one-fifth the cost of

conventional channels to carry peak flows across town.

The first of these basins, called Angel Park, has been built. It is

designed so it can be integrated into a regional park. The basin is

connected by a small drain pipe to an existing storm drain which extends 12

miles to Las Vegas Wash. We were able to use this storm drain and save the

cost of an outfall from the basin because the basin is not discharging

during the storm when the storm drain is in use. Only after the storm has

passed and flow has stopped in the storm drain is the basin outlet opened.

Maximizing the use of existing plumbing is an idea worth thinking about.

When we first began looking at the hydrology and hydraul ics of this large

alluvial cone, we soon concluded that the conventional computational

approach would not work. The conventional approach is based on a riverine

system where the drainage system resembles a tree. The trunk is the main

stream and the branches and twigs are tributaries. When you look at

Figure 7 you can see that on a cone the flows are not collected at a single

30
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point, but are diffused across a wide area. We therefore had to create a

diffusion-type hydrology and hydraulic model.

Since we were interested in master plan conditions when the cone is

developed, and since the major street pattern fo1 lows the section lines and

quarter-section lines, we set the model up on these same 1ines. Each

quarter-section is a hydrologic subarea. Each street is a routing reach.

The model sp1 its flows at intersections in accordance with the hydrau1 ics of

a standard intersection. In the developed areas, the existing streets and

existing drainage hardware are incorporated into the model.

With this model we were able to simulate what would happen in the IOO-year

storm when the cone was fully developed but without any master plan drainage

system. The model displayed Os and depths at each quarter-section corner.

Lines of equal flooding depth can be drawn to focus attention on the major

concentrations of drainage.

Trial detention basins were then sited and the model was run again to

evaluate the downstream impact of the various detention sites. This process

a1 lowed the selection of the most cost-effective detention sites. It also

provides the local drainage Os downstream of the basins for use in laying

out the outfa11s and designing the local storm drain collector system.

Conclusions

These five cases cover a lot of ground geographically and illustrate a wide

range of cone size, steepness, and development objectives. What common

threads can we see running through them that we can use for future guidance

in our cone management?
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First, I'd suggest that alluvial cone flooding and related sediment flow is

the single largest potential hazard in the arid southwest. There are no

clear-water riverine flooding problems left that approach the aggregate

hazard potential of alluvial cones. Those of you who are blessed by having

cones not yet fully developed have the opportunity to ward off disaster by

acting now before your City is added to the list of those who waited until

it was too late. Cones are manageable. The case histories above and many

others demonstrate that. They do take backbone and they do require that the

community's political leaders you work for understand they have no choice.

Second, I'd recommend you develop a management plan for each one of your

cones. Both engineers and planners should be invol ved, with input from the

various sectors of the community. Decide where you want the water to go and

use every opportunity to further implementation. Decide whether development

can safely proceed on the cone and establ ish development criteria. If flood

control works are required, get a master plan adopted and proceed with

construction.

Third, note that the traditional riverine approach to hydrology and

hydraul ics does not work on a cone. Alluvial cones do not collect runoff at

a concentration point. Hydrologic subareas should be relatively small, and

if streets are invol ved the flow spl its should be modeled.

Fourth, firm up indistinct drainage boundaries by the development process.

Once master plan drainage boundaries have been establ ished, subdivision

plans, street plans, and other deve 1opment plans can be used to phys i ca 11 y

fix these boundaries.
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Fifth, remember that on large cones significant economy can be real ized by

maintaining the diffusion of flows as they proceed radially down the cone.

Each development and street should be designed to maintain the existing flow

pattern. Streets, walls, and fills should not divert flow from one drainage

area to another. Diffusing the flow among as many streets as possible

prevents it from collecting and becoming a flood.

Sixth, beware of quick, field-engineered fixes. Ditches and berms that have

been built to protect existing improvements after a desert storm have

somet imes been ill-conceived and inadequate. They were re 1ied on by

developers and regulators with unfortunate results. Desert storms produce

high runoff rates. Flows may be erosive or sediment laden. Any work done

on the cone should be planned so that it fits into a reasonable cone

management strategy, and engineered so it will work when needed.

Seventh, be sure to maintain completed facil ities. Removal of sediment,

repair of erosion, and removal of obstructing vegetation are required to

assure reliable performance.

Eighth, monitor all activity on the cone. Flows on the cone are very

sensitive to even minor adjustments. All fills, walls, roads, and other

projects should be reviewed to assure conformance with your cone management

plan.

Ninth, due to the high runoff rates and low volumes of desert storms,

consider detention as a component of the master plan. In evaluating the

detention concept, care should be taken to evaluate sedimentation effects,

maintenance, and joint-use possibilities.
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Tenth, remember that each cone is different, each community's growth plans

are different, and the opportunities and constraints will be different for

each situation. Try to capitalize on the opportunities. I assure you,

there is an appropriate response for everyone. It mayor may not resemble

the ones we've discussed today.

With computerized procedures for engineering calculations, government

regulations for development, and a cookbook or procedural manual for almost

everything we do, the opportunities for imaginative, creative problem

so 1ving may seem 1 imited these days. That's not true on all uv ia 1 fans. The

opportunities are boundless, and I can't think of a more worthwhile

contribution to the future safety of our communities. It is not my intent

here to present a cookbook or procedural manual for alluvial cones, but by

sharing some experiences and observations to assure you that cone

management, though difficult, can be done, and to encourage your own

efforts.
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Introduction

In June 1984, the Los Angeles County Flood Control District began studying the

drainage needs in the Pearland area of the Antelope Valley. Previous studies

of the Valley had identified the need for a coordinated regional drainage

solution. However, the Los Angeles County Flood Control District only extends

as far north as the north line of township 5 north, San Bernardino base, leaving

approximately 70 percent of the Los Angeles County portion of the Valley outside

of the boundaries of the Flood Control District. With the consolidation in

January 1985 of the three major engineering departments in the County--Road,

Flood Control, and County Engineer--into a Department of Public Works (DWP),

it was then feasible to draw upon the expertise of the Flood Control District

and the resources of the other two departments to draft a Comprehensive Plan

of Flood Control and Water Conservation for the future of the Valley.

Antelope Valley Setting

The Antelope Valley is an enclosed inland desert basin, with no outlet for storm

runoff. The basin straddles the Los Angeles County-Kern County line, with

approximately 1,000 square miles in Los Angeles County.

The San Gabriel Mountains form the southerly edge of the basin and separate the

Valley from the coastal plain of metropolitan Los Angeles. The basin lies about

60 miles northeast of downtown Los Angeles. It stretches from the buttes along

the Los Angeles County-San Bernardino County line in the east to the south

facing slopes of the Tehachapi Mountains in Kern County. All storm runoff gen

erated in the basin that does not percolate into the ground eventually ponds

and evaporates in the impermeable dry lakes at Edwards Air Force Base.

Elevations in the Los Angeles County portion of the Antelope Valley range from

2,270 feet above sea level at Rogers Dry Lake to 9,399 feet at Mt. Baden-Powell.
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There is a gradual flattening of the Valley floor from the foothills to the dry

lakes where the slope becomes almost imperceptible.

The numerous streams originating in the mountains and foothills surrounding the

Valley carry highly erodable soils onto the Valley floor, forming large alluvial

fans of deposited sediment. These fans develop at the transition from the steep

mountain slopes to the gentle Valley floor and have in many areas come together

to form a more or less continuous alluvial fan along the Valley's southerly

edge. The mountain streams meander across the fans in ill-defined and often

changing paths, sometimes causing an erratic shifting of flow pattern. As a

result, much of the Valley floor is subject to a flood hazard. The Federal

Emergency Management Agency has mapped for the National Flood Insurance Program

major portions of the Valley floor as being subject to a flood hazard.

The Valley consists of seven major drainage areas. From east to west, these

drainage areas are Big Rock Creek, Little Rock Creek, Pearland, Anaverde Creek,

Amargosa Creek, Portal Ridge, and Fairmont Wash.

Since the Los Angeles County portion of the Antelope Valley is located on the

leeward side of the San Gabriel Mountains, rainfall is generally sparse. The

Valley has an average annual rainfall of approximately 5 inches at Edwards Air

Force Base and 9 inches near the foothills. However, the average annual rain

fall in the surrounding San Gabriel Mountains is over 19 inches and has on

occasions exceeded 40 inches. Total rainfall from a single storm in the

San Gabriel Mountains can amount to as much as 17 inches. Although most rain

fall occurs during the winter months, infrequent thunderstorms during the

summer and fall are capable of producing flash floods, similar to the ones

we hear about in Las Vegas. One or two of these storms can produce the annual

amount of rainfall in a very short period of time.
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Today, much of the Antelope Valley is unimproved desert land. The Los Angeles

County portion contains two cities, Lancaster and Palmdale, and is home to

more than 100,000 people. The Valley varies from densely populated in these

cities to very undeveloped desert flood plain in the surrounding areas.

It is anticipated that the population will double within the next IS years.

The major transportation route to the Valley from the Los Angeles metropolitan

area is the Antelope Valley Freeway, State Route 14, which bisects the Valley

and the two cities. Much of the growth is attracted to the central corridor,

approximately 20 percent of the Valley~ which is served by the freeway.

The east and west ends of the Valley will experience much less growth in the

near future due to the great dis~ance to the freeway and the desire by the

existing residents in those areas to preserve the rural character. The-Draft

Antelope Valley Area-Wide General Plan proposes rural densities of development,

not less than two acres per dwelling unit, for most of the Valley surrounding

the central corridor. The General Plans of the County and the Cities of

Lancaster and Palmdale provide for much urbanization, three dwelling units

per acre or more, in the central corridor.

Beginning in the 1950's, defense-oriented industry and activity triggered a

population growth and land boom of unusual proportions. This growth has

bottomed out on several occasions during the last 35 years, only to boom again

after a brief period. This cycle of boom and bust may continue for many years

to come because the major employer in the Valley is the defense industry and

related contractors. However, the two cities are actively pursuing non-defense

related industry to ensure continued growth in the Valley.

Edwards Air Force Base utilizes the dry lakes adjacent to the Los Angeles

County-Kern County line as a part of the Air Force's Flight Testing Program and

39
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NASA's Space Shuttle Recovery Program. U.S. Air Force Plant 42, located near

the City of Palmdale, is responsible for construction and testing of the BIB·

bombers and other highly secret aircraft. The Antelope Valley is being

considered as a site for an important scientific program, the Superconducting

Super Collider, for which support staff and families could increase Valley

population even more than predicted.

Need for a Comprehensive Plan Study

The severe flooding in the Antelope Valley that occurred in 1978, 1980, and 1983

focused Los Angeles County's attention on the flood control needs of the Valley.

Due to the prevalence of dry, sunny days, development in the Valley had been

predicated on a piecemeal approach to drainage. While this approach is not

adequate for a major metropolitan area, it was sufficient for the Valley for

a long time with its sparse development.

However, with the rapidly expanding urbanization across the alluvial fans, the

piecemeal approach to flood control cannot address the major drainage needs

in the Valley. This approach, undertaken on a development-by-dev~lopment basis,

provides for the incremental increase in runoff caused by development, usually

by constructing an on-site detention or ·retention basin to hold back the

increase. These basins are able to solve local drainage problems within the

development but are not able to intercept tributary runoff from the alluvial

fans. With no provisions to handle the off-site runoff, flooding increases on

streets and adjacent properties. Additionally, as the number of these local

on-site basins increases, so does the amount of resources necessary to adequately

maintain them. These resources could best be invested in a flood control system

that solved more than local drainage problems.
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It became apparent that the lack of a regional flood control system in the

Valley posed a major potential threat to existing and future development and

could result in a building moratorium. In addition, since future development

would create a loss in groundwater recharge and increase the demand for domestic

water supply, additional water supplies would be needed for the Valley to

continue to grow and prosper. Even today, water must be imported to the Valley

to support its population and the industrial and agricultural activities. The

Cities of Lancaster and Palmdale recognized the need to develop a coordinated

regional drainage plan and agreed to. finance portions of the study encompassing

the city areas.

Prior Studies

A previous study of the Antelope Valley by the Flood Control District and the

County Engineer in October 1970 proposed a flood control improvement plan

utilizing concrete channels for the major watercourses across the Valley floor.

These channels would collect storm runoff at the mouths of the major canyons

and discharge flows in the vicinity of the dry lakes. The local drainage system,

which would collect runoff from the local canyons and the Valley floor, would

be constructed as development occurred.

A subsequent study in March 1976 by the Flood Control District and the County

Engineer recognized the need to place additional emphasis on retention and

conservation of storm waters. It still planned, however, for the eventual

concrete channelization of the major watercourses through the urbanized areas

of the Valley. A study of the Antelope Valley streams by the U.S. Army Corps

of Engineers found that the dry lakes at Edwards Air Force Base were not an

acceptable outlet for all storm runoff from the Valley due to the impact standing

water has on the operations at Edwards Air Force Base.
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None of these previous studies resulted in a plan that could be implemented

because of the high construction costs and lack of intermediate outlets for a

phased construction of the channels as funds became available.

Current Study

Upon commencement of the study, the goals and objectives of the Comprehensive

Plan were identified. These included:

1. Flood protection for existing development.

2. A coordinated regional drainage solution for future development.

3. Conservation of storm runoff for beneficial uses.

4. Optimization of the impact of inundation of the dry lakes at Edwards Air

Force Base by balancing the frequency of inundation with the restorative value

of periodic flooding.

5. Maintaining the natural, open characteristics of the Valley.

6. Minimizing impacts to the environment and existing development.

7. Compatibility with the General Plans for the area and future development.

8. Cost effectiveness.

After discussions with representatives from the Cities of Lancaster and Palmdale,

Edwards Air Force Base, U.S. Air Force Plant 42, the City of Los Angeles' Depart

ment of Airports (due to the proposed Palmdale International Airport), the State

Department of Transportation, and developers and civil engineers working in the

Valley and after review of the many publications and reports concerning the geology,

environmentally sensitive areas, and soil characteristics of the Valley, the DP~~

established a matrix of needs, concerns, and issues versus possible solutions.

For example, we found, as mentioned earlier, that the dry lakes at Edwards Air

Force Base were not an acceptable outlet for collected storm runoff. Therefore,
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the Comprehensive Plan needed to address storing this runoff. However, the

San Andreas Fault that traversed the southern portion of the Valley makes

impounding water in the foothills a very risky alternative during a major

earthquake.

The Plan proposes floodplain management in the hillside areas, structural

improvements in the urbanizing central corridor, and planned flow paths and

groundwater recharge preserves in the rural areas. Since the hillside areas

include naturally entrenched watercourses with readily defined flood hazard

areas, development can be restricted to flood-free areas. In contrast, much of

the urbanization is occurring on the alluvial fans, which preclude establishment

of predictable flood hazard areas due to the meandering nature of storm flows,

resulting in the need for structural improvements in these areas. These

improvements consist of detention and retention basins located at the mouths

of the large canyons and at intermediate locations on the Valley floor and a

system of conveyance facilities commencing at the basins and other controlled

locations.

The basins and conveyance facilities would be designed to the Department of

Public Works' Capital Storm criteria. This criteria is based on a synthetic

storm constructed from 50-year frequency rainfall values and patterned after

rainfall events measured in the Antelope Valley. The Capital Storm is a four

day storm with varying rainfall intensities increasing until maximum rainfall

quantities occur on the fourth day. The Q's developed by a Capital Storm are

generally higher than the lOO-year runoff Q's developed for the National Flood

Insurance Program but are less than Standard Project Flood Q's developed by the

u.s. Army Corps of Engineers.

The detention/retention facilities would store debris generated in the undeveloped

watershed and reduce the peak storm runoff discharge, decreasing the size of the
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required conveyance facilities through existing and future development in the

central corridor of the Valley. These basins would be excavated below natural

ground and would not impound water above grade, which would eliminate the risks

during a major earthquake. The detention/retention basins could be constructed

in phases over many years as funds become available, providing downstream

properties with incremental increases in flood protection as construction

I proceeds.

I
I
I

The basins would have a natural bottom and side slopes to promote groundwater

recharge. The retention basins do not have a passive means of discharging

collected storm flows and would include a system of pumps capable of draining a

full basin within one month. This pumping system would provide us with the ability

to manage storm runoff in the Valley. The proposed detention/retention basins

problems caused by standing water during summer months and would promote joint

mize future operation and maintenance costs when compared with more numerous

smaller sized basins. The larger basins would also minimize the nuisance

are 19cated in areas designated for non-urban densities of development (one

These basins would serve the regional drainage needs of the Valley and would mini-

and would be buffered from adjacent residential development.

acre per dwelling unit or greater) by the General Plans of the Antelope Valley

uses, such as recreation, where compatible with the primary purpose of flood

II control. The basins would provide a cost effective means to manage the infrequent,

I
I
I
I
I

I
but oftentimes destructive, rainfall in the Valley and would be capable of moderat-

ing and regulating runoff to the dry lakes when needed for resurfacing the lake

I beds.

I
II

The open channel conveyance facilities have been aligned to avoid as much

existing development as possible to minimize the disruption, impact, and
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purchase of right of way through established communities. When this was not

feasible, storm drains within existing street rights of way have been proposed

to collect storm flows from the Valley floor.

At intermediate locations in the Valley, the storm flows conveyed by the channels

and storm drains would be collected in regional retention basins. These basins

have also been located in non-urban areas to minimize the impact to the land

use in the Valley and maintain the existing runoff patterns by duplicating the

effect of natural local depressions in the Valley floor.

In the rural areas of the Valley where urbanization is not foreseen in the near

future, a modified approach to flood plain management was developed to identify

the major flow paths storm runoff would most likely follow and restrict

buildings within these paths to provide for this runoff. Using the Federal

Flood Insurance Rate Maps, United States Geotechnical Survey topographic maps,

aerial photographs, and criteria developed by the Riverside County Flood Control

and Water Conservation District for the rebuilding of the town of Cabazon, the

flood flow paths were determined. These paths would remain natural, unobstructed

courses for flood flows. Since this approach does not remove the flood hazard

to the land adjacent to paths as would flood control improvements, proposed

development must still make the necessary provisions, such as elevating the

finished floors above grade and extending or armoring the foundation walls, to

ensure that all structures are free of flood hazard. In some areas, such as

the steeper portions of the alluvial fans, provisions may not be available to

II ensure the safety of the structures without flood control improvements. Review

I
I
I

of the provisions in these areas must be based on supporting documentation

provided by a registered civil engineer and will be made on a site-by-site basis.
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Additional:modified flood plain management approach includes groundwater

recharge pJ--areas which could enhance the groundwater recharge capabilities

in the ValJese preserves are located within and at the mouths of the large

canyons aneer locations on the Valley floor that appear to be capable of

recharging1undwater basins. The majority of these preserves are within areas

identified Federal Flood Insurance Rate Maps as subject to flooding.

The CompretPlan proposes 19 basins ranging in size from 50 to over

20,000 acre128.5 miles of open channels, and 76.5 miles of storm drains

in the urbaareas of the Valley, at an estimated construction cost of

$785 millioding the purchase of rights of way. The basins, which are the

major elemehe Plan for both flood control and water conservation, are the

major portihe construction cost.

The Plan aLoses 27 groundwater recharge preserves and 366 miles of natural

unobstructepaths in the rural areas of the Valley to provide a nonstruc

tural solut~ the sparsely developed areas.

Plan Develo\nd Approval

The DPW met:epresentatives from the Cities of Lancaster and Palmdale biweekly

to review d~ent of the Comprehensive Plan and solicit comments on the prelimi

nary plans.! meetings continued until May 1985 when the preliminary plans

were approv(completion of the Comprehensive Plan began. In July, the two

cities werelted the completed Comprehensive Plan. The Plan was adopted in

October 198~e Lancaster City Council, and in November 1985 by the Palmdale

City CounciJ

We are curr~ncorporating minor revisions into the Comprehensive Plan and

expect to PIit to the County Board of Supervisors for approval in ;~rch of

this year.
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The total cost of preparing the Comprehensive Plan was $297,000, with the cost

being shared by the Cities of Lancaster and Palmdale and the Los Angeles County

Community Development Commission, the Flood Control District, and the DWP.

Implementation

It is anticipated that the funding for construction will be provided by three

sources: development fees, the Federal government, and the three jurisdictional

agencies representing the people who live in the Valley. The City of Lancaster

and the County have adopted drainage fees for proposed subdivisions of land

within their jurisdiction. Currently, the City of Palmdale has not adopted a

drainage fee. The drainage fee for subdivisions within unincorporated areas

is $2,000 per single-family unit, $1,000 per multi-family unit, and $10,000

per commercial and industrial acre. These fees are required by the Regional

Planning Commission as a condition of approval.

Since the drainage fees only provide approximately one-third the estimated

construction cost, the DPW has been working with the u.S. Army Corps of Engineers

to obtain assistance in the construction of some of the major elements of the

Comprehensive Plan. The Corps has been studying the Antelope Valley streams

for several years and was allocated $260,000 this fiscal year to complete the

study. Federal funding could be made available for those projects identified

as having benefits to the people who live and work in the Valley. Additionally,

the Comprehensive Plan offers a significant benefit to the operations at Edwards

Air Force Base, providing for the optimum amount of runoff to the lake beds,

even though this will be accomplished with some sacrifice of water conservation.

We are hopeful that the Air Force will be able to assist in the construction

of specific off-base improvements that will benefit the base and the residents

of the Valley.
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In much the same way as rights of way are dedicated for streets when development

occurs, rights of way for the planned facilities would be dedicated as a part of

the subdivision review process. In the unincorporated areas, the developer would

be given a credit against the drainage fee for the fair market value of the land

dedicated for planned facilities. While the developer would not be required to

construct the planned facilities, he would be provided a credit up to the amount

of the drainage fee for those portions he chose to construct. He would be encour

aged to utilize right of way in the design of the interim drainage plan which

would detain or retain storm runoff for the protection of adjacent and downstream

properties. Additionally, development should be graded to drain, where feasible,

to the planned facility. This would reduce the required future local storm drains.

The alignment of a planned facility may be adjusted to fit the particular needs

of a development. The entrance and exit locations in the development could not

be modified without written approval from the jurisdictional agency. This would

ensure that upstream and downstream developments that could be proceeding at the

same time would match alignments for the planned facilities. Realignment of a

planned facility would be considered if engineering justification supported it.

Any realignment would have to be shown to be in the best interest of the Antelope

Valley.

Portions of the Comprehensive Plan may not be constructed for many years. As

development proceeds ahead of the construction of the planned facilities, interim

drainage guidelines and procedures are necessary to ensure that development is

free of flood hazard and that it does not increase the flood hazard to adjacent

properties. The goals of an interim drainage plan are similar to the goals of

the Master Plan. The three jurisdictional agencies responsible for review and

approval of development in the Los Angeles County portion of the Antelope Valley,
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the Cities of Lancaster and Palmdale, and the DPW for the County of Los Angeles,

I
have developed guidelines and procedures for interim drainage plans. Although

these guidelines and procedures vary from one agency to another, the purpose

I and goals are identical.

I
I
I

Summary

The Antelope Valley presents some very unique challenges because of its climate,

geography, and the rapidly growing population. Without a Comprehensive Plan,

flooding can only increase in the Valley. The alternatives would be much more

limited in the future and much more costly.

Cooperative action by the three jurisdictional agencies, the Federal government,

and developers will allow development to proceed in a safe and viable manner as

the most needed elements of the Comprehensive Plan are funded, designed, and

II constructed. It will take many years to construct the many facilities shown

I
I

I
on the Plan. However, it is important that rights of way are preserved today

to ensure that the Valley is not locked into a no-growth situation. The

I
I

Comprehensive Plan provides the most cost-effective flood control and storm

runoff management with the least impacts for those who live and work in the

Valley today and in the future.

I
I
I
I
I
I
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Diffusion Modeling of Alluvial Fan Processes

Dr. Gary L. Guymon

Papers on this topic may be obtained from the author:

Dr. Gary L. Guymon, P. E., Chair
Department of Civil Engineering
University of California at Irvine
Irvine, CA

50



I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I

51

Engineering Standards for Floodproofing

Single Homes on Alluvial Fans

As this methodology becomes further developed, updated versions may be
obtained from the authors:

Grigor Grigorian, P. E., Chief, Floodplain Branch
Floodplain Management Branch

Tony Nefas
U.S. Army, Corps of Engineers
Los Angeles District
P.O. Box 2711
Los Angeles, CA 90053
213/894-5375



Canyon and the entire City of Rancho Mirage in its floodplain. The reason for

on

structure and it is now under construction.

"AO" with depth , ~o 3 feet and a flow velocity figure does not provide

52

'979 flood caused such a high flood damage

developers have either kept out of the floodplains or have built above the

Engineering Standards for Floodproofing Single Homes

Alluvial Fans
Grigor Grigorian and Tony Nefas

Corps of Engineers, Los Angeles District

near the major watercourse in all parts of developable land in United

single home to be built on an alluvial fan.

FEMA maps have been a valuable source of information for future developments

alluvial fan. -Therefore, FEMA has asked the Corps of Engineers, Los Angeles

adequate information to a citizen who plans to build his house on that

by Anderson Nichols and Company (ANCO), November '98'~ stresses that the

States. By providing the 'OO-year WSE~ and floodplain limits most future

locating a city in an alluvial fan could stem from scarcity of land, privacy,

District, to undertake a study that would provide f1oodproofing designs for a

asthetics and desirable climate.

The first figure in the handout shows the alluvial fan of Magnesia Spring

in Rancho Mirage that the community asked the Corps for a flood control

establishment of a master plan at the earliest stage of fan deve1qpment will

development requires channelization of flows and debris control. Moderate

discusses the three development scenarios suggested by Tettemer. H~gh density

'OO-year WSEC. But FEMA has recognized that zoning flooding or alluvial fans

structures subject to high flood risks~ The Anderson Nichols study also

maximize the available flood management options and minimize the number of

The report entitled "Floodplain Management Tools on Alluvial Fans" prepared

I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
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Fig. 1. Aerial view of Rancho Mirage after the July 1979 flood.
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density development requires that floodways be reserved, while low density

development requires flood proofing. of all structures. It is the third case

which is addressed in our report.

Some of the Engineering Problems on Alluvial Fans are as follows: Velocity,

depth, and debris data on alluvial fans are engineering parameters which

should be determined by a qualified hydraulic engineer with, the aid of

geologists, hydrologists, soil engineers, meteorologist, and foresters.

Parameters which influence the velocity, depth, and debris include vegetation,

forest fires, soil type, rainfall intensity and duration, slope, geology, and

geomorphic features. Sediment and debris are factors which strongly influence

flows on alluvial fans and are the most difficult to account for. Based on

alluVial fan hydraulics, the sediment transport capacity decreases with a

decrease in the slope of the fan, thus causing deposition.

A braided flow pattern is common on alluvial fans. This type of flow is

characterized as forming multiple bars and channels, rapidly changing

alignment, carrying large quantities of sediment, and being unstable. Lane

(as reported by Simons, Li, and Associates in "Engineering Analysis of

Alluvial Systems" 1982, p 8.3) investigated the relationship between slope,

discharge and channel pattern in meandering and braided streams and observed

that an equation of the form SQ1/4 = K fits a large amount of data from

meandering sand streams. Here, S is the channel slope, QW is the discharge,

and K is a constant. Lane found that when SQ1/ 4 < .0017 a sand channel will

form meandering patterns. When SQ1/4 > .01 a river forms braided patterns. The

region between these values can be considered a transitional range where

streams are classified as intermediate. A comparison of the range of
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discharges and slopes assumed to typify alluvial fans shows that a braided

pattern should be very common. Although conditions on an alluvial fan may

differ from a sand stream, the foregoing analysis indicates a high potential

for hazardous flooding related to sedimentation or debris over large portions

of alluvial fans. Also, according to the Corps of Engineers criteria when the

following parameters are exceeded the particular floodplain is condisered

hazardous.

There are

(1) Flood depths are a maximum of 2 feet in urban and rural areas.

(2) Flood-durations are a maximum of 3 hours in urban areas and

24 hours in agricultural areas.

(3) Velocities do not exceed 4 feet/per second.

(4) Debris and erosion potentials are minimal.

(5) Imposed flood conditions would be infrequent; the exceedence

frequency should be less than one percent.

On alluvial fans several of these conditions are exceeded and therefore,

Corps of Engineers would discourage any type of construction in such

floodplains without a proper flood protection measure and evacuation plan.

The following procedure is recommended in order to effectively prepare

alternative designs for the flood protection of single lot developments.

a. Study and evaluat~ the watershed characteristics upstream

from the alluvial fan in addition to the alluvial fan apex and

fan characteristics downstream.
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b. Apply hydrologic techniques to determine the discharge frequency

relationship up to at least the 100-year flood level.

c. Evaluate past flooding behavior, flow direction bias and any

significant topographic features and obstruction on the fan.

d. Determine the likelihood of mud flows and mud floods.

e. Calculate the depth and velocity at the property site for flows

wi th no debris.

f. Formulate and evaluate alternative designs to provide flood

protection to the property site.

g. Evaluate the impact of mud flows or floods on the alternative

designs.

h. Evaluate the impact on downstream property.

i.Determine which alternatives fit within the alluvial fan master

plan (see page 2).

j. Evaluate the cost of each alternative; select design and submit

to local authorities for approval.

The analysis and design required for flood protection should be accomplished

by a qualified hydraulic engineer utilizing the expertise of geologists,

geomorphologists, hydrologists, soil engineers, meteorologists, and foresters

as appropriate. In some locations flow rates can be obtained from Flood

Insurance Study reports.
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Velocity and Depth Computation

David R. Dowdy developed velocity and depth equations on alluvial fans

based on observational data suggesting that channel widths increase with a

corresponding decrease in depth and that the channel stabilized when the

increase in width to decrease in depth ratio reaches 200 (~ w/Ltd = 200).

Dowdy assumed that flow would occur at critical depth since the critical state

of flow represents the least energy state and flows naturally tend toward

establishing this condition in erodable channels. Also, depths and velocities

were reduced as the -radial distance from the apex of the fan increased. This

accounts for the decrease in probability that flooding would occur at a

particular point as the radial distance from the fan apex increases. Channels

can establish themselves anywhere on the fan and the area available for the

channel increases with radial distance from the apex.

This approach works fine for insurance purposes where the idea is to

determine the average losses over a given area. However, for the design of

flood protection measures, the actual depths and velocities produced as a

result of a 100-year discharge on the fan must be considered, as pointed out

by K.L. Edwards and J. Thielmann in their published article titled "Alluvial

Fan; Novel Flood Challenge," in the Civil Engineering Magazine, Nov. 1981.

Their parper also presents eV~dence that supercritical flow conditions do

occur on allUVial fans, particularly where the slopes are steep. Using

Dowdy's basic assumption, assuming supercritical flow, and not reducing the

depth and velocity with increasing radial distance from the fan apex, K.L.

Edwards and J. Thielmann derived the following equations as shown on the third

page of the handouts.
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The final height upon which floodproofing is based is the flood depth plus

the velocity head (specific energy grade line) and a contingency number.

Velocity head is included in order to account for the possibility that the

velocity head could be converted to depth if the flow were to hit an

obstruction. The specific energies for a range of discharges and slopes are

computed and plotted as figure 5 in the handout. The recommended amount of

freeboard is based on velocity head plus additional depth that would occur if

the flow rate were to increase by 50 percent, with a minimum value of 0.5

Depths and velocities for a range of discharges and slopes are computed and

shown as figures 3 and 4 in the handouts. Manning's roughness values of 0.03

and 0.04 are used to compute velocities and depths, respectively. The method

presented above determines depths and velocities assuming water flows. On

alluvial fans there is also the possibility of mud floods and in the design or

flood protection for single lots, consideration should be given to mud flood

effects. This may be accomplished by raising the height of fill, increasing

the thickness of slope protection or by increasing the thickness of posts to

account for impact forc~$of debris which may include boulders. The magnitude

of these increases is a matter of judgement by a professional engineer who

would make decisions based on the characteristics of the watershed and

location on alluvial fan.
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D =E Qn _)3/8···················(1)
178.8 S 172 ~

v = ·41 QJ/~ ~ 3/8························(2)
n37

n= .03

n= .04
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In addition to freeboard requirements for a fill, its bank protection

handout is based on typical toe depth recommendations by the Los Angeles

should be extended .below the grade to account for scour. Table 1 in the

feet. The minimum total depth to which floodproofing was considered is 2

62

Toe Depth"

0 ft.

3 ft.

6 ft.

8 ft.

10 ft.

12.5 ft.

14 ft.

.5 ft.>DQdesign= D1.5Qdesign _x

Toe Depth

where

Table 1.

2
H = D + V /2g + X> 2.0 ft •••••••••••••••• (3)

No. 3 in the handout.

feet. In equation form, the final floodproofing can be expressed as equation

Angeles District, Army Corps of Engineers.

County Flood Control District (LACFD) with minor modifications by the Los

Veloci ties

0-2 f.p.s ...•

2-4 f.p.s

4-6 f.p.s.

6-10 f.p.s.

10-15 f.l>.s.

15-18 f.p.s.

18-20 f.p.s.
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'Taken from the Los Angeles County Flood Control District's Hydraulic

Manual.

"These figures are for straight reaches. For curved reaches, Los Angeles

County Flood Control District's Hydraulic Manual contains a graph which

relates width of channel and radius of curvature to scour depth. This depth

is compared to 1.5 times the depth tabulated and the higher of two values is

used.

'11Toe depth recommendation for the velocity range of 0 to 4 fps was

modified by the Los Angeles District, Corps of Engineers.

Having computed the safe first floor height above the surrounding grounds

we will look at alternatives to raise the structure. First we considered a

fill with rip-rap, grouted stone or gabion bank protection.

1. RIPRAP

The present literature does not contain a specific methodology for the

sizing of riprap for the range of velocities and depths found on alluvial

fans. The shear stress-tractive force approach as described in the Army Corps

of Engineers Manual - EM 1110-2-1601 and amended by ETL 1110-2-120 produces a

divergent solution with combinations of high velocities and low depths, which

are typical on alluvial fans. Methods based on the Froude number, such as the

one described by Stephen T. MaY?0rd of the-U.S. Army Engineers Waterways

Experiment Station, produce excessively large stone sized when the Froude

number becomes much larger than one. This is because the stone size is

directly proportional to about the third power of the Froude number.
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The method which seems to produce the most reasonable rock sizes is the

Isbash method which relates rock sizes to velocities. The ASCE sedimentation

manual states that the available equations for computing the rock size give

results that vary over a wide range and that there appears to be no common

agreement as to which is best. It also states that the Isbash equation gives

results that are in line with experience. The Isbash equation is given on

sheets 712-1 of the Corps of Engineers Hydraulic Design Criteria and is as

follows:

D1/2 ••••••••••• (4) Isbash equation
50 equation 4 in the handout

where

v = Velocity, fps

c = A coefficient

g = acceleration of gravity, fps

Os = Specific weight of stone, pcf

2fw = Specific weight of water, pef

D50 = stone diameter, ft

The diameter of a spherical stone in terms of its weight W50 is

D50 =I 9 w50.:'\}3 00 ••••••••••••••••••••••••• (5)
~-1't'8sJ

Substituting (5) into (4), assuming~w = 62.4 pcf and ~s = 165 pcf,

and solving for W50 yields

W50 = f-_T:""""':I:-=-V=-__' 6 ~ •••••••••••0 •••••••• (6)
\ 4.892C l,

The specific gravity of the stone riprap is assumed to be 2.65. This is the

specific gravity of quartz and feldspar, the two minerals which typically
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comprise about 90 percent of granitic and other rocks of igneous origin which

are commonly used for riprap.

The constant C is .86 for high turbulence levels as at the end of an energy

dissipation of a stilling basin and C is 1.20 for low turbulence level flow as

for river closures. Substituting these two C values in equation (6) yields

W = 18.03 x 10-5 V6·············(7)
50.1 C=,"6

W = 2.44 x 10-5 V6 •.••••••••••• (B)
50;C =1-20

The ASCE's Sedimentation Engineering Manual contains another version of the

same equation which takes into account the angle of slope of the embankment:

in which Gs = specific gravity of the stone, and 0 = the angle the slope makes

to the horizontal. Assuming Gs = 2.65 and an embankment on a 2:1 slope

equation (9) can be reduced to:

W50 = 3.38 x 10-5 V6••••••••••••••••••••• (10)

Open channel flow can be characterized as uniform, accelerating, or

decelerating. Flow on an alluvial fan represents a decelerating condition as

slopes tend to decrease and the channel width increases in the downstream

direction. According to Stephen T. Maynord, the vorticity generated in an

expansion is intense and irregular and can resemble the turbulence downstream

of an energy dissipator. The turbulence of flow on an alluvial fan is greater
,

than tranquil flow (as in Equation 8), but not as turbulent as at the end of

an energy dissipator (as in Equation 7). Therefore, an intermediate form of

the Isbash equation is chosen for computing rock sizes for sizing rip-rap

stone on alluvial fan.

65



I
I
I
I
I
I
I

II

I
I
I
I
I
I
I
I
I
I
I

66

W50 = 12 x 10-5 V6••••••••••••••••••••••• (11)

You have these equations in the handout.

The velocity computed in equation (2) is used to compute W50 • A gradation

is chosen in which the minimum W50 is equal to or greater than the W50

computed in equation (11).

Table 2.

Stone Gradations

J LIGHTER STONE WEIGHT STONE WEIGHT STONE WEIGHT STONE WEIGHT
BY WEIGHT IN POUNDS IN POUNDS IN POUNDS IN POUNDS

THICKNESS = 12 INCHES 15 INCHES 18 INCHES 21 INCHES

100 86 35 169 67 292 117 463 185
50 26 17 50 34 86 58 137 93
15 13 5 25 11 43 18 69 29

THICKNESS = 24 INCHES 27 INCHES 30 INCHES 33 INCHES

100 691 276 894 394 1350 540 1797 719
50 205 138 292 197 400 270 532 359
15 102 43 146 62 200 84 266 112

THICKNESS = 36 INCHES 42 INCHES 48 INCHES 54 INCHES

100 2303 933 3704 1482 5529 2212 7873 3149
50 691 467 1098 741 1638 1106 2333 1575
15 346 146 549 232 819 346 1166 492

·From inclosure 1 of the Corps of Engineers' Technical Letter (ETL) 1110-2-120

for stone weighing 165 lb/cu feet.



I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I

2. Grouted Rock.

Grouted rock can be used where the size of stone required for riprap

becomes too large to be practical. This method can also be used where an

adequate supply of large rocks necessary for riprap are not available or too

expensive.

Grouted rock is generally composed of 6- to 12-inch size rocks forming a

layer of 12-inch thickness. Grout is poured into the rock openings such that

50 percent of the voids are filled and that the outer layer or rock projects

one-third to one-fourth of the diameters of its stone.

Grouted rOCk, with its projecting stone, is generally regarded as being

more esthetically pleasing than the monotonously smooth surfaces produced by

concrete and soil cement. The appearance can be improved by using colored

cement ~n the grout to produce a constant in colors between the grout and

stone.

~ G~ioos

For areas with lots of cobblestones gaboins would be suitable bank

protection devices. Gabion structures are a series of stone filled wire mesh

baskets tied together to form a flexible, continous protection. Two of the

more common shapes of gabions manufactured are the box and mattress shapes.

Box Gabions have 3-foot square ends and are available in 6, 9, and 12 foot

lengths. These can be stacked on relatively steep slopes to form a massive

structure capable of resisting the forces of both river flow and earth
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pressures of the soil behind the structure. Such structures perform as a

gravity retaining wall and require a stability analysis to insure against

overturning, sliding, or sloughing.

Mattress gabions have shallow mesh baskets and are tied together side-by

side to form a continous blanket of protection. Mattress gabions are

manufactured in a variety of widths and lengths and are available in thickness

ranging from 9 inches to 18 inches. The thickness chosen depends on the

magnitude of the flow velocity.

Gabion structures have had a good record of satisfactory performance. One

of their advantages is that suitable filler rock is usually available

locally. Also, the flexibility of their mesh and filler stone allows them to

maintain their structural integrity even after some degree of displacement,

undercutting, or settlement. One disadvantage is that their assembly is very

labor intensive and thus costly.

-4. Posts

Another alternative is building the structure on posts. This alternative

is discussed in detail in a pUblication of the Department of Housing and

Urbsan Development entitled "Elevated Residential Structures" and subtitled

"Reducing flood damage through building design: a guide manual." The manual

covers such items as site selection, design, building materials, methods of

elevating structures, construction, and performance requirements. This

publication contains the cost analysis and detailed drawings for a 1500 sq.

ft., single story house on posts.
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To compare the costs of elevating a 1500 sq. ft. on fill or on posts, the

costs given in the HOD manual were adjusted to the 1985 values and shown on

Table 3 of your handout. It should be noted that the cost of constructing

posts in an alluvial fan would would be greater than shown by the updated

values. Elevated houses on alluvial fans may need larger posts to withstand

the impact loads of debris. Also, much of the west, where alluvial fans are

common, is earthquake prone. Therefore, bracing would be required to stiffen

the posts for structures that are elevated more than four feet. Impact

loading and bracing requirements will have to be evaluated on a case by case

basis by qualified professionals.

Local scour at the supporting posts is another item which is more of a

problem on alluvial fans because of the higher velocities. A number of

formulas for preciding local scour at bridge piers is given in wScour at

Bridge Waterways" (Highway Research Board, 1970). One of these formulas,

developed by Shen and Neill (1964), is reported in Simons, Li and Associates

(1982) as being particularly successful based on previous experience. The

formula for scour at a group of circular cylinders is:

ds _ 2 (b) .65F·43 ••••••••••••••••••••••• (12)
d - d

where ds is the depth of the scour hole, b is the width of the pier, d is the

upstream depth of flow, and F is the upstream Froude number (F =VI gd).

In a paper prepared for the Federal Highway Administration, Karaki (1974)

states that the maximum scour depth at piers could be as large as 30 percent

greater than the equilibrium scour depth. To provide for extra embedment,

results from the equation (12) given above should be multiplied by 1.3.
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5.. Floodwall

Freestanding flood walls are not considered as viable alternatives of

floodproofing on highly hazardous areas of an alluvial fan where the flood

depth can be above 3 feet and flow velocity can be greater than 3 feet per

second. In such areas during a major flood the freestanding floodwalls can be

toppled either by debris impact and scour or overtopped due to debris runup

behind the walls. In either case there will be flood damage to the

residential building surrounded by such walls. Floodwalls can be built as

retaining walls which support and protect a filIon which a house is built

on. Such retaining walls would provide adequate protection but would be very

expensive to build because of the need to extend below grade to protect from

scour.

The only practical use of floodwalls on alluvial fans is in the sheet flow

areas of the fan where the flood depth is about one foot and flow velocities

are less than 3 feet per second. In such areas one can build a 2 to 3 foot

high freestanding floodwall to keep the water out of the building. This

alternative requires special treatment for access into the property since a

driveway built at grade level could admit water. The driveway could be built

to ramp over the wall, or a water tight closure could be provided. Also, a

sump pump is needed to pump out the interior drainage and a sewereline check

valve to prevent backflow.

Since the floodwall alternative is not recommended in high risk areas of

the fan, it has not been included in the Table 3 of the handout.
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FIGURE 7

TYPICAL FLOODPROOFED HOME
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4. See figure 7 for assumed dimensions.

5. Actual cost of floodproofing may be higher because the effects
of debris flow was not considered.

3. Cost of riprap and grouted rock includes cost of concrete slab
foundation ($4,100.00).

2. Depth of piers = depth of local scour + depth of flow.
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Cost of
grouted

rock
$

14,600
14,600
14,900
16,700
19,300
22,800
18,100
20,800
19,000
21,500
24,600
27, 100
31,100
28,600
26,900
36,500
37,600

Cost
of

riprap
$

13,400
10,500
10,700
16,600
17,400

. 33,400
31,400
33,300
32,000
40,300
54,900
60,500
75,700
82,700
86,000

130,000

Cost
of

Piles
$

9700
9700
9700
9800
9900

10,100
9900
10,000
10,000
10,000
10,100
10, 100
10,400
10,300
10,300
10,600
10,600

Height
of

Flood
proofing

2.0
2.0
2.2
3.4
2.8
4.8
2.1
3.7
2.5
3.6
3.6
4.9
6.8
5.6
4.8
6.6
7.0

Depth
of

Toe
ft.

6
3
3
6
8
8
8
8
8
8

10
10
10
10
10
12.5
12.5

Table 3
Cost of Floodproofing

Velocity
fps

4.9
2.9
3.4
6.0
6.8
7.4
8.8
8.0
8.6
9.7

11.4
12.8
11.7
12.8
13.7
15.3
16.8

Slope
of

Fan
ft/ft

.02

.005

.0025

.005

.01

.005

.05

.01

.03

.02

.04

.03

.01

.02

.04

.03

.04

Discharge
cfs

1. Depth of toe height of fill, and depth of piers measured
respect to existing grade.

200
200

1000
3500
2000
8000

500
4000
1000
3000
2000
5000

18,000
9000
3500

10,000
800

Case

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17

Notes
with
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Example

Comparing the Costs

In order to see if such an investment in floodproofing a house is

economically justified we did a detailed analysis for a 1500 sq. foot house

The breakdown for the cost of floodproofing by fill and grouted stone bank

protection was:

73

figure 8 in the handout. (H:: 4')

Rock: 610 tons @ $28.80/ton = $17,570

Grout: 55 cy @ $99.60/cy = 5,480

Compacted Fill: 996 cy @ $ 1. 44/cy = 1,430.00

Excavation: 2597 cy @ $ 2.22/cy = 5,760.00

Total cost = $30,200.00

In order to compare the costs of these alternatives we based our

computation on a typical 30' x 50' house as shown in the handout. Table 3 of

the handout shows the results of assuming 17 varying base conditions (Q & S)

and the costs of floodproofing by 3 different methods.

located on an alluvial fan shown

If the house was worth $75,000 and had $30,000 contents the average annual

dQI'\'\03e. to the house would have been about $2,500.00. Based on 10% interest

rate and 50-year project life, $2,500.00 average annual benefits could support

a project with first cost equal to $25,000. Even though the $30,200.00

floodproofing project was not economically justified the homeowner now has the

facts to decide if he wants to invest in such a project.

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

\
>\,
(~

/ 8 O/llON "

.:.W."••u .\". ... "-r : • .... • •.. . ......,
..• r· ~ .I t-~~- ..:..~ .

.' ., -r . ,. ..• • ••. : .. .. ...._._~

Figure 8 2 Location of EXample

74



I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I

VIII. Summary and Recommendations

In this report a procedure is presented which may be used to determine the

type of flood protection to be used to protect a single lot development. In

using this procedure it is first necessary to evaluate the characteristics of

the watershed and of the alluvial fan and determine the design flow rate.

Next the depth and velocity of flow at the lot location is determined and used

to calculate the height to which the proposed home should be raised. The

depth of toe protection for fills and the depth of scour at the piles also

should be determined. Finally a project design is selected and submitted to

the local regulatory agency for approval.

There are still many unknowns associated with the development of flood

protection on alluvial fans. It is recommended that additional research on

quantifying the effects of mud flows and mud floods be undertaken. When more

quantitative approaches are developed they may be used within the framework of

the procedure presented in this report. It is also recommended that this

procedure be applied to future individual lot developments and that the use be

closely monitored in order to evaluate its effectiveness as a flood management

tool.

Finally, master planning and regulation of development on alluvial fans by

local agencies with flood control responsibilities is essential for long term,

safe and viable utilization of alluvial fans.
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Alluvial Fans and Regulations

John Helm

To Contact: John Helm, Attorney
Helm & Kyle, Ltd.
1629 E. Guadalupe, Suite 1
Tempe, AZ 85283
602/345-9500
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Velocities

0-2 f.p.s.w WW

2-4 f.p.s.

2.5-6 f.p.s.

6-10 f.p.s.

10-15 f.p.s.

15-18 f.p.s.

18-20 f.p.s.

Table 1w

Toe Depth

Toe DepthWW

Oft.

3 ft.

6 ft.

8 ft.

10 ft.

12.5 ft.

14 ft.

WTaken from the Los Angeles County Flood Control District's Hydraulic

Manual.

--These figures are for straight reaches. For curved reaches, Los Angeles

County Flood Control District's Hydraulic Manual contains a graph which

relates width of channel and radius of curvature to scour depth. This depth

is compared to 1.5 times the depths tablulated and the higher of two values is

used. I

··-Toe depth recommendation for the velocity range of 0 to 4 fps was modified

by the Los Angeles District, Corps or Engineers.
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Table 2'

Stone Gradations
~
I %LIGIITER STONE WEIGHT STONE WEIGHT STONE WEIGHT STONE WEIGHT

BY WEIGHT IN POUNDS IN POUNDS IN POUNDS IN POUNDS

18 INCHESTHICKNESS = 12 INCHES 15 INCHES 21 INCHES

100 86 35 169 67 292 117 463 185
50 26 17 50 34 86 58 137 93
15 13 5 25 11 43 18 69 29

\.. THICKNESS = 24 INCHES 27 INCHES 30 INCHES 33 INCHES

..
I

100
50
15

691
205
102

276
138
43

894 394
292 197
146 62

1350
400
?OO

540
270
84

1797 719
532 359
266 112

THICKNESS = 36 INCHES 42 INCHES 48 INCHES 54 INCHES

100
50
15

2303
691
346

933
467
146

3704 1482
1098 741
549 232

5529
1638
819

2212
1106
346

1813 3149
2333 1575
1166 492

'From inclosure 1 of the Corps of Engineers' Technical Letter (ETL) 1110-2-120

for stone weighing 165 lb/cu feet.
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Table 3

Cost of Floodproofing

Slope Depth Height Cost Cost Cost of
of of of of of grouted

Discharge Fan Velocity Toe flood- Piles riprap rock
Case cfs ft/ft fps ft. proofing $ $ $

1 200 .02 4.9 6 2.0 9700 13,400 14,600
2 200 .005 2.9 ~ 2.0 9700 10,500 13,5'00
3 1000 .0025 3.4 3 2.2 9700 10,700 13,S"00
4 3500 .005 6.0 6 3.4 9800 16,600 16,100
5 2000 .01 6.8 8 2.8 9900 17,400 19,300
6 8000 .005 7.4 8 4.8 10,100 33,400 22,800
7 500 .05 8.8 8 2.1 9900 31,400 18,100
8 4000 .01 8.0 8 3.7 10,000 33,300 20,800
9 1000 .03 8.6 10 2.5 10,000 36,300 22,600

10 3000 .02 9.7 8 3.6 10,000 40,300 21,500
11 2000 .04 11.4 10 3.6 10,100- 54,900 24,600
12 5000 .03 12.8 10 4.9 10,100 60,500 27,100
13 18,000 .01 11.7 10 . ~.8 10,400 75,100 31,100
14 9000. --.02 - , 1-2.a- --"0 -- --5..6 .... - 10-; JO()- 82,700 2&,600
15 3500 .045 13.7 10 4.8 10,300 86,000 26,900
16 10,000 .03 15.3 12.5 6.6 10,600 130,000 36,500
17 800 .045 16.8 12.5 7.0 10,600 37,600

Notes 1. Depth of toe, height of fill, and depth of piers measured with
respect to existing grade.

2. Depth of piers = depth of local scour + depth of flow
3. Cost of riprap and grouted rock includes cost of concrete slab

foundation ($4,100.00).
4. See figure 7 for assumed dimensions.
5. Actual cost of floodproo£ing may be higher because the effects

of debris flow vas not considered.
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Figure 8 a§ Location of E5eample
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