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FLOOD CONTROL DISTRICT
OF MARICOPA COUNTY

DRAINAGE DESIGN MANUAL
DOCUMENTATION NOTEBOOK

The purpose of this document is to provide a general tracking and background of the

changes to the 1995 edition of the Drainage Design Manual for Maricopa County. This

document is organized into two volumes. Volume I contains correspondence and is· the

key for understanding the changes to the manuals. The Correspondence Volume

includes meeting minutes, memorandums and letters documenting discussions and

decisions made regarding new methodologies, procedures and techniques for both the

Hydrology and Hydraulics Manuals as well as data tables, figures and examples.

Initially, a manual was to be prepared for the City of Phoenix only. HydrologiC and to a

certain extent hydraulic methodologies ahd procedures for this new manual would have

deviated somewhat significantly from the methodologies and procedures for the Flood

Control District of·Maricopa County. Much of the correspondence prior to 1998 dealing

primarily with hydrologic issues was specific to new methodologies and procedures

proposed for the City of Phoenix. After preparation of the manual began, the City of

Phoenix and the Flood Control District of Maricopa County entered into an agreement

that resulted. in the City of Phoenix adopting the current Flood Control District of

Maricopa County manuals with agreed upon revisions. This intergovernmental

agreement primarily impacted the Hydrology Manual. The City of Phoenix agreed to

adopt the current Flood Control. District of Maricopa County hydrologic methodologies

with improved/simplified procedures with additional focus on methodologies for the

developmentof design discharges for more frequent flooding events. Correspondence

prior to this agreement is provided primarily for an overall perspective on the project.

The second section of Volume I is the documentation for the Hydraulics Manual.

Documentation for the Hydraulics Manual consists of copies of references used in the

development of new methodologies, procedures, techniques and data. Only references

considered·not commonly available are provided in this volume.
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• Volume II is the documentation for the Hydrology Manual. Documentation of the

Hydrology Manual is organized into two sections; technical analyses and testing!

verification. The technical analyses section includes source data and analyses used in

the development of the methodologies, procedures and techniques presented in the new

chapters. The testing and verification section is further divided into two subsections.

The first subsection documents analyses conducted of current City of Phoen'ix

hydrologic procedures in comparison to the current FCDMC hydrologic procedures. The

second subsection presents the data and results for the testing of the multiple frequency

modeling procedures.

•

•
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To:

From:

Date:

Reference:

Distribution

George Sabol

8 September 1997

PHOENIX STORM DRAINAGE DESIGN MANUAL
NEW PRECIPITATION ANALYSIS FOR PHOENIX
FILE: 28900040

•

•

The source of design rainfall information was, and still is, the NOAA Atlas 2 for Arizona along with a few
supplemental publications by other Federal government agencies. However, the need for a revised rainfall
analysis of depth-duration-frequency statistics and other rainfall design information for Arizona has been
recognized since the mid-1980s. At the time that the Flood Control District of Maricopa County (FCDMC)
and the Arizona Department of Transportation (ADOT) were producing its hydrology manuals (from 1986
through about 1992), there was an effort to bring about a reanalysis of rainfall data. That process culminated
in an agreement by NOAA to undertake a regional study of rainfall data. Various entities, such as ADOT,
FCDMC and other state and county agencies within the region cooperated in financing the NOAA study. That
study was initiated in October 1991 and was to have been completed in three years. The document to be
produced is NOAA Atlas 14 (semi-arid region precipitation study) and that atlas will cover all or parts of
about six states.

I was involved in the initial contacts with NOAA and have had some minor involvement in staying informed
about the study since 1991. Over the past few weeks, I have discussed the project with several persons in
order to determine the status of that study. The best source of information is the NOAA Project Manager, Dr.
Lesley Julian. The status of the study is as follows.

Isohyetal Maps

• Draftisohyeta1 maps for 2- and 100-year frequency, 1-,6- and 24-hour duration have been prepared.
Those drafts are being sent to Mr. Larry Scofield (Arizona Transportation Research Center) on 27
August 1997.

• I contacted Larry Scofield and requested a copy of those maps and any previous study reports that
may be useful to us. He will provide those to me.

• Those maps are apparently in English units and there is a question of whether the final product will be
English or metric units. The Phoenix manual is to be in English units, but many of the project
sponsors (such as ADOT) will require metric unit products. With the Federal initiative for conversion
to metric, I anticipate a metric unit product. Therefore, there may be the need for us to perform a
conversion or otherwise repackage those maps. This is presently unknown.
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Rainfall Area Reduction Factors

• • This is a topic of great interest and need. FCDMC adopted a Corps of Engineers criteria for the 6
hour storm based on historic stonns in Arizona, and another criteria for 24-hour stonns. ADOT uses
the criteria in NOAA Atlas 2 which was originally developed by the National Weather Service
(NWS) based on midwest stonns.

• NOAA is presently working on this topic, but preliminary results probably will be not available until
about mid-December.

Temporal Storm Distributions

• Again, this is a topic of great interest and need. FCDMC developed a 6-hour design stonn and
adopted an SCS 24-hour stonn. ADOT uses a hypothetical 24-hour stonn.

• NOAA has developed temporal distributions for 12-, 24- and 72-hour stonns. They have also looked
at seasonal rainfall patterns for "severe" and "garden variety" storms.

• I will obtain and review what has been produced in this regard.

Lesley was very interested in our plan to produce an electronic version of our manual. In that regard, I sent
her a copy of the PREFRE program that is used in conjunction with rainfall statistics from the NOAA Atlas to
produce tables of rainfall depth-duration-frequency and intensity-duration-frequency. She will evaluate the
use or modification of that program with the new NOAA Atlas.

At this point, my work plan is as follows:

• 1. Obtain all information that is available from NOAA concerning its new study.

2. Perfonn a preliminary review ofthatinfonnation.

3. Review the draft report that presumably will be available in mid-December.

4. Within a month of obtaining the draft report, provide an assessment of infonnation that will be available
with the new NOAA atlas.

5. Finalize a work plan and schedule for the rainfall section of the manual. This will probably result in some
rescheduling of some of the work products because of the delays in obtaining information for the NOAA
study.

6. I will report on this topic at our next meeting, which is scheduled for 12 September.

•
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George V. Sabol, PhD, PE
Senior Associate

• Attachment

Distribution: Robert Gofonia, City of Phoenix
Gary Benton, City of Phoenix
Ralph Goodall, City of Phoenix
Ken Lewis, KVL Consultants

•

•
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7 November 1997
File: 28900042

NOAA/NWS W/OH2
1325 East-West Highway
Silver Springs, MD 20910

Attention: Lesley T. Julian, PhD

Dear Lesley:

Reference: PHOENIX STORM DRAINAGE DESIGN MANUAL

Since our phone conversation on 22 August 1997, I have been in communication with and
obtained infonnation from Larry Scofield (ATRC), V. Ottozawa-Chatupron (ASLD), Joe Warren
(ADOT) and Steve Waters (FCDMC). I have obtained the following concerning the Semi-Arid
Precipitation Frequency Study (SA Study):

Draft isopluvial maps dated 27 August 1997 for the following:

A. 2-year, I-hour

2-year, 6-hour

100-year, I-hour

100-year, 6-hour

NOTE: Those maps were obtained by plotting files from a diskette provided by Larry
Scofield.

"B. Minutes for five Semi-Annual Meetings:

5 December 1991

10 June 1992

7 December 1992



• NOAAlNWS W/OH2
Lesley T. Julian, PhD
7 November 1997

9 September 1993

7 November 1994

C. Sixteen Quarterly Progress Reports for the Period February 1992 through November
1995

I am in the processing ofreviewing that information for our client, the City of Phoenix, in regard
to using the results from the SA Study in a new Phoenix Storm Drainage Design Manual. At this
time, I have the following questions:

1. Considering the information that I have indicated herein, do I have all of the relevant and
"best" available information for reviewing the status and work product for the SA Study?

•
2. As I understand, the SA Study is also to provide information concerning the spatial and

temporal distribution of storms. Such depth-area-duration and depth-area relations are
needed for Phoenix (and Arizona) due to the questionable applicability of some existing
relations that are currently being used. Is the SA Study still proceeding along those lines?
What is presently available, and/or when will those results be available?

•

3. Orographic factors in the Phoenix meteorologic/hydrologic area probably significantly
influence precipitation. The Phoenix area appears to be very complex in this regard with
mountain ranges nearly encircling the City. Observation by myself and others seems to
indicated preferred storm paths or storm hot-spots. Those may be influenced by
orographic factors and possibly by urbanization in the Valley. Do orographic features
play a role in the development of the isopluvial maps? To what extent? Is there an
accounting for urban influences or storm tracks, etc.? In this regard, are more "detailed"
or larger scale maps of the Phoenix meteorologic/hydrologic area available that may
provide better detail of the spatial depth-duration-frequency relations (isopluvial maps)
for this area?

4. Have comparisons been made, formally or informally, of the difference between the
NOAA Atlas 2 isopluvials and those from the SA Study for the Phoenix area? If so, I
would be interested in the results.

Over the next few weeks, I will be assessing the presently available SA Study results in regard to
depth-duration-frequency for use in Phoenix. I will send you the comparisons that I compile and
will ask you to review my work. I do not want to make an error or draw the wrong inference
from the information that I have. Your assistance will be greatly appreciated.
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NOAAlNWS W/OH2
Lesley T. Julian, PhD
7 November 1997

The SA Study has great interest to me. Incidentally, I made the initial contact with John Vogel
concerning the need for that study back in 1989 or 1990. Please keep me informed of your
results. I would like to receive any future reports and to attend review meetings. I understand
that you made presentations on this project recently in both San Diego and Laughlin.
Regrettably, I could not attend either meeting. If you had publications or presentation handouts,
I would appreciate copies. It has been some time since the last review meeting. For my part, I
would find such a project meeting useful. Do you have plans for a review meeting sometime in
the near future?

Thank you for your assistance. Please keep me informed and I will do likewise.

Sincerely,

STANTECH CONSULTING INC.

George V. Sabol, PhD, PE
Senior Associate

cc: Mr. Robert Gofonia, City ofPhoenix
Mr. Ralph Goodall, City ofPhoenix
Mr. Gary Benton, City ofPhoenix
Mr. Ray Acuna, City ofPhoenix
Mr. Larry Scofield, ATRC
Mr. Joe Warren, ADOT
Mr. V. Ottozawa-Chatupron, ASLD
Mr. Steve Waters, FCDMC

fwtIp:\28900042\correspondence\letters\julian Itr 11-7.doc
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To: Distribution

From: George V. Sabol

Date: 12 January 1998

Reference: DESIGN RAINFALL DESIGN MANUAL
FILE: 28900042

The purpose ofthis memorandum is the following:

1. Present existing design rainfall criteria that are presently in common use for drainage design
in the Phoenix metropolitan area.

2. Provide a discussion of certain items relative to adopting a design rainfall criteria for
Phoenix.

3. Provide recommendations for the Phoenix design rainfall criteria.

Existing Design Rainfall Criteria
There are two rainfall criteria that are in common use for stormwater drainage design; that by the
Flood Control District of Maricopa County (the Maricopa County method), and that by ADOT.
Those two methods are presented in the respective manuals, and copies of those rainfall sections
are provided in Attachments 1 and 2, respectively.

Maricopa County Method (1992)

The Maricopa County Manual addresses the following design storms;

1. 100-year, 2-hour storm for determining the volume ofrunoff for retention/detention facilities,
shown in Figure 2.15.

2. 100-year, 6-hour distribution for drainage areas, generally less than 100 square miles, shown
in Figure 2.16.

The 6-hour storm is based on the Corps of Engineers analysis of the 19 August 1954 Queen
Creek storm with adjustment so that the Pattern No. 1 mass curve is the equivalent
hypothetical distribution.

3. A general storm for drainage areas larger than 100 square miles. The District has been using
the SCS Type II distribution for the general storm in recent studies.
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The corresponding depth-area reduction factors are:

• 1. For the 2-hour storm, no depth-area reduction.

2. For the 6-hour storm, the depth-area reduction curve shown in Figure 2.14 is to be used. That
curve is based on the historic 19 August 1954 Queen Creek storm.

3. For the general storm, a site-specific curve is to be chosen or developed. In general, the
depth-area reduction factors from the NOAA Atlas 2 are used.

The Maricopa County manual provides a general discussion of storm occurrence and types of
flood producing storms in Maricopa County. That manual is information as well as directive as
to design rainfall criteria. Isopluvial maps are provided for the Maricopa County area, and those
maps are based on information in the NOAA Atlas 2.

ADOTMethod

The ADOT manual defines two design storms;

1. The 6-hour storm for drainage areas less than or equal to 1.0 square mile.

2. The 24-hour storm for drainage areas larger than 1 square mile.

•

•

In both cases, the temporal distribution is by the hypothetical distribution. The ratios of rainfall
for durations less than I-hour are from Arkell and Richards (1986) and not from the NOAA Atlas
2.

The ADOT method for depth-area reduction is by curves in NOAA Atlas 2. Those point rainfall
area reduction curves are not reproduced in the manual and the depth-area reduction is made
automatically by use ofthe PH record when using the prescribed HEC-l procedure.

The ADOT manual is more instructive than the Maricopa County manual, but there is little
presentation ofbackground information. The isopluvial maps are provided in the appendices and
show the entire state. They are based on information in the NOAA Atlas 2, and the isopluvial
lines are in color.

Discussion Items Relative to Design Rainfall Criteria Duration and Frequency of
Design Storm

Duration & Frequency of Design Storm

Maricopa County uses a 6-hour design storm,
ADOT generally uses a 24-hour storm (except for
drainage areas smaller than 1 square mile for
which the 6-hour storm is used). Mixing storm
durations (and frequencies) within a multi
jurisdictional project presents technical problems
as well as administrative ones. Within the
Phoenix metropolitan area, the 24-hour ADOT
criteria is generally more severe than criteria by
others within the metropolitan areas. The Phoenix
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design storm(s) duration and frequency need to be selected with due consideration of:

1. Potential multi-jurisdictionalimpacts,

2. existing City ofPhoenix policy and practices, and

3. construction cost for facilities.

Temporal Distribution of the Design Storm

Maricopa County uses a design criteria based on an historical storm. There is a certain
hydrologic appeal to this approach which is also used by the Corps of Engineers. The District
has need to be consistent with Corps practices, but that is generally not the case for the City of
Phoenix. The Maricopa County method may excel in regard to hydrologic "accuracy" but is
deficient in regard to "practicality." ADOT uses the hypothetical distribution which is very easy
to implement with HEC-1. In general, both the Maricopa County and the ADOT distributions
are quite similar for smaller drainage areas, which will generally by the case for drainage studies
in the City ofPhoenix.

Depth-Area Reduction Factors

Maricopa County uses a point rainfall depth area-reduction curve that is specific to its historic 6
hour storm. It should not be used except for that specific criteria. ADOT adopted the curves in
NOAA Atlas 2, and those are considered by many (including NOAA) to be inappropriate for the
southwest. The NOAA Atlas 2 curves generally result in larger rainfall depths for larger storm
area than actually occurs. Depth-area reduction curves for Arizona are available through NOAA
(Arkell and Richards, 1984) that should be considered for use in Phoenix. That curve is shown
in Attachment 3 along with a copy of the NOAA Atlas 2 curves. A comparison of point rainfall
reduction factors by those two methods is also provided in Attachment 3.

Recommendation

1. Use the hypothetical distribution.

2. Tentatively adopt the depth-area reduction curves in Arkell & Richards.

3. Use the test watersheds to compare results from the recommended method (with duration and
frequency to be selected) to results by both the ADOT method and the Maricopa County
method.
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George V. Sabol, PhD, PE
Senior Associate
Water Resources Division

Attachment

cc: Ralph Goodall, COP
Gary Benton, COP
Ray Acuna, COP
Garry Jaggers, COP
Ken Lewis, KVL Consultants
Ruth Franklin, Bay City Engineers

Scot Schlund, SCI
Pat Ellison, SCI
Chuck Gopperton, SCI
Scott Ogden, SCI
Mike Gerlach, SCI
Carlos Carriaga, SCI

•

•
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4of3



• II
Stantech

Consulting

To: Ralph Goodall, City ofPhoenix
Gary Benton, City ofPhoenix
Ray Acuna, City ofPhoenix
Ed Raleigh, FCDMC
Amir Motamedi, FCDMC
Ken Lewis, KVL, Inc.
Scot Schlund, Stantech

From: George Sabol

Date: 26 August 1998

Memo
/

•

Reference: City of Phoenix/Maricopa County
Stormwater Drainage Design Manual
FILE: 28900042

The following is prepared in preparation for our meeting on 2 September 1998 at 2:00 at the
Stantech office.

Contents ofJoint Manual

I. It has been generally agreed that the technical content of the joint County/City manual
should be identical. Each agency would have a separate, stand-alone volume for drainage
policy. It may be desired to also have standards contained in that separate volume. This
could occur, for example, if each agency has different standards for stonn sewer design
frequency, culvert/roadway overtopping criteria, etc. Alternatively, if the standards are
the same for both the City and County, they could be contained in the technical manual.
This may need to be detennined as work on the manual progresses.

2. Stantech is working with the City in regard to the review and drafting of drainage
ordinances. That effort will continue independently of the District.

•

3. The City manual is to address regulations also. That section is to define federal, state and
county regulations over and above the City drainage ordinances. Those regulations are the
same for both the City and the County; therefore, they could be in the ''technical'' manual,
which is common to both agencies, or they could be included in the "policy" manual and
only provided in the City version. Regulations seem to fit better with policy than
technical procedures. Regardless of whether the District wants that section in the manual,
it is still intended to be produced for the City. The regulations section could also refer to
Volume III of the County manual, and any related construction and pennitting processes.
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•
4. A section on drainage planning is desired by the City, but is not presently provided in the

County manual. That topic probably should be in the technical manual. As with
regulations, the District will need to decide if such a section is desired.

5. Hydrology is presently provided in the County manual, Volume I. The following are the
specific recommendations in regard to that topic:

a. The District wants to maintain the presently defined 6-hour design storm. That
procedure is arguably the most scientifically defensible rainfall design storm
available and it probably has the highest level of "accuracy." However, the
procedure is troublesome for "new" users and its complexity, especially when used
with the JD record option of HEC-l, can lead to undetected errors even by
experienced users and reviewers. Therefore, if that procedure is to be adopted by
the City, certain "improvements" to implementation and review procedures should
be undertaken. This is an area that the District may be able to contribute service.

•

b.

c.

It is generally acknowledged that the County's hydrologic procedure probably
consistently overestimates flood magnitudes for frequencies of 2- to lO-years. At
the time of manual development, this was recognized, but the need for appropriate
estimation of those flood magnitudes was not fully appreciated by the authors. This
is a major deterrent to the City's acceptance ofthat method. It is recommended that
an addendum to the present County method be prepared that provides appropriate
estimation of 2- to 10-year design peak discharges. That procedure should be
prepared by Stantech with review and approval by both the City and the District.

The County manual has little guidance in regard to modeling technique, general
guidelines, modeler' s/reviewer's checklist, and detailed instructions. The ADOT
manual contains that type of information. The City desires more explicit guidance
to be added to the County's procedures. It is recommended that such information
be added to the County manual, and that this would be done by Stantech.

d. The County manual does not provide indirect methods for discharge verification,
but the ADOT manual does contain some useful information in that regard. It is
recommended that Stantech review applicable methods and data from the ADOT
(state-wide) manual and include that information that is applicable to Maricopa
County.

6. Hydraulics is presently presented in the County manual, Volume II. That manual can be
adopted with mutually agreed upon
additions, overall review and updating.
The following are some specific comments
in regard to the hydraulics chapters:

•
a. Street Drainage is covered in

Chapter 3. The City would review
that chapter. Modifications, if any,
would be provided by Stantech with
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• b.

review and approval by both the City and District.

Storm Drains are covered in Chapter 4. That chapter would be reviewed and, if
necessary, modified with joint approval.

c. Culverts are covered in Chapter 5. Again, the review and modifications would be
as previously described.

d. Bridges are covered, but only very broadly and generally, in Chapter 5. Is this
adequate for the City's purposes? Is there a need to expand this section?

e. Open-Channels are covered in depth in Chapter 6. That chapter would be reviewed
and modified, ifnecessary, as previously described.

f. Hydraulic Structures are covered in Chapter 7. That section is limited to channel
drop structures, conduit outlet structures, and some special channel topics.
Additional topics and needs may be identified. That chapter would be reviewed,
modified, and possibly expanded, ifneeded.

g. DetentionlRetention Basins are covered in Chapter 8. Some of that material is of a
regulatory nature and could be presented elsewhere. Again, review and
modifications would be as previously described.

•
h. Pump Stations are briefly discussed in Chapter 9. Stantech has drafted a more

comprehensive section on that topic for the City. Both Chapter 9 and the Stantech
draft could be reviewed by both the City and the District to reach agreement on the
desired level ofpresentation.

i. Sedimentation and related topics are discussed in various chapters throughout the
County manual. The City wants some level of coverage of this topic. There may
be the desire to consolidate information that is presently provided and to enhance
that topic in a separate chapter. There are other topics related to non-structural
flood management and drainage planning that may need to be added. The District
should indicate its desires in this regard.

j. Floodplains are only briefly discussed within the context of open-channels. The
City wants a more comprehensive treatment of this topic - particularly in regard to
land development, drainage improvements, and the overall regulatory process. The

District should indicate its desire in
this regard.

•

7. Stantech's contract with the City also
provides for an electronic manual along
with computerized computation procedures
for certain hydraulics procedures. That
service is being provided by Ken Lewis.
The District has indicated its interest in that
topic. That service could be expanded to
include hydrology including the rainfall
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isopluvial maps, soil maps (with Green & Ampt parameters), land use maps, etc. Much of
that information may be available in the District's HIS database. It is suggested that this
scope expansion be discussed. It may be reasonable to have the District provide the
databases along with coded calculation procedures and Ken Lewis could integrate the
databases and procedures (MCUHP) into a comprehensive HEC-l loader program. The
District may want to consider this suggestion.
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Recommendations
The following are specific recommendations for proceeding with a joint County/City manual.

1. The City and District need to agree upon the contents of the hydraulics portion of the
manual, and the extent ofmodifications to the hydrology portion of the manual.

2. Upon completion of item 1 above, Stantech would prepare a scope ofwork, schedule and
fee estimate. That would be submitted to both the City and District for approval.

3. The City and District would each be individually responsible for its "policy" volume with
whatever unique sections, such as ordinances, that it wants.

4. The City and District would enter into a joint agreement.

5. The District needs to investigate funding or cost sharing approaches with the City.
Depending on the scope ofwork, this could include "service-in-kind" for certain tasks.

6. Stantech would submit a contract change order to the City ofPhoenix.

7. It is anticipated that the agreed upon scope ofwork will not increase the presently
approved fee to the City. Any additional cost, which is contingent upon the scope of
work, is anticipated to be a "modest" amount, and presumably could be borne by the
District.

• Schedule
The following is a recommended time schedule:

•

1.

2.

3.

4.

5.

6.

Mutual agreement upon hydrology and hydraulics content ofmanual.

Stantech to submit scope ofwork, schedule, and fee estimate to City and
District.

City and District to enter into joint agreement.

Stantech to submit change order request to City.

Executed change order to Stantech.

Completion ofmanual and contract.

30 Sept 98

12 Oct 98

30 Oct 98

30 Oct 98

13 Nov 98

13 Nov 99
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George V. Sabol, PhD, PE
Senior Associate
Water Resources Division

fwt/p:\28900042\correspondence\memos\city, county memo 8-25.doc
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• CITY OF PHOENIXIMARICOPA COUNTY
STORMDRAINAGE DESIGNMANUAL

Meeting Minutes

8 April 1999 at Stantec Consulting Inc.

Attendance:
Ed Raleigh
Amir Motamedi
Gary Benton
Ralph Goodall
Ken Lewis
Dave Burris
George Sabol

Affiliation:
FCDMC
FCDMC
City ofPhoenix
City ofPhoenix
KVL Consultants, Inc.
Stantec
Stantec

1. The meeting minutes for 4 March were accepted without comment.

•
2.

3.

The Action Items from the last meeting were reviewed. Unresolved Action Items are
noted below.

The final draft of the Storm Drain Chapter was reviewed. Pat Ellison could not attend the
meeting, but he prepared a memo (8 April) indicating changes to the chapter and the
status regarding unresolved issues. Sabol reviewed the memo and each item was
discussed. The following are relevant comments:

a. Concerning the COP material that is contained in the chapter appendix:

• FCDMC should review that material and advise Stantec as to its opinion
for inclusion in the Chapter.

• Its inclusion directly as an appendix is not desired.

• Some ofthat material should be considered for the Policy section.

• Some of that material is not legible.

b. Regarding various minor loss equations:

• Certain equations, for example 16.7 and 16.8, are incorrectly shown. They
should be absolute value ofvelocity head differentials.

• • Richard Harris and Pat had coordinated certain subjects. It is unknown if
all concerns have been resolved. Ed provided a review copy from Richard
that Pat needs to address.

P:\28900042\CorrespondencelMeetings\SDDM, MM 040899.doc Page 1 of4



• c. Regarding standards (Table 16-5):

• The City and County need to resolve differences and adopt uniform
standards, if possible. That should be accomplished in the next 2 weeks
and resolution conveyed to Pat.

d. Pages 16-26 and 16-27 are in error and need corrected:

• Design is based on RCP.

• Pipe size needs to be upsized 6 inches ifeither CMP or CIP pipe are used

• Concrete lined CMP is allowed for mainline pipes.

• Unlined CMP is OK for connector pipes.

• Table in appendix is illegible (alternate materials)

• e.

• Material at bottom of Pages 16-26 appears to be based on old City of
Phoenix information. AP13 is not applicable. For mainline CMP, only
Type F is allowed, etc.

The City and FCDMC are to perform a careful review and respond to Pat with
comments within 2 weeks. Stantec is to have a corrected final draft by the next
meeting.

4. Dave Burris presented the 1sl draft of the Open Channel Chapter. That material was
reordered and modified. A reconfigured chapter table of contents was provided.

a. Dave noted that Toe Protection and Grade Control sections are shown as deleted,
but that material is to remain in the chapter.

b. Ed tabled the USGS report on Manning's coefficients for use with natural
channels in Maricopa County. The City wants that included in the manual. It can
be readily scanned for inclusion on the CD, but would add considerable cost for
hardcopy. It needs to be referenced in the Manning's coefficient section.

5. The hydraulics Structures Chapter was discussed relative to scope and content.

a. The following additional topics are recommended:

• Flow-Splitter structures (several types)

• Channel junctions

• • Stair-stepped drop structures (Wood-Patel and maybe ADOT have recent
experience.)
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• • An additional structure for transitions from conduits to channels.

b. Stantec will collect references on these topics to be presented at the next meeting.

c. The chapter, in general, is in good shape and is not expected to require revision
other than additions.

6. Ken Lewis presented the electronic manual with a status report and discussion.

a. The scope and content of each chapter to undergo computerization (computation
methods) will be decided as each chapter nears completion.

b. A work session to agree on computerization for the Street Drainage and Storm
Drain Chapters is set for 21 April at 11:30 at Stantec. Lunch will be provided.

c. Ken will work on a simple standard step procedure to be used for simple
applications where HEC-2/HEC-RAS is not needed and where the user can apply
the procedure without expertise in those more detailed methods. This is intended
for use by consultants with limited computational software and/or expertise.

•
7. Mike Cusimano will be attending for Ray Acuna (Development Services). He is to

receive all submittals. Keep Ray informed of meetings and correspondence. Cindy
White is replacing Ray as Floodplain Manager. She should receive all submittals and
correspondence.

•

8. The next meeting was not scheduled.

9. Action Items - The following is a summary of action items:

STANTEC

• Pat Ellison to coordinate with FCDMC and City so as to issue a revised final draft of
Storm Drains by 29 April and distribute that final draft.

• Prepare a 2nd draft of Open Channels, and distribute by 29 April.

• Collect reference material for new Hydraulic Structures topics.

• Participate in work session for computation methods on 21 April, 11 :30 am at
Stantec.

CITY OF PHOENIX

• Coordinate with FCDMC regarding uniform standards for storm drains (Table 16-5).

• Review the Storm Drain chapter and coordinate, as necessary, with Pat Ellison by 23
April.

• Review the 1st draft Open Channel Chapter and be prepared for discussion at the next
meeting.
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• FCDMC
• Participate III work seSSIOn for computation methods on 21 April, 11 :30 am at

Stantec.

• Review Storm Drain appendix material and respond to Pat Ellison regarding
comments.

• Coordinate with City regarding uniform standards for storm drains (Table 16-5).

• Review the Storm Drain chapter and coordinate, as necessary, with Pat Ellison by 23
April.

• Review the 1st draft Open Channel Chapter and be prepared for discussion at the next
meeting.

KVL

• Participate in work session for computation methods on 21 April, 11 :30 am at
Stantec.

•

•
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•
Stantec Consulting Inc.

CITY OF PHOENIx/MARICOPA COUNTY
STORM DRAINAGE DESIGN MANUAL

Meeting Minutes

13 May 1999 at Stantec Consulting, Inc.

Attendance:

Ed Raleigh
Bing Zhao
Gary Benton
Cindy White
Mike Cusimano
Dave Burris
Pat Ellison
George Sabol

Affiliation:

FCDMC
FCDMC
City ofPhoenix
City ofPhoenix
City ofPhoenix
Stantec
Stantec
Stantec

•

•

1. The meeting minutes for 8 April were accepted without comment.

2. The Action Items from the last meeting were reviewed. Unresolved Action Items are noted
in item #9.

3. Storm Drain Chapter
Pat Ellison provided an overview of the revised final draft of the chapter. Items to be
resolved are:

a. City and FCDMC to coordinate and reach agreement on storm drain criteria (Table 16
5).

b. Pat to coordinate with Richard Harris on inclusion of pipe friction in connector pipe
analysis.

c. A workgroup will meet to finalize material provided by the City (previous appendix
information). Much ofthis is ofpolicy nature. The workgroup consists ofPat Ellison,
Scot Schlund, Gary Benton and Mike Cusimano. Ed Raleigh will be advised of the
meeting and FCDMC can participate as desired.

Pat sent information to KVL concerning the spreadsheet calculation form and related
AutoCAD conversion that will be part of the plan set.

Gary will send a set of special catch basin mylars to Pat.

4. Open Channels
Dave Burris provided a description of how we arrived at the present draft of the chapter.
There was considerable discussion of what is desired in the chapter and how to get there.
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• The integration of various open channel topics into the Open Channel chapter and the
Floodplain chapter was discussed. It was agreed that the Open Channel chapter must be
applicable to both "engineered" channels and "natural" channels, and this will be undertaken.
The Open Channel chapter will contain three general sections:

1. Open channel hydraulics fundamentals which are applicable to both engineered
and natural channels

2. Hydraulic analysis considerations which are generally applicable to both
engineered and natural channels, but some will be specific to engineered
channels.

3. Design guidelines for various types of engineered channels.

The next draft for the chapter will be prepared to present the proposed chapter. Design
guidelines will be generally as shown in the present county manual. In addition, all material
that is deleted or rewritten from the county manual will be presented in a reference package.
Much of that material will be recaptured in the Floodplain chapter.

The Floodplain chapter will focus on FEMA requirements and ADWR State Standards. It
will cross reference the open channel chapter for technical principles and methodology.

The Floodplain chapter will commence production so that both the Open Channel and
Floodplain chapters can undergo parallel development. This is to facilitate integration of the

• two chapters and avoid loss ofpertinent information in the process ofpreparing two chapters.

5. Hydraulic Structures
The recommended reference material for topics to be added was distributed. This is to be
reviewed and discussed at the next meeting. The reference material for stair-stepped drop
structures was not received from the USBR. That will be provided when received.

6. Interviews with City Maintenance Personnel
Dave Burris met with City Streets and Parks maintenance staff. Dave provided presentation
ofmajor maintenance issues. These are:

• 404 permits
• Access into channels
• Trashracks and access barriers
• Fencing and related safety issues
• Use ofriprap lined channels

Scot Schlund and Dave will prepare a memo on these topics and will breakout
recommended policy and technical topics that should be addressed in Volume 2.

•
7. Manual Style

George noted that there is no agreement as to manual style, but manual production is
advancing to where it is desired to set a style for typesetting. The pros and cons of paragraph
numbering as opposed to a more open format were discussed. George will redistribute the
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•

•

•

previously recommended manual style memo. The Open Channel chapter will be prepared in
that fashion to illustrate the recommended format.

8. Next Meeting - 23 June at 10:00.
(NOTE: I suggest that the meeting start at 1:00 since the meetings are generally taking 3
hours or longer. I will distribute an e-mail noting this change).

9. Action Items:

Stantec
• Pat to coordinate with Richard Harris concerning questions of pipe friction in connector

pipe analysis.
• Workgroup meeting to finalize Storm Drain chapter.
• Prepare the Open Channel chapter draft.
• Begin scoping the Floodplain chapter.
• Obtain and distribute reference material for stair-stepped drops.
• Prepare a memo on maintenance interviews with recommendations for policy and

technical considerations.
• Resubmit manual style recommendation.

City
• Coordinate with FCDMC to reach agreement on storm drain criteria.
• Workgroup meeting to finalize Storm Drain chapter.
• Review Open Channel draft (to be provided).
• Review Hydraulic Structures reference material.
• Gary to send a set of special catch basin mylars to Pat.

FCDMC
• Coordinate with City to reach agreement on storm drain criteria.
• Workgroup meeting to finalize Storm Drain chapter.
• Review Open Channel draft (to be provided).
• Review Hydraulic Structures reference material.
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•
Stantec Consulting Inc.

CITY OF PHOENIx/MARICOPA COUNTY
DRAINAGE DESIGN MANUAL

Meeting Minutes

13 September 1999 at Stantec Consulting, Inc.

1. The meeting minutes for 13 May were accepted without comment.

The Action items from the last meeting were reviewed. There were no unresolved Action
Items.• 2.

Attendance:

Ed Raleigh
Amir Motamedi
Tim Murphy
Ralph Goodall
Cindy White
Scot Schlund
Pat Deschamps
Pat Ellison
Ruth Franklin
George Sabol

Affiliation:

FCDMC
FCDMC
FCDMC
City ofPhoenix
City ofPhoenix
Stantec
Stantec
Stantec
Stantec
Stantec

3. Storm Drain Chapter

a. The calculation spreadsheet to be provided by KVL needs to be included and
instructions for its use prepared.

b. Ralph Goodall noted that the "Storm Drain Appendix" needs updating. That
material is mainly policy and will need to be addressed by the policy "committee"
for inclusion in that section ofVolume Zero.

c. Ralph requested that standard n values be specified for design rather than a range
forn.

d. Ralph noted the need for editorial rewrite and reordering of the section.

e. The City and District provided their red-line review copy (to be copied and
returned to each).

4. Open Channel Chapter

Pat Deschamps provided an overview of the submittal. The following are noted:

•
a.

b.

The basic content and organization of the chapter is accepted.

Pat will proceed to prepare a complete first draft.
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• 5. Floodplains and Regulations Chapter

Scot Schlund presented a scoping outline of the Floodplain Chapter, and Ruth Franklin
provided a similar presentation regarding regulations. It was originally conceived that
Floodplains would be a chapter in Volume 2 and Regulations would be a chapter in
Volume Zero. It was decided that those topics would be combined and contained in
Volume Zero. Stantec will prepare a detailed chapter outline for discussion at the next
meeting. That chapter will be specific to the City of Phoenix. A courtesy review by the
District will be requested.

b.

b.

•

•

6. Hydraulic Structures Chapter

George Sabol reviewed that status of scoping for that chapter. Basically, the existing
County chapter will be preserved with the addition of five topics. Background material
on those topics was previously submitted.

7. Hydrology (Volume I)

a. Stantec and the District met in June to discuss methodology for the 2-year to 10
year addendum. The District has rainfall-runoff data for "small events" that is
available to assist with that task.

The NOAA precipitation study is ''unresolved.'' NOAA plans to release the
revised maps this year, but not the corresponding supplemental rainfall criteria.
Use of that new criteria is uncertain. There is concern in the hydrologic
community over its acceptance. Impact ofusing "old" criteria once "new" criteria
are available presents potential liability issues. We have not been successful in
getting NOAA to respond to a request (by users in Arizona) to meet to discuss
concerns, etc.

c. A report on the electronic manual for hydrology will be scheduled for October.

8. Other Business

a. Manual Style

• Use limited numbering system along with subheading designation.

• Color will be used in the electronic manual but the hardcopy will be black
and white. Color copies can be printed from the CD by users.

• Copies will be back-to-back.

• Blank pages will be so noted, as "Blank."

• Stantec will develop a recommended style and use it in future chapter
drafts.

The interview memos by Dave Burris were compiled by Scot and distributed.
Some of that information may need incorporation into policy. Authors of
chapters will be provided the interview comments and requested to incorporate
technical items into the chapter.
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• c.

d.

Management Presentation - A presentation for use by City and District staff will
be discussed at the October electronic manual meeting.

Project Schedule - The project completion data was extended to June 2000. The
City has received requests as to status and availability of the manual. Stantec is
committed to meeting the June schedule. It is imperative that departmental users
at the City and District participate in meetings and reviews to achieve a successful
product.

9. Next Meetings

a. Electronic Manual- 7 October @ 1:30

b. Review Meeting - 18 October @ 1:30

Note: The 7 October meeting is not acceptable to some and a mutually agreeable
time will be detennined.

Prepare for presentation on electronic manual at a "special" meeting in October
(time to be arranged).

Coordinate with Stantec and City in regard to a Management Presentation.

10. Action Items

Stantec

Review Stonn Drain comments. Prepare documentation necessary regarding
revisions/completion requirements.

Open Channel Chapter - Prepare first draft.

Regulations (Floodplains) Chapter - Prepare detailed scoping outline.

Hydraulic Structures Chapter - Begin chapter expansion for new topics.

Develop style per agreement.

Arrange meeting on electronic manual.

Distribute submittals (Open Channel & Regulations Chapters) by 4 October.

a.

b.

• c.

d.

e.

f.

g.

KVL

a.

b.

City

a. Update desired policy in the Stonn Drain Chapter.

b. Review submittals prior to 18 October meeting.

•
District

a. Review submittals prior to 18 October meeting.
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•
Stantec Consulting Inc.

CITY OF PHOENIx/MARICOPA COUNTY
DRAINAGE DESIGN MANUAL

Meeting Minutes

18 October 1999 at Stantec Consulting, Inc.

Attendance:

Ed Raleigh
Amir Motamedi
Tim Murphy
Ralph Goodall
Cindy White
Gary Benton
Hasan Mushtaq
Scot Schlund
Pat Deschamps
Pat Ellison
Robin Wade

Affiliation:

FCDMC
FCDMC
FCDMC
City of Phoenix
City of Phoenix
City of Phoenix
City of Phoenix
Stantec
Stantec
Stantec
Stantec

2.•
1. The meeting minutes for 13 September meeting were accepted without comment.

Action items from 13 September were reviewed. Outstanding action items included
"special" meeting for the electronic manual and coordination of the Management
Presentation. All other action items completed.

3. Open Channel Chapter

Pat Deschamps went over the "draft" of the Open Channel Chapter that included:

a. Enhanced discussion of Momentum and Specific Force applications.

b. Enhanced discussion on resistance to flow and Manning's "n" values. Basically
additional information is provided.

c. Enhanced discussion of Control Sections that included:

• How control sections can move depending on depth or flow regime.

• Classic water surface profiles will be provided in the chapter such as M1,
M2, S1, S2, etc.

• Amir asked if Stantec required comments. Pat D., responded in the
affirmative.

• Amir asked how we will keep track of new changes? Pat D., stated that
we will use the chapter outline and annotate it.

• • Amir delivered Kofi Awuma's comments on the chapter.
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• 4. Storm Drain Chapter

Pat Ellison reported on corrections to the Storm Drain Chapter.

a. Pat E. report that he and George Sabol had discussed comments and had
divided these into three areas: technical, editorial, and policy. Only technical will
be discussed at this time. Editorial will be addressed by George at a later time.
Policy will be moved to Volume "0".

b. Pat E. developed three new figures for various storm drain junction types that
supplement Figure 15.6 of the old manual. A handout was provided. Ralph
stated that this will help clarify that section.

c. Pat E. reported that format and equation numbers will be added.

b.

a.•

d. The Manning's "n" value table is revised and a handout was provided. Ralph
requested that concrete lined CMP (used as mainlines in City) and HDPE (used
as mainline and laterals in City) pipe be added to the table. As a note, unlined
CMP is used for laterals only in City. HDPE is used only as connector in County

5. Manual Style

Robin Wade prepared a handout sample of the proposed Manual Style and provided a
brief explanation. Input regarding the style is as follows:

Highlights column on right margin is well liked by all.

Ralph suggested that we put numbering in highlight text along with chapter
name. He also suggested that we put highlights closer to right edge of the page
and move left margin to the right to provide more space for 3-hole punch.

c. Ralph likes the spacing and font as presented.

6. Electronic Manual Meeting

A teleconference was conducted with Ken Lewis and a meeting for the Electronic
Manual was scheduled for 26 October 1:30 p.m. at Stantec.

7. Management Presentation

During the teleconference with Ken Lewis, discussion of a Management Presentation
ensued. The following general topics for the presentation were agreed to:

a. It will be a joint meeting and presentation to City of Phoenix and Flood Control
District upper level management.

b. The presentation will focus on benefits of the manuals to the City, District and
community.

c. It will be a maximum of 20 to 30 minutes.

•
d.

e.

It will stress the cost savings of a "joint" manual approach.

It will present where can we go and what can we do in the future.
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f.

d.

•

•

•

The City and District staff will participate in the presentation along with Stantec
and KVL. No more than four speakers.

g. Web deployment needs to be completed before the presentation. Most likely
date for presentation will be late January to early February 2000.

h. Ken would like to merge the two software packages together. He will present this
further at the special meeting on the electronic manual.

8. Regulations/Floodplain Chapter

Scot S. provided a handout and discussed the "fleshed out" concept of the Regulations
Chapter. Ralph stated that this was what he had in mind and liked the concept. Stantec
can proceed with this approach. Some general comments regarding the content are as
follows:

a. Permit/application form references using dates are to be deleted.

b. Ralph would like all Nationwide 404 permit numbers listed along with form
numbers as applicable

c. Ralph stated that we can contact Angela Brooks at City of Phoenix for status of
404 training.

Ralph stated that we need to clarify that this chapter is for design consultants and
development not intra-City work. The ongoing Logan Simpson Design training
program is handling intra-city 404 Permit issues.

9. Next meeting: 18 November 1999 at 1:30 p.m. at Stantec.

10. Action Items

Stantec

a. Continue work to final draft Storm Drain Chapter.

b. Continue work to final draft of Open Channel Chapter.

c. Provide Cindy White and Hasan Mushtaq completed draft chapters.

d. Continue developing draft of Regulations Chapter.

a. Conduct presentation for Electronic Manual on 26 October at 1:30 p.m.

a. Comments on Open Channel Chapter

b. Review submittals prior to 18 November meeting.

District

a. Comments on Open Channel Chapter

b. Review submittals prior to 18 November meeting.
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•
Stantec Consulting Inc.

CITY OF PHOENIx/MARICOPA COUNTY

DRAINAGE DESIGN MANUAL

Meeting Minutes

19 January 2000 at Stantec Consulting, Inc.

Attendance:

Ed Raleigh
Tim Murphy
Amir Motamedi
Kofi Awumah
Ralph Goodall
Gary Benton
Ken Lewis
Scot Schlund
Sandy Steichen
Pat Ellison
George Sabol

Affiliation:

FCDMC
FCDMC
FCDMC
FCDMC
City of Phoenix
City of Phoenix
KVL
Stantec
Stantec
Stantec
Stantec

1. The meeting minutes for 18 November meeting were accepted without comment.

3. Regulations Chapter

The draft of the Regulations Chapter was discussed by Scot. It is noted that this chapter
if for Volume Zero of the City manual. The County may adopt portions of that chapter for
its use.

• 2. Action items from 18 November were reviewed. All Action Items are satisfactory.

Scot will edit the chapter in regard to:

a. Deleting and/or condensing certain Nationwide Permit discussions.

b. Reorganizing by function, with each function subtitled Federal, State, County and
Local.

4. Detention/Retention Basins

Sandy provided an overview of the changes made to the County manual for that chapter.
Several items were discussed with resolutions, as noted:

•

a.

b.

c.

The multi-use discussion that was added to that chapter will remain there. A
similar multi-use discussion is needed for the Open Channel Chapter. Multi-use
will also be addressed in the Planning chapter.

The Simplified Method (from the State Standard) had been added, but can be
deleted since that method is the procedure that is currently provided in the
County chapter.

The chapter will be revised to indicate that routing methods are also acceptable
to determine volume, particularly for larger, regional basins.
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• d.

e.

f.

g.

h.

i.

6.•

The sediment discussion will be deleted and covered in the new Sediment
Chapter.

Table 8.2 will be deleted and treated more comprehensively in the Hydraulic
Structures Chapter.

Section 8.8 will be deleted in its entirety.

The example will be deleted and no example is needed for this chapter.

The chapter will be titled "Stormwater Storage."

George recommended deletion of certain sections that briefly (but inadequately
address geotechnical considerations, in his opinion) from the manual. The
existing section (8.3.3.3) will be revised to indicate the requirement for
appropriate geotechnical considerations and reporting. Section 8.3.3.6 was
recommended for deletion. Ed will investigate the "source" of that information.
Final decision on the disposition of that topic will be made at the next meeting.

j. KVL does not need to include storage routing in its computation package since
the use of HEC-1 is expected.

5. Open Channels

Sandy will be producing a complete first draft for submittal by the next meeting. She
received comments from Kofi and George. Others with comments should convey those
to Sandy.

Storm Drains

That chapter was not discussed due to lack of time. Pat received comments from Ed.
KVL has completed its computational spreadsheet and that can be appropriately treated
in the chapter.

7. Electronic Manual

Ken distributed an example spreadsheet analysis that is produced via his software.
Testing is required. Ken will provide a copy of the software for initial testing by Stantec
and District staff.

SUbsequently, he will install the software to City computers for its testing.

8. Other Business

•

a.
b.

c.

Volume Zero will contain Planning, Regulations, Standards and Policies.

Upon acceptance of the second draft of each chapter, it will be provided to KVL
for loading to the electronic manual.

The Regulations Chapter was submitted according to the recommended style
and there are not suggestions to modify that style.

The following chapters will be converted to that style and delivered to KVL:

Pump Stations
Street Drainage
Storm Drains
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d.• Stantec has increased its staffing of this project and expects to complete the
manual this summer. The next 6 months are expected to be rather bUsy in this
regard to both Stantec and the City and District reviewers.

9. Next Meeting

The next meeting is scheduled for 8 March 2000, 1:30 pm at Stantec

10. Action Items

Stantec

a. Second draft of Regulations Chapter

b. Second draft of Stormwater Storage Chapter

c. First draft of complete Open Channel Chapter

d. Conversion of previously completed chapters to new style

KVL

District

a. Installation of software on Stantec and District computers. Followed by testing of
the software.

• a. Testing of software.

•

b. Investigation of source of information on geotechnical considerations in the
Stormwater Storage Chapter.
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Stantec

Meeting Notes

FILE: 82000042

Item:

No comments were received on the 19 January 2000 meeting minutes and they
were so approved.•

Date:

PlacelTime:

Next Meeting:

Attendees:

Distribution:

8 March 2000

Stantec!1 :30 pm

12 April 2000 @ Stantec, 1:00 pm

City of Phoenix Gary Benton, Ralph Goodall, Jesse Gonzales
FCDMC Kofi Awumah, Amir Motamedi, Chris Perry,

Ed Raleigh, Tim Murphy
Stantec George Sabol, Sandy Steichen, Frank Thomas
KVL Consultants Ken Lewis

Attendees!Absentees

A. Review Previous Action Items

Stantec

1. The second draft of Regulations Chapter is on hold pending release
of final 404 nationwide permit rules.

2. The second draft of Stormwater Storage Chapter was distributed for
review in early February.

3. The first draft of the complete Open Channel Chapter was provided to
the group March 1st.

4. Conversion of previously completed chapters to new format has been
on-going. The Pump Station Chapter was distributed in this final
format.

5. The street drainage and storm drain chapters are close to completion
pending software testing.

•
KVL

1. Installation of software on Stantec & District computers has been
undertaken. This will be followed by software testing.



•
MEETING NOTES
8 March 2000
Page 2 of2

Reference: Drainage Design Manual

District

1. Testing of software is on-going.

2. The investigation into the source of information on geotechnical
considerations in Stormwater Storage Chapter concluded that it
stemmed from the original McLaughlin version.

B. Discussion on Open Channel Chapter first draft comments:

1.

2.

•

•
Stantec

c.

Chapter status was overviewed, identifying the changes since the
chapter was last visited last October.

The viability of shotcrete as a channel lining was discussed given the
propensity for failure. The concern of using shotcrete in a supercritical
channel was also raised. It was concluded that if properly specified
and construction, it would be as durable as concrete. However, it was
identified that the chapter as written did not have tight enough
specifications. The ADOT specification was identified as being
appropriate, however, past experience seems to suggest that
engineers use the MAG standard which is inadequate. The C.O.P.
will look into having the standard changed at MAG. The issue of
construction inspection, which is outside the venue of the drainage
manual, was also identified as a presumed problem with privately
constructed drainage channels. The FCDMC is to coordinate with its
maintenance department to ascertain if shotcrete has greater
maintenance issues than concrete as a channel lining. If not, the
chapter will be amended to strengthen the specifications for shotcrete
lined channels.

3. A discussion ensued regarding minimum design velocity in that the
minimum needed to be identified and tied to a specific return
frequency such as 2ft1s at 25% of 0100. The issue here is one of
sedimentation. It was concluded that no minimum would be set due
to potential conflicts between the minimum and maximum design
velocities and that the sedimentation issue would be addressed in
that chapter. A discussion in the minimum velocity section would
identify the issue as a sedimentation problem and make reference to
that particular chapter. It was also concluded that for concrete (or
shotcrete if applicable) lined channels, minimum slope would be set to
0.0015 ft/ft. This would be identified as a subset to the chapter.

4. There was a discussion about safety issues associated with concrete
channels and channels in general. Ladders in supercritical channels
pose there own problems in terms of impacts to flow regime. This
issue was tabled to later as it will be addressed in its own chapter or
at the introduction of the Hydraulics Manual.

Discussion on Stormwater Storage 2nd Draft Comments

1. Chapter status was overviewed.



•
MEETING NOTES
8 March 2000
Page 3 of3

Reference: Drainage Design Manual

Stantec

•

•

2.

3.

4.

5.

6.

7.

8.

A preliminary discussion on the potential conflict between the use of a
6 hour storm for channel design (off-site) and the 2 hour storm for on
site retention was deferred to another meeting.

A concern with the introductory text that promoted regional facilities
yet the majority of new .development over the last 10+ years has
focused on localized retention. Given the nuances of design for
detention facilities that are dependent upon hydrograph shape, a
regional approach is apparent. However, for land development, it is
more cost effective to locate retention basins where street capacity
starts to exceed standards for gutter flow. Since retention is the
preferred form of stormwater storage in practice here in the Valley, it
appears that regional facilities appropriate for watershed basins that
have existing flood problems or were primarily developed before
retention regulations or to accommodate run-off in excess of the 2
hour 100 year storm for watershed subject to recent development. It
was agreed to modify the text accordingly.

It was agreed to add low flow outlets for retention basins as a
mechanism to drain retention basins with the intent that outlet flow
would be significantly less than existing peak discharge and it drains
in 36 hours cumulatively. For maintenance purposes, the minimum
size of pipe was set to 18" with orifice plates reduce flow as
necessary.

The discussion on safety fences was to be moved with the other
safety issues as discussed above.

A discussion on the basis for separation of off-site flows from on-site
flows was held. It was concluded that separation is preferred as the
rising limb of the off-site hydrograph tends to fill the on-site storage
prior to the on-site peak discharge. However, the text would be
modified to allow exceptions on a case by case basis since there
were valid situations where combination of off-site and on-site is
justified.

It was agreed that the geotechnical discussion would be modified to
identify that geotechnical considerations were necessary for each
embankment situation, although it would be up to the design engineer
to properly apply geotechnical analysis relative to the significance of
the project. References for geotechnical guidance would be given in
the chapter. Providing geotechnical guidance was determined to be
beyond the intent of the manual.

It was agreed to identify that sedimentation would need to be
accommodated in the design of stormwater storage facilities with
referral to the Sedimentation Chapter



4.

5.

•

•

MEETING NOTES
8 March 2000
Page 4 of 4

Reference: Drainage Design Manual

D. Scoping For Hydraulic Structures

1. Reference was made to the 12 May 99 memo and attachments. The
following recommendations were made and approved for inclusion
into the first draft:

2. Flow Splitters (Bifurcations)

Burris write-up with edits included in Special Channel
Structures as sub-section 7.5.1.1

3. Channel Junctions

For subcritical flow, 12 degree max angle of departure, 3 times
topwidth minimum centerline radius, same depth design flow
tributary & main channel. For supercritical flow regime,
momentum analysis would be required. The text would
reference the Corps document.

Stair Stepped Drop Structures

Augment 7.3.4.5 (pg. 7-48) to identify minimal dissipation of
energy at design flows.... channel drop structures, require 2:1
slope of drop, horizontal steps, 30" max per drop and require
stilling basin Iriprap length based on conventional smooth
sloping drop analysis.

Transitions from conduits to channels

It was agreed to exclude this issue as it was determined to be
not necessary.

6. Access Ramps

Burris write-up to be addended and placed in Special Channel
Structures as sub-section 7.5.3

7. Side channel spillways

The FCDMC address this issue frequently. A subsection of
the chapter will be established with a note indicating awaiting
guidelines. The FCDMC will develop gUidelines.

8. Trash Racks

It was agreed to move the trash rack discussion from the
Culverts Chapter to the HydraUlic Structures Chapter and add
a discussion on energy loss computations.

stantec

•
E. Scoping For Bridges & Culverts

Discussion Items and Recommendations for Culverts &Bridges Chapters

1. Due to minimal design guidelines offered for bridges, culverts and
bridges to be covered in one chapter. Detailed bridge hydraulics are
to indicated as beyond the scope of the manual.
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• F.

2. Access barriers are to be eliminated from this chapter and addressed
in the safety section.

3. The storm sewer interaction with culverts portion of 5.3 Entrances and
Outlets for Culverts and Storm Drains will be compared with
discussions in the Storm Drain Chapter (and included if appropriate)
and eliminated from the Culvert chapter.

4. Section 5.3.3, Estimating Erosion at Culvert Outlets, will be shown as
a strike out in the first draft as it is questionable if professionals
routinely perform this analysis for culvert design in the valley.

5. The riprap apron design procedures are to remain as the FCDMC
requires consultants to design to these guidelines.

6. Culvert design with drop inlets (pages 5-15, Section 5.2.2.14, and 5
27) needs clarification ... is this referring to drops located immediately
upstream of culvert entrance or catch basin tying into the culvert. The
group is to review these passages to determine their intent.

7. The storage routing discussion will be shown as strike-out as the
procedures for routing are included in Volume 1. Hydrology. A
discussion of stage - discharge is to remain.

Other Business

1. Standards are to be relocated to "Volume Zero". The new format will
be used to reference the standards in the margin (Le. See Std. 5-1).
Global standards should have their own prefix.

2. Safety: Safety issues from each chapter are to be consolidated into
the introduction of Volume

3. The revised schedule was overviewed.

4. The timing and planning for presentations to senior management at
C.O.P. and FCDMC was discussed. A date certain will be set for the
presentation during the next meeting in April.

5. The DDMS-W is ready for release now. It was agreed that there was
no reason to hold off on its release.

6. Future agendas will try to separate hydrology issues from hydraulic
issues to be more efficient with the group's time.

G. New Action Items

•
Stantec Stantec

1.

2.

3.

Finish first draft Planning for Volume 0

Finish Regulations second draft

Prepare first draft Standards for Volume 0
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4. Start Hydrology Volume

5. Finish figures for Street Drainage, Storm Drains, Pump Station

6. Prepare second draft Open Channels

7. Prepare first draft Hydraulic Structures

8. Prepare First draft Culverts & Bridges

9. Finish Stormwater Storage

10. Prepare recommendations for sedimentation

City of Phoenix

1. Review Planning, Regulations, Standards

2. Initiate internal policy review

3. The C.O.P. will look into having the shotcrete standard changed at
MAG.

•
FCDMC

1.

2.

The FCDMC is to coordinate with its maintenance department to
ascertain if shotcrete has greater maintenance issues than concrete
as a channel lining.

The FCDMC will develop guidelines for side channel spillways.

•
Stantec

Interagency

1. Review Open Channels, HydrauHc Structures, and Culverts & Bridges

The foregoing is considered to be a true and accurate record of all items discussed.
If any discrepancies or inconsistencies are noted, please contact the writer
immediately.

STANTEC CONSULTING INC.

Frank Thomas, PE
Project Manager

fwt p:128900042\correspondencelmeelingslsddm. mm 030800.doc
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Date:

Place/Time:

Next Meeting:

16 May 2000

Stantec/1 :00 pm

21 June 2000 @ Stantec, 1:00 pm

Attendees/Absentees•

Attendees:

Distribution:

City of Phoenix
FCDMC
Stantec
Scot Schlund*
KVL Consultants

* early departure

Gary Benton, Ralph Goodall, Ray Acuna (Iate)*
Kofi Awumah, Tim Murphy, Ed Raleigh,
Timberly Marek, Frank Thomas, George Sabol,

Ken Lewis*

•

Item:

A. Meeting Minutes Approval

No comments were received on the 12 April 2000 meeting minutes and they were so
approved.

B. Review Previous Action Items

Stantec

1. A draft Powerpoint presentation has been prepared (as discussed below).

2. Stantec has investigated PageMaker vs. Word (as discussed below).

3. Final comments on the Street Drainage, Storm Drain, and Stormwater Storage
Chapters have been completed, figures are still in progress, and format is to be
finalized.

4. The Regulations Chapter of Volume 0 was distributed 5/15 with updated 404
regs.

5. Hydraulics Chapter- trash rack headloss write-up was completed.

6. An outline for the Sedimentation was developed and distributed 5/15.

KVL

1.. The software testing for the storm sewer software is starting to hold Ken back.
He recommended Chris Perry at FCDMC assist in the review of the software in
coordination with Pat Ellison. Ed Raleigh approved Chris's involvement, with the



a.

b.

c.
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task identified as taking the first round of detailed review. The City and Stantec
would undertake further review after the initial refinements were completed.

C. Presentation to C.O.P. senior management

The draft C.O.P. Powerpoint presentation was shown to the attendees.
George Sabol provided an overview of the direction Stantec had taken for the first
portion of the presentation. More work is needed to integrate the presentation slides
from Stantec and the City to look more uniform. The manual maintenance slide
requires a title change so it will not be confused with maintenance of stormwater
facilities. A slide for stormwater facility maintenance needs to be added. A list of
C.O.P. internal invitees has been completed and will be amended to include Chuck
Williams at MCDOT and Mike Ellegood at FCDMC.

The schedule for the Presentation Sub-committee is as follows:

Meeting June 1, 10 AM at Stantec to further prepare presentation

Meeting June 8, 10 AM at Stantec to finish presentation if needed.

Final graphics to be done by 6/7

Dry run presentation during week of 6/12 (2 days prior to
presentation).

Presentation week of 6/12 (Ralph Goodall is to identify date).

D. Discussion on Volume/Chapter Format

Volumes 1 & 2 are to retain the same titles as the existing documents. It will
be up to each entity to title "Volume 0" as they see fit. The first page of Volumes 1&2
will have a list of agencies and municipalities that have formally adopted these
manuals.

Frank Thomas provided commentary on the use of PageMaker instead of
Word, which included a hand-out of relevant questions and answers prepared by
Timberely Marek. The benefit of PageMaker is that it is inherently more stable than
Word (Le. less likely to crash), is less troublesome in terms of formatting for
equations and insertion of figures and tables, and it can handle much larger files.
The primary concern was the future availability of PageMaker and the availability of
trained personnel to use the software. On the other hand, staying with Word would
expose future revisions to formatting problems. Since PageMaker is provided by
Adobe and presently available to the City of Phoenix staff for use, the City's position
was to use PageMaker. The cost for converting from Word to PageMaker was
estimated at $2000 (likely to be sub-contracted). The cost for software itself was
identified in the range of $300-$400. It was agreed by C.O.P. and FCDMC to use
PageMaker.
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E. Community acceptance of manuals

Ray Acuna indicated the need to start identifying the various controversial
issues associated with the manual, particularly the changes to policies and
standards. Elimination of on-lot retention was identified as an example of an issue
that could hinder acceptance of the manual. Frank Thomas is to provide Mr. Goodall
and Mr. Acuna with a list of items potentially controversial.

F. Culverts & Bridges

The culvert scour analysis section of the chapter is to be removed. Dr.
Awumah provided a simplified approach for checking headwall toe wall depth. It was
agreed to incorporate this analysis into the chapter pending receipt of reference
information.

G. Open Channel

The freeboard section is to be modified to identify FEMA freeboard
requirements for levees. Chemical interaction between soils and gabion basket
material is to be investigated by Stantec and FCDMC, with the gabion write-up
modified appropriately. Text is to be added recommending inspection of gabions
after major flow events. There were no additional comments offered for the Open
Channel Chapter. Mr. Goodall, shall finish his review and provide comments prior to
the next meeting.

H. Hydraulic Structures

Stantec has completed refinements to the trash rack headloss analysis and
incorporated them into the 2nd draft. Review of the first draft was deferred to the next
meeting.

•
Stantec

I. Sedimentation

George Sabol overviewed the outline for the Sedimentation Chapter. He
explained the intent of the chapter as an introduction to the topic. The chapter will
provide references for further investigation, but it will not be a tool to dictate or guide
sediment transport analysis. The chapter is not going to be guidelines for sediment
transport modeling. The chapter is to provide application guidance for toe down (for
bank stabilization projects) and pier scour analysis. Pictures of representative
problems here in Maricopa County will be incorporated into the chapter. All are to
provide pictures for consideration for inclusion into the chapter.
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I. Introduction to Volume 2

Mr. Thomas identified the changes to the introduction chapter relative to the
first edition of the manual. Review of this chapter was deferred to the next meeting.

J. Other Business

No other business was identified.

K. New Action Items

Stantec

Incorporate culvert toe down analysis into Culverts and Bridges 2nd draft.

Incorporate responses/comments to Regulations first draft.

Pat Ellison is to overview storm drain testing with Chris Perry (FCDMC) after June 1.

Prepare PowerPoint presentation.

Prepare list of potentially controversial issues associated with the proposed policies
and standards.

Move forward with conversion to PageMaker.

Investigate gabion material interaction with soils.

Finalize Open Channel Chapter pending receipt of comments from City & FCDMC.

Move forward with Hydrology tasks.

Incorporate figures into chapters.

City of Phoenix

Review Planning, Regulations, Policies, and Standards

Provide Stantec with changes to Policies and Standards prior to initiating internal
policy review

The C.O.P. will look into having the shotcrete standard changed at MAG.

Prepare PowerPoint presentation

Provide Stantec with its comments on Open Channel Chapter prior to next meeting.

Review first draft Hydraulic Structures Chapter

Review first draft of Volume 2 Introduction
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FCDMC

The FCDMC will develop guidelines for side channel spillways.

The FCDMC is to assist in the first level of software testing.

The FCDMC is to review issues associated with gabion basket chemical interaction
with soils and their ensuing longevity.

KVL

Prepare PowerPoint presentation.

Interagency

Review Volume II Introduction, Open Channels, Hydraulic Structures, and Culverts &
Bridges

Provide representative pictures of sediment transport issues/problems for inclusion
into the Sediment Transport Chapter.

Prepare PowerPoint presentation

The foregoing is considered to be a true and accurate record of all items discussed.
If any discrepancies or inconsistencies are noted, please contact the writer
immediately. -

STANTEC CONSULTING INC.

Frank Thomas, PE
Project Manager

fwt p:\28900042\correspondence\meetings\sddm, mm 051600.doc
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PlacelTime:

Next Meeting:

»21 June 2000

Stantec/1 :00 pm

26 July 2000 @ Stantec, 1:00 pm

Attendees: City of Phoenix
FCDMC
Stantec

Gary Benton, Ralph Goodall
Kofi Awumah, Tim Murphy, Ed Raleigh,
Frank Thomas

Item:

A. Meeting Minutes Approval

No comments were received on the 16 May 2000 meeting minutes and they were so
approved.

B. Review Previous Action Items

Stantec

1. A Powerpoint presentation was made to City of Phoenix management 6/15.

2. Ken Lewis, Pat Ellison, and Chris Perry were meeting on 6/22 to go through
software testing. Ken Lewis decided not to change the web page format.

3. List of controversial issues provided to Ralph & Ray.

4. The Regulations Chapter of Volume 0 was distributed 5/15 with updated 404
regulations. The first round comments were addressed with a revised edition
distributed 5/22.

5. Culverts & Bridges Chapter- Culvert scour was evaluated as discussed further
below.

6. First draft of Sedimentation Chapter is 80% done. The completed first draft will
be distributed to the team by the end of July.

7. The first draft of the introduction to the City of Phoenix Policies and Standards
was completed and submitted (not previously identified as an action item).

8. The foreword preambles for the Hydrology and Hydraulics Manuals were edited
to incorporate an adoption page and accommodate third edition items (not
previously identified as an action item).

•

•

Distribution: Attendees/Absentees
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9. Digital copies of the Hydraulic Manual chapters were provided to the City of
Denver's representative, as the City is in the process of updating its drainage
manual.

C. Culverts & Bridges

The issue of scour analysis was not resolved. Frank Thomas presented
sensitivity analysis results that showed the Veronese equation yielding inconsistent
and questionable estimates of scour depth. Ed Raliegh and Kofi Awumah desire an
equation to estimate scour downstream of culverts. Stantec and Tim Murphy of the
FCDMC will do further investigation and evaluation to try to find a suitable equation.
Limits, such as minimum applicable velocity or minimum culvert size, may be
required for the selected equation. This chapter is complete pending resolution of
culvert scour.

D. Open Channel Chapter

Second draft comments were received from the City of Phoenix. Stantec will
now incorporate these comments and finalize that chapter. City of Phoenix will
pursue getting the MAG standard revised for shotcrete.

E. Hydraulic Structures Chapter

The trash rack hydraulic analysis methodology was modified to permit
evaluation of ponded conditions expected at detention facilities. The analysis for
culverts was reliant upon angle of approach and approach velocity which made the
original methodology difficult to apply in ponded situations. The FCDMC is still
evaluating side channel spillways. Stantec is to revise the second draft to put a place
holder in the chapter for side channel spillways. incorporating references to be
supplied by FCDMC. If the FCDMC does not develop or find a methodology to its
satisfaction, then the issue will be handled by referring the designer to specific
references.

The FCDMC requested additional work on the weir section. Specifically,
definitions for sharp and broad crested weirs are to be incorporated. In addition, "C"
values for roadways as broad crested weirs are to be identified. The State standards
for stormwater basins are to be reviewed by Stantec for applicable discussions on
outflow from basins.

The channel access portion of the chapter is to be edited to eliminate
reference to 6:1 or flatter side slopes as not needing access ramps.

First round comments are pending from the City of Phoenix.

F. Introduction Chapter to Hydraulics Manual

Stantec corrected reference to drop height as 2.5' maximum instead of 3'.
Kofi Awumah provided his first round comments on the chapter. Comments on are
needed from the rest of the team. Review of this chapter was deferred to the next
meeting.
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G. Hydraulics Manual Chapter 2- Hydrology

A marked up hard copy of this chapter was provided to the attendees for
review and comment during the meeting. Stantec will incorporate the comments
received into the second draft for further review and comment at the next meeting.

H. Forewards/Preambles to Hydrology and Hydraulic Manuals

A marked up hard copy of the foreward portions of the Hydrology and
Hydraulic manuals was provided to the attendees with extra copies provided to
FCDMC for internal dispersal. Stantec recommended changes to make these pages
consistent for both manuals. Specifically, an adoption page was added to both, the
acknowledgement sections were streamlined, and the revision pages for the
Hydrology Manual were proposed to be relegated to the introduction chapter.
Reference to Volumes I and II are to be eliminated to avoid further confusion.
Volume I is to be referred/labeled as Hydrology Manual. Volume II is to
referred/labeled as Hydraulics Manual.

The issue of dating versions of the manual was discussed as it was not
known whether a date should be on the front title page. Frank Thomas identified
verbage in the foreword that indicated that the manual(s) were to be posted on the
web and continually updated. The issue of updating and archiving the manual is to
be discussed at the next meeting with specific input sought from Ken Lewis and
Timberly Marek. Framemaker is to be investigated to see what options it may have
for tracking changes.

Stantec was given permission to proceed with the edits in strike-out format for
review by the team.

I. Sedimentation

Pictures of representative problems here in Maricopa County were provided
by Tim Murphy. These are to be returned to FCDMC.

J. Other Business

Stantec is to provide a copy of the most recent versions of all chapters in the
Hydraulics Manual to the team along with status of each chapter.

No other business was identified.

K. New Action Items

Stantec

Identify suitable equation with FCDMC and incorporate culvert toe down/scour
analysis into Culverts and Bridges 2nd draft.

Modify first draft of Chapter 2 Hydrology of the Hydraulics Manual.

Finalize Open Channel Chapter by incorporating City of Phoenix comments.

Incorporate responses/comments to Regulations and Planning first drafts pending
receipt from City. Assist City of Phoenix in facilitating review of draft policies.
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Modify side channel spillway section in Hydraulic Structures Chapter to include
FCDMC supplied references. Stantec will modify the discussion on weirs and
channel access ramps.

Provide team with first draft of Sedimentation Chapter by end of July.

Modify Preambles to Hydrology & Hydraulic Manuals

Move forward with conversion to PageMaker.

Incorporate figures into chapters.

Stantec is to provide a copy of the most recent versions of all chapters in the
Hydraulics Manual to the team along with status of each chapter.

City of Phoenix

Review Planning and Regulations. Provide Stantec with changes to Policies and
Standards prior to initiating internal policy review

Facilitate internal review of Policies, and Standards

The C.O.P. will look into having the shotcrete standard changed at MAG.

Provide Stantec with its comments on Hydraulic Structures Chapter prior to next
meeting.

FCDMC

The FCDMC will develop guidelines for side channel spillways.

The FCDMC is to assist in the first level of software testing.

The FCDMC will assist Stantec in identifying an appropriate scour equation for use in
estimating culvert toe wall/rip-rap requirements.

Interagency

Review & comment on Hydraulics Manual Introduction and Forewords/Preambles to
Hydrology and Hydraulic Manuals

The foregoing is considered to be a true and accurate record of all items discussed.
If any discrepancies or inconsistencies are noted, please contact the writer
immediately.

STANTEC CONSULTING INC.
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Frank Thomas, PE
Project Manager
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Date:

PlacelTime:

Next Meeting:

26 July 2000

Stantec/1 :00 PM

06 September 2000 @ Stantec, 1:00 PM

Attendees: City of Phoenix
FCDMC
Stantec

Ray Dovalina (part-time), Ralph Goodall
Kofi Awumah, Ed Raleigh,
Carlos Carriaga (part time), Frank Thomas

Item:

A. Meeting Minutes Approval

No comments were received on the 21 June 2000 meeting minutes and they were so
approved.

B. Review Previous Action Items

Due to the reduced agenda items, previous action items were addressed within the
context of each agenda item.

C. Hydrology Manual Update and Overview of Hydraulic Manual

Frank Thomas gave a brief overview of the issues presently being addressed in the
Hydrology Manual. The focus is presently on the ADOT (indirect method) regression
equations and whether these needed updating for 10 more years of record and the
addition of 80 more gages. There has been on-going discussion as to the extent of
the data base to be included, Le. limit the gage data to Maricopa County or the entire
State. It was concluded to include gages outside the county as they provide useful
information in hydrologically similar basins. George Sabol, Mike Gerlach, and Amir
Motemedi have been coordinating on these issues. A more thorough overview of the
Hydrology Manual status will be provided at the next meeting.

•
Distribution: Attendees/Absentees

•
Frank Thomas gave a chapter by chapter status for the Hydraulics Manual as
identified previously in an email to the team. An updated manual with the latest
versions of each chapter was provided to the team 7/21/00. It was identified that the
adoption of the Hydraulics Manual would be carried out by the City Council and
sponsored by Streets.
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D. Culverts & Bridges Chapter

A sensitivity analysis of the HEC-14 scour equation for cohessionless material (0.2
mm sand & 2.0 mm sand) was provided for discussion. Here, the assumptions in the
analysis were identified. It was agreed to utilize both equations presented. Stantec
is to revise that portion of the chapter and re-distribute.

Kofi Awumah suggested that a minimum toe-down depth be identified. Frank
Thomas indicated that standards were to be specified in "Volume Zero". A reference
to the standards for toe-down is to be incorporated into the Chapter 5 text. Finally, it
was determined that a safety factor need not be applied to the results of the scour
equation based upon recommendations identified in "Municipal Storm Water
Management" by Debo & Reese.

E. Manual Preamble/Foreword

Ed Raleigh suggested that the Foreword include a section on Revisions that
discussed in general terms the changes that have occurred on a chapter by chapter
basis. The C.O.P. was sUbsequently satisfied with the Foreword

Frank Thomas related a conversation he had with Ken Lewis regarding the
documentation of manual revisions. Here, the two issues seem to be the
documentation needed for some future retrieval of archived versions to support legal
proceedings and the documentation of changes that would be helpful those
designers in the middle of a project at the time of a change. Ken Lewis suggested a
separate on-line document to track/list changes in detail. The only change to the
manual itself would be a change in the date on the front cover ("Last Updated...").

Further comments on the Preamble/Foreword were deferred, pending review by Tim
Murphy at FCDMC.

F. Introduction Chapter to Hydraulics Manual

Discussion of this chapter was deferred until the next meeting.

G. Hydraulics Manual Chapter 2- Hydrology

The first draft changes were accepted. Stantec is to revise and submit the second
draft for the team to review.

H. Chapter 7 - Hydraulic Structures

The drop structure section requires review of maximum height and minimum step
length to strike dimensions in conflict with those in the Chapter 1, Safety Section.
Here, the maximum height desired is 2.5' with a minimum step length of 6'.

Frank Thomas identified that he had updated definitions for sharp and broad crested
and identified "c" values for roadways as broad crested weirs.
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The discussion on low flow check structures is to be re-written as a discussion on
grade control structures. In addition, a new section is to be added to discuss
groins/dikes. One reference to be reviewed for guidance is the "Highways & Riverine
Environments" by FHWA.

Ed Raleigh indicated that he expected their internal evaluation/review of side channel
spillways to be complete within the next couple of weeks. This document would
identify FCDMC's preferred method(s). He would provide a copy to Stantec.

I. Other Business

No other business was identified.

K. New Action Items

Stantec

Incorporate culvert toe down/scour analysis into Culverts and Bridges 2nd draft.

Distribute second draft of Chapter 2 Hydrology of the Hydraulics Manual.

Incorporate responses/comments to RegUlations and Planning first drafts pending
receipt from City. Assist City of Phoenix in facilitating review of draft policies.

Review side channel spillway document from FCDMC.

Modify Preamble/Foreword to Hydraulic Manuals pursuant to comments to be
received from Tim Murphy. Stantec is to summarize changes to the chapters (briefly)

Modify Hydraulic Structures Chapter to include discussions on groins and guide
dikes. Modify low flow check structures to grade control structures. Review drop
structure discussion for references to maximum height and minimum step length.
Review and incorporate changes provided by FCDMC

Move forward with conversion to PageMaker.

Incorporate figures into chapters.

City of Phoenix

Review Planning and Regulations. Provide Stantec with changes to Policies and
Standards prior to initiating internal policy review

Facilitate internal review of Policies, and Standards

Look into having the shotcrete standard changed at MAG.

FCDMC

Complete guidelines for side channel spillways.

Assist in the first level of software testing.
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Interagency

Review & comment on Hydraulics Manual Introduction, 2nd draft of Chapter 2, Toe
down/scour equation portion of Chapter 5, and 2nd draft of Hydraulics Structures
Chapter.

The foregoing is considered to be a true and accurate record of all items discussed.
If any discrepancies or inconsistencies are noted, please contact the writer
immediately.

STANTEC CONSULTING INC.

Frank Thomas, PE
Project Manager
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Item:

A. Meeting Minutes Approval

No comments were received on the 26 July 2000 meeting minutes and they were so
approved.

B. Review Previous Action Items

Stantec undertook the following:

Distributed Sedimentation Chapter.

Incorporated culvert toe down/scour analysis into Culverts and Bridges 2nd draft and
distributed.

Distributed second draft of Chapter 2 Hydrology of the Hydraulics Manual.

Modified Hydraulic Structures Chapter to include discussions on groins, guide dikes,
and grade control structures. Reviewed and modified drop structure discussion for
references to maximum height and minimum step length. Reviewed and
incorporated changes provided by FCDMC. Distributed to team.

•

Date:

PlacelTime:

Next Meeting:

Attendees:

Distribution:

06 September 2000

Stantec/1 :00 PM

11 October 2000 @ Stantec, 1:00 PM

City of Phoenix Ray Acuna, Gary Benton, Ralph Goodall, Jason
Turnbaugh
FCDMC Kofi Awumah, Amir Motamedi, Ed Raleigh,
Stantec Mike Gerlach (part time), George Sabol, Scot
Schlund (part time), Frank Thomas

Attendees/Absentees

•
C. Hydrology Manual Update

Mike Gerlach gave an overview of the issues presently being addressed in the
Hydrology Manual. The focus is presently on the two indirect verification methods, as
presented in the ADOT Manual, that employ regression equations and whether
these need updating for 10 more years of record and the addition of more gages.
There has been on-going discussion as to the extent of the data base to be included,
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Le. limit the gage data to Maricopa County or the entire State. Stantec will not be
undertaking statistical analysis of the new gage data as it applies to the USGS
regional regression equations (Method 3 of the ADOT Manual). Stantec is still
working on the applications for more frequently occurring storm events.

There was an in depth discussion as to eliminate Chapter 7 and incorporate
examples into each chapter since many users apparently do not utilize this chapter.
The FCDMC desires a consolidated example that steps through the major topics of
each chapter. The issue was left unresolved.

Amir Motamedi asked the City of Phoenix if they were satisfied with the evolution of
the Hydrology Manual, citing past concerns with the complexity of previous edition.
Ralph Goodall indicated his acceptance of the technology and that the new version
was indeed becoming more user friendly. He suggested that the manual be peer
reviewed. George Sabol asked if the City had a project that could be design via the
existing methods and the revised methods as a test. The mechanism for peer review
was left for further consideration.

Ed Raleigh brought up the issues pertaining to the time of concentration calculations.
George Sabol reiterated the intent of the original edition that was to promote
hydrological methods that were accurate, reproducible, and practical. He
acknowledged that the method for time of concentration may have leaned more
towards accuracy than practicality, but this parameter was of utmost importance. The
FCDMC is evaluating those issues and will get back to the team.

Stantec is to assume that the reader has knowledge and basic understanding of
HEC-1 as it updates the chapters.

D. Introduction Chapter to Hydraulics Manual

All references to Volume I and Volume " are to be changed as appropriate (this is to
be done for all chapters). Stantec will incorporate the FCDMC comments and finalize
the chapter.

E. Chapter 2 Hydrology

Chapter 2 was accepted. Stantec is to finalize this chapter.

•
Stantec

F. Culverts & Bridges Chapter

Stantec revised the scour analysis portion of the chapter. The changes were
accepted.

G. Chapter 7 - Hydraulic Structures

The drop structure section was revised for maximum height and minimum step length
to strike dimensions in conflict with those in the Chapter 1, Safety Section. Here, the
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maximum height desired is 2.5' with a minimum step length of 6'. Groins, guide
dikes, and grade control structures were added. Low flow check dams were
removed. Pending resolution of side channel spillways by the FCDMC and
incorporation of comments, Chapter 7 is complete. Stantec is to finalize the chapter
and leave a place holder for side channel spillways.

H. Chapter 10 Sedimentation

Two issues were discussed. First was a general discussion pertaining to the overall
approach to the chapter. Stantec understood that the chapter was to be an
introduction to the topic to enlighten the uninitiated such that the user would have
knowledge of the terms and processes associated with sedimentation. Kofi Awumah
suggested a format that took the reader from a qualitative approach to a quantitative
approach in a three tier process. The FCDMC will evaluate its desires for the chapter
and get back to the team.

I. Other Business

There was a discussion pertaining to the beta testing of the Chapter 4 software
reflecting the City of Phoenix's appreciation of the FCDMC's efforts. Ed Raliegh is to
send Stantec their scope/schedule for this testing.

Stantec is to complete summaries of the changes made to each chapter for inclusion
in to the Preamble/Foreword.

K. New Action Items

Stantec

Finish first draft of Chapters 2 through 6 and 8 of the Hydrology Manual and
distribute.

Review side channel spillway document from FCDMC.

Finish modifying Preamble/Foreword to Hydraulic Manuals to summarize changes to
the chapters (briefly) and distribute.

For all chapters, all references to Volume I and Volume /I are to be changed as
appropriate.

Stantec will incorporate the FCDMC comments and finalize Chapter 1.

Stantec is to finalize Chapter 2.

Stantec is to finalize Chapter 5.

Stantec is to finalize Chapter 7, leaving a place holder for side channel spillways
which is to be provided by FCDMC.
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Move forward with conversion to PageMaker.

Incorporate figures into chapters.

City of Phoenix

Facilitate internal review of Policies, and Standards

FCDMC

Evaluate needs for Sedimentation Chapter relative to the first draft.

Resolve time of concentration issues for the Hydrology Manual.

Look into having the shotcrete standard changed at MAG.

Complete guidelines for side channel spillways.

Assist in the first level of software testing.

Interagency

Review Hydraulics Manual Preamble/Foreword.

The foregoing is considered to be a true and accurate record of all items discussed.
If any discrepancies or inconsistencies are noted, please contact the writer
immediately.

STANTEC CONSULTING INC.

Frank Thomas, PE
Project Manager

!!)g1'dw p:\28900042\correspondence\meetings\sddm. mm 090600.docp:\28900042\eerrespefleJeflee\meetifl\ils\\SeJeJm,
mm 090600.eJee
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PlaceITime:

Next Meeting:

11 October 2000

Stantec/1 :00 PM

08 November 2000 @ Stantec, 1:00 PM

Attendees: City of Phoenix
FCDMC
Stantec

Gary Benton, Ralph Goodall (late)
Kofi Awumah, Ed Raleigh, Tim Murphy
George Sabol (late), Frank Thomas

Distribution: Attendees/Absentees

•

•

Item:

A. Meeting Minutes Approval

No comments were received on the 06 September 2000 meeting minutes and they
were so approved.

B. Review Previous Action Items

Stantec undertook the following:

• Finished first draft of Chapter 2 and distributed at the meeting along with a hand
calculation example.

• Reviewed side channel spillway document from FCDMC.
• Distributed modified Preamble/Foreword to Hydraulics Manual that summarized

changes to the chapters.
• Removed all references to Volume I and Volume II from Hydraulics Manual.
• Incorporated final comments on second drafts for Chapters 1, 2, 5, & 7 (left a

placeholder for side channel spillways).
• Acquired Framemaker software.
• Modified Policy chapter to include water quality policy statement.

C. Schedule Update

Frank Thomas overviewed schedule as follows:
• Framemaker conversion of Hydraulics Manual targeted to be completed in

early December for Chapters 1-9, with Chapter 10 completion pending
outcome of 10/11/00 meeting.

• To expedite the Hydrology Manual, Stantec will not let meeting schedule
dictate submittals, but rather, will send out chapters upon completion and will
allow 10 days review prior to starting the next draft. Stantec will target
completion of 2nd draft by end of December.
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• With 3 of the 7 meetings completed for the C.O.P. Policies & Standards
Manual, it appears that first round of internal facilitation will not be completed
by mid-December as hoped.

D. Discuss Preamble/Foreword

Minor written comments were received from Kofi Awumah. No other comments were
received.

E. Geotechnical Engineering Studies and Other Areas of Expertise
Chapter 8 contained verbage identifying requirements for geotechnical engineering
expertise. This section was previously flagged for further discussion. The issue at
hand was the need to identify other areas of expertise that may reasonably be
expected in some drainage projects. It was decided to utilize much of the verbage in
Chapter 8 in a stand alone section of the introduction chapter to highlight some of the
other disciplines utilized in drainage design and stormwater management. The
application of structural and environmental engineering shall be included in this
section.

In addition, the discussion in Chapter 8 was to be clarified for embankments over 2.5'
of hydraulic height, with hydraulic height defined.

F. Chapter 4: Storm Sewer Chapter revisited
In lieu of examples based upon the forthcoming storm sewer software, it was
accepted that Stantec would provide "hand" calculations that would exemplify the key
points of the chapter. Stantec recommended, and it was accepted, that the freeboard
depicted in the hydraulic grade line figure would not depict a set distance as this
would be relegated to the standards of a particular jurisdictional entity.

G. Chapter 10 Sedimentation
The FCDMC identified that it accepted the chapter content but requested that an
outline of the sedimentation analysis process be included analogous to the one
provided in the open channel chapter. Labeling levels of analysis was not necessary.
The steps in the analysis process would include links to other relevant
chapters/sections in the manual. This outline would include the caveat that the
checklist was not inclusive. The chapter will provide additional references to be cited.

The erosion setback discussion was satisfactory as is.

•
Stantec

The sand & gravel mining section was to provide references only, (3 from FCDMC,
and one from George Sabol) as the analysis required for these facilities is beyond the
scope of the chapter.

H. Other Business

Stantec is to include the hydrology figures in its distribution of draft chapters.
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I. New Action Items

Stantec

Complete and distribute remaining 1st drafts of Hydrology Manual Chapters

Finalize Preamble/Foreword, incorporating FCDMC comments.

Modify geotechnical text in Chapter 8, Add Section 1.5 (additional prof. resources)

Finish examples for Chapter 4, Storm Sewers

Prepare & distribute 2nd draft of Chapter 10, Sedimentation

Move forward with conversion to FrameMaker.

Incorporate figures into chapters.

City of Phoenix

Facilitate internal participation & review of Policies and Standards Manual

FCDMC

Resolve time of concentration issues for the Hydrology Manual.

Look into having the shotcrete standard changed at MAG.

Complete guidelines for side channel spillways.

Assist in the first level of software testing.

Interagency

Review Hydrology Manual chapters as they become available.

Review 2nd draft Chapter 10, Sedimentation

The foregoing is considered to be a true and accurate record of all items discussed.
If any discrepancies or inconsistencies are noted, please contact the writer
immediately. STANTEC CONSULTING INC.

Frank Thomas, PE
Project Manager

fwt p:\28900042\correspondence\meetings\sddm. mm 1011OO.doc
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Item:

A. Meeting Minutes Approval

No comments were received on the 08 November 2000 meeting minutes and they
were so approved.

B. Identify Modifications to Chapter 10, Sedimentation, discuss 3 tier approach
& establish schedule to finalize

George Sabol gave an overview of the changes made to the chapter. Several
sections were re-written to eliminate copy right issues. These sections were not
done in strike-out format since the substance of the sections remained
unchanged. The reference list was expanded to include additional documents for
the interested reader.

•

Date:

PlacelTime:

Next Meeting:

Attendees:

Distribution:

13 December 2000

Stantec/1 :00 PM

18 January 2001 @ Stantec, 1:00 PM

City of Phoenix
FCDMC Amir Motamedi, Tim Murphy. Joe Rumann, Kofi
Awumah
Stantec Frank Thomas, George Sabol, Mike Gerlach

Attendees/Absentees

•

The section entitled "Approach To Sedimentation Analysis" was discussed in
length as to clarifying procedures. Stantec shall make the revisions and distribute
to FCDMC for review (completed12/15/00).

Stantec received photos from FCDMC for the Sedimentation chapter that it shall
review and insert as appropriate.

The schedule for completion of this chapter was set to the second week in
January.

C. Chapter 2 Hydrology Manual

The depth area reduction factors for the 6 and 24 hour storms were discussed
with the intent of making them the same for the applicable overlap areas. This
chapter is ready to be finalized.
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D. Chapter 6 (Routing) Hydrology Manual

The Muskingum-Cunge routing method was discussed in terms of its validity of
results and applicability to the watercourses in Maricopa County. It was
concluded that while its results may be questionable for most watercourses in
Maricopa County, it is an acceptable method for large rivers and therefore, should
stay in the manual. The FCDMC does not use this method on its projects and its
use should be cautioned.

Chapter 6 is ready for finalization.

E. Chapter 4 (Rainfall Losses) Hydrology
The procedure outlined in the chapter needs to be checked with that in DDMS-W.

A footnote should be added to explain that the assumption of soil horizon
saturation by irrigation is not valid for large drainage areas since irrigation delivery
schedules preclude coverage over large areas at one time. The FCDMC will
provide comments within two weeks.

The three soil reports for Maricopa County not previously summarized within the
Manual should be included at the FCDMC's discretion.

Upon completion of the first two items, Chapter 4 is ready for finalization.

F. Chapter 5 (Unit Hydrograph Procedures)
This chapter was tabled until the next meeting.

G. Chapter 3

The IDF from PREFRE was accepted to replace the present Phoenix Airport
information. The lower limit for the time of concentration was suggested to be 10
minutes instead of 5 minutes with the understanding that little harm would come
with this change and that the 5 minute minimum would result in over designing
infrastructure. The FCDMC will verify its position on this matter. A note is to be
added to the text indicating that the 10 minute minimum should not be used for
the design of roof drainage.

This chapter is on hold until Ken Lewis is done with his model development.

H. Chapter 8 -Indirect Methods

Methods 1 & 3 have been reviewed with minimal changes. Stantec is still
grappling with determining which database is the most applicable to use for
Method 2.

The issue of using the existing methodology for more frequent storms is still
under consideration by Stantec. The FDCMC is going to assess more frequent
storms as a percentage of the 100 year for certain gauged basins.
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I. New Business

Stantec reported that it was almost finished incorporating revisions to Chapter 4,
Storm Sewers (Hydraulics Manual) as requested by FCDMC. Only one change
remained which is to be resolved in the near term.

J. New Action Items

Stantec

Provide KVL and FCDMC with Chapter 4 Storm Sewer example calculations

Finalize Chapters 2, 4, and 6 of the Hydrology Manual

Address questions pertaining to Chapter 4 example.

Finalize·Chapter 10, Sedimentation of the Hydraulics Manual, incorporate photos

Finalize Chapter 4 of the Hydraulics Manual

Move forward with conversion to FrameMaker & incorporate figures into chapters.

City of Phoenix

Facilitate internal participation & review of Policies and Standards Manual

FCDMC

Resolve minimum time of concentration issues for the Hydrology Manual.

Look into having the shotcrete standard changed at MAG.

Complete guidelines for side channel spillways.

Assist in the first level of software testing.

Interagency

Review Hydrology Manual chapters as they become available and provide Stantec
with comments.

The foregoing is considered to be a true and accurate record of all items discussed.
If any discrepancies or inconsistencies are noted, please contact the writer
immediately. STANTEC CONSULTING INC.

•
Stantec

Frank Thomas, PE
Project Manager
mg p:\28900042\correspondence\meetings\sddm. mm 121300.doc



• FLOOD CONTROL DISTRICT
of

Maricopa County

Interoffice Memorandum

Date: December 21,2000

TO: BIZ

VIA: MAL

FROM: RPH

SUBJECT: Drainage Design Manual for Maricopa County Volume II, Hydraulics, Storm
Drains Design Section, Example Problem Review Comments

I have reviewed the subject materials and offer the following comments:

• General

1) In order to illustrate the application of flow depth in the junction loss equation, the example
problem should include a pipe segment and junction for which partial flow conditions
prevail. Please address. Reply: We acknowledge that the above approach would illustrate
calculation oljunction losses under partial flow. but feel that typical application/design
l'vould not call fOr partial flou' (i.e. we design our sYstem to flow full under design conditions
in order to minimize cost)

2) For junctions where the two in-line pipes are the same size, the transition loss element of the
junction loss equation should be replaced with equation 4.10 (currently the manhole loss
equation), since the feature is better considered a manhole, than a contraction or expansion.
Replv: We use the manhole equation when there is not a third pipe. When there is a third
pipe, we use junction loss equation.

•

3) For junctions where the two in-line pipes are not the same size, the transition loss element of
the junction loss equation should include absolute value brackets around the velocity heads,
and either a contraction or expansion coefficient, K. Please revise accordingly. Reply:
Revised as requested.

4) The signs (+/-) of the "Z" elements in the junction loss equation should be reversed. Please
address. Reply: These equations have been checked.

File Folder: IO-MEM79
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5) Given comment number 2, above, the manhole loss calculated in section 4.4.2 would be
redundant. Please address. Reply: See item 2 response.

6) In order to illustrate a method to detennine the most cost effective designed connector pipes,
I suggest that the example problem include the following approach.

Given the catch basin inlet elevation and the current design constraint that there should be at
least l' difference between that elevation and the catch basin HGL elevation, an allowable
head loss (ARL) for the connector pipe would be: AHL=(CB inlet elevation-l ')-(trunk:line
HGL elevation). Then the following equation could be solved by iteration:

Where:

V=pipe full flow velocity of selected pipe
G=gravitational acceleration
Ke=entrance loss coefficient
N=Manning's roughness coefficient
R=hydraulic radius ofselected pipe
L=pipe length

When the results ofthe right-hand side are slightly below the left-hand side, the designer
should stop iterations and select the next largest sized pipe. For application towards the
example problem, I recommend that one of the catch basins be large, such as a P1569 M-2,
L=l7', which has a total opening width of 37'. Then the equation above could be applied to
detennine best pipe size. Reply: Alternativelv. don't most designers use ground slope as an
approximation ofenergy slope and design pipe by trial and error? Is the above method more
emcient or easier? Please provide further guidance.

7) By reducing the number ofpages and/or inferring some calculations to avoid redundancy, a
shorter example problem may promote designer interest. Twenty-six pages seems like too
many. Please address. Replv: Yes, there is an opportuniDi to reduce the number ofpages bv
using independent/unrelated examples to illustrate the equations/methodologies highlighted
in the chapter. However. 11'e thought that the analysis ora complete 8vstem would be more
illustrative fOr the uninitiated.

Page 1

1) The example problem schematic labels should be enlarged to improve legibility. In addition,
catch basin inlet elevations should be shown instead of top-of-curb, since they are more
important in detennining the most efficient design. Please revise accordingly. Reply: The labels

File Folder: IO-MEM79
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will be enlarged. We felt that since the av', depth is called out in the standards as from the top
o{curb. that top ofcurb was more appropriate than gutter elevation.

Page 2

1) Under "Given, Item 10, the listed feature JOI0020 could not be found on the SD schematic.
Please check. Reply: This has been corrected.

2) Since 21" pipe is not commonly available commercially, the problem may be improved by
using a 24" pipe instead.

3) An added "Given" item should be a design constraint target for the catch basin HGL
elevation to be at least l' below the catch basin inlet elevation. Please address. Reely: This
has been corrected.

Page 3

4) As described in item 2.2.2, the location of the invert is not clear. I was given the initial
impression that the location was at the retention basin, not the up-pipe invert. A better
description is needed. Reply: This has been corrected.

PageS

1) In item 2.6.3, first line, the word "form" should be changed to "form". Please address._
Reply: This has been corrected.

2) The catch basin ID's listed on this page should begin with a zero to be consistent. Please
address. Reply.' This has been corrected.

Page 6

1) Contrary to what is described in section 2.10.1, the Tc for the system flows at the lower end
of the listed pipes (ending at 010030) will be longer due to travel times. Therefore the peak
design flows will be less (this approach is applied further on in section 3.2). Please revise
accordingly. Reply: Technically, yoU are correct. but we designed the system for the peak
discharge entering the storm drain. Since there were not anv additional inflows from
laterals. we used the peak flow into the storm drain. In addition. there is not enough storage
in the storm drain to justifY routing down the peak. so we would suggest leaving the problem
as is.

Page 9

File Folder: IO-MEM79



• 1) Based upon the description in section 4.2.1, shouldn't the starting HGL listed in section 4.2.4
be equal to 1270.59'. Please check and revise all subsequent results accordingly. Reply: We
used the water surface in the retention basin at the time ofpeak discharge.

Page 10

1) The units of Sf should be listed as in ft/ft. Please address. Reply: This has been corrected.

Page 14

1) As listed in section 4.6.2, figure 4.8 and equation 4.10 are not numbered the same. Please
check/explain. Replv: Figure 4.8 and equation 4.10 are trom Chapter 4. Storm Drains. of
the Hydraulics MClnual. We assumed that the reader would know that since the example is
part ofChapter 4. Perhaps, we need clarification o(vour concern.

Page 25

1) Table E-4 should be revised to include a column that shows depth of flow in the pipe. Please
add. Reply: Table E-4 shows crown elevation and HGL. We presumed that flow depth, if
partial, could be inferred from that information ....again, the premise we lvere under was that
the example reflect tyPical design situations. including fUll flow for cost effectiveness.

• Page 26

1) Table E-5 should be revised to include columns for catch basin inlet elevations, catch basin
HGL elevations, and the difference between the two, to prove that design criteria are met.
Reply: This has been corrected.

• File Folder: IO-MEM79
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Date:

PlacelTime:

8 February, 2001

Stantec!1 :00 PM

21 March, 2001 @ Stantec, 1:00 PMNext Meeting:

Attendees: City ofPhoenix
FCDMC
Awumah
Stantec
KVL

Ralph Goodall, Gary Benton
Amir Motamedi, Tim Murphy. Joe Rumann, Kofi

Frank Thomas, George Sabol, Mike Gerlach
Ken Lewis

1. Meeting Minutes Approval•
Distribution:

Item:

Attendees!Absentees

•

No comments were received on the previous meeting minutes and they were so
approved.

2. DDMSW Procedures

Mike Gerlach discussed differences between computational procedures presented in
the Manual and the computerization of those procedures as implemented in
DDMSW, specifically in regard to the computation of rainfall losses and the Clark unit
hydrograph. The discussion of these differences was focused on the original intent of
the procedures in the Manual and the process of follOWing the procedures from a
user prospective. Specific items addressed were the input and selection of the Kb
parameter, vegetative cover percentage and surface retention parameter as they
relate to land use and soils.

Ken Lewis provided input and background as to why Kb, vegetative cover and
surface retention are only input options relating to land use and offered several
suggestions to resolve the procedural differences. Amir Motamedi, Kofi Awumah and
Joe Rumann provided input as to the appropriateness of where those input data
should be entered. Amir Motamedi concluded the discussion by pointing out that the
procedural differences were not fatal flaws with the program and that specific testing
of DDMSW would be appropriate follOWing the procedures as outlined in the Manual.
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Ken Lewis suggested that he and Mike Gerlach should meet to work through an
example together.

3. Hydrology Manual Status

Mike Gerlach stated that comments regarding the Chapters submitted for review at
the previous meeting (Introduction, Chapter 1, Chapter 2, Chapter 4, Chapter 5 and
Chapter 6) have been incorporated into a final version with the exception of Chapter
5. Amir Motamedi stated that the FCDMC had no comments other than purely
editorial on Chapter 5. Amir Motamedi also stated that there are no current plans to
revise the Tc equation at this time. Chapter 5 is ready to be finalized.

Comments on the first draft of Chapter 3 were provided by all attendees from the
FCDMC. The comments focused primarily on the limitations of the application of the
Rational Method, particularly in regard to the drainage area and routing limitation. It
was suggested that the wording of the routing limitation be taken from the Hydraulics
Manual. Amir Motamedi provided a table of runoff coefficients (taken from existing
pUblications) that should be considered as a replacement of the current table. The
values in the new table would be based on dwelling units per acre and could be
extended to all jurisdictional zoning. Frank Thomas suggested that the runoff
coefficient table be moved to the policies and standards manual. Stantec was
directed to prepare an example using values recommended by the City of Phoenix
and values recommended by the FCDMC. Joe Rumann pointed out that a minimum
value for Tc of 10-minutes was agreed upon at the previous meeting and that that
limitation was not incorporated into the first draft.

Mike Gerlach provided an overview of the contents of Chapter 8. Also discussed was
an analysis of gage data as it relates to Indirect Method 2. Mike Gerlach stated that
the results of the gage data analysis indicated that adoption of the data as presented
in the ADOT Manual and the State Standards is appropriate. Comments on the first
draft of Chapter 8 were provided by all attendees from the FCDMC. Kofi Awumah
suggested that the word "verification" is inappropriate and should be changed. Kofi
Awumah also suggested that the maximum discharge data set and regression
equation for Method 2 is not a particularly important "verification" tool and should be
eliminated. Amir Modamedi suggested that some/all data points shown on the
figures for Method 2 be eliminated as it is difficult to use. Removal of the maximum
discharge points would help in this regard. It was also suggested by many to provide
the data digitally so that data points of interest could be selected for plotting and that
this data could be incorporated into DDMSW. Amir Motamedi also suggested that
elimination of curves G, H and possibly C from the data set for Method 1 would
provide a maximum discharge data set only, this would then support removal of the
maximum discharge dataset from Method 2.
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4. 2- and 5-Year Storm Procedures

Mike Gerlach provided a discussion of a method for modeling of the more frequent
storm events. The proposed method would apply a factor to the 1DO-year runoff
hydrograph. The factor would be based on an analysis of gage data. A table
presenting a summary of simple statistical analyses of various subsets of the overall
data set was distributed. Included on the table were factors from three independent
sources. George Sabol added a discussion as to the need an(j reason for the
development of a procedure for modeling more frequent runoff events. A lively
discussion ensued with comments, concerns and questions offered by all attendees.
Amir Motamedi summarized and concluded the discussion by stating that this issue
can be resolved by answering three questions:

1. Is there a need to have a specific procedure other than simply changing the
rainfall depth and rerunning DDMSW,

2. If so, what are the sensitive parameters, Le. rainfall, rainfall losses, routing,
etc., and

3. What changes to these parameters would be necessary to achieve
reasonable results for the more frequent events.

George Sabol requested that Stantec begin testing of existing studies to answer
those questions. Amir Motamedi directed Stantec to begin the testing.

5. New Action Items

Stantec will finalize Chapters 3, 5 and 8 and begin testing on select watersheds.

6. Next Meeting

The next meeting is scheduled for 21 March, 2001.

The foregoing is considered to be a true and accurate record of all items discussed.
If any discrepancies or inconsistencies are noted, please contact the writer
immediately. STANTEC CONSULTING INC.

Mike Gerlach, PE
Project Engineer
mg p:\28900042\correspondence\meetings\sddm. mm 020701.doc
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Date:

PlacelTime:

Next Meeting:

25 September, 2001

Flood Control District/1 :00 PM

23 October, 2001

Attendees: FCDMC
Stantec

Amir Motamedi, Tim Murphy, Tom Loomis
Frank Thomas, George Sabol, Mike Gerlach

Distribution: Attendees!Absentees

•

•

George Sabol began by providing Tom Loomis with a general history and
background of the project since its inception. Key items discussed were

• Intent of the original contract under the City of Phoenix and the needs for a
manual from that perspective,

• Inclusion of the Flood Control District in the decision making processes and
the general adoption of current Flood Control District methodologies with the
recognition that certain procedural and methodological updates were
necessary, and

• General layout and organization of the manual as a finished product.

Frank Thomas continued by providing Mr. Loomis with an overview, current status
and general content of the Policies and Standards Manual as well as the Hydraulics
Manual. Key items discussed were:

Mike Gerlach concluded the meeting by providing Mr. Loomis with an overview,
current status and general content of the Hydrology Manual. Key items discussed
were:

• Status of each chapter as well as the general nature of the changes proposed
for each chapter,

• Discussion of the level of effort and general analyses conducted in regard to a
new chapter on indirect methods of verification of modeling results, and

• Brief presentation of a proposed approach for modeling of the more frequent
storm events. This discussion was concluded with a request for a working
meeting with Flood Control District staff to further explain analyses conducted



Stantec

•

•

•

MEETING NOTES

Page 2 of2

Reference: Drainage Design Manual

in this regard and to explore and to provide an opportunity for open discussion
on this topic. This meeting is tentatively scheduled for 23 October 2001.

The foregoing is considered to be a true and accurate record of all items discussed.
If any discrepancies or inconsistencies are noted, please contact the writer
immediately. STANTEC CONSULTING INC.

Mike Gerlach, PE
Project Engineer
mg p:\28900042\correspondence\meetings\sddm, mm 092501.doc
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FLOOD CONTROL DISTRICT

of

Maricopa County

2801 West Durango Street • Phoenix, Arizona 85009-6399
Telephone (602) 506-1501

Fax (602) 506-4601
TT (602) 506-5897

Mr. R. Michael Gerlach, PE
Stantec Consulting Inc.
8211 South 48th Street
.Phoenix, AZ 85044

Dear Mike:

BOARD OF DIRECTORS
Jan Brewer

Fulton Brock
Andrew Kunasek

Don Stapley
Mary Rose Garrido Wi !cox

•

•

The purpose of this letter is to address your request for guidance on several of the tables
and figures in the Hydrology Manual. I am also providing example watershed data for
use in testing the frequent stonn ratio procedures discussed at our last meeting. I have
enclosed quite a bit of infonnation, organized as attachments, and offer the following
descriptions and guidance for use of this infonnation. Please contact me as soon as
possible if you or Dr. Sabol disagree with any of the recommended revisions.

Attachment 1: Depth-Area Reduction Factors for 24-Hour Duration Rainfall. I also
found differences between a plot of the tabular data and the original Hydro-40 curve.
There are two 11x17 copies in the attachment. One is a Xerox enlargement of the figure
from Hydro-40. The other shows the 1995 tabular data and a plot of my recommended
data. I have also included copies of historical correspondence regarding the source of the
original tabular data. The first two pages show the recommended data table and figure
for use in the 2002 manual. The third and fourth pages show comparisons of the original
data with the new data, and comparisons of data used in the current version of MCUHP
and the recommended replacement data. See Excel spreadsheet
"Hydro 40 24hr Reduction.xls" on the CD-ROM.

Attachment 2: Depth-Area Reduction Factors for 6-Hour Duration Rainfall. I also
agree that the data for this curve is acceptable. However, I found discrepancies in the
way this curve was implemented in MCUPH. Therefore, the first two pages of the
attachment are a table and figure showing the data I would like presented in the 2002
manual. I have included additional data points in the table at the break points for the
rainfall distribution patterns. I would like to see the data at the pattern break points
shaded as shown or identified in another manner. I have also included the reduction
curve data recommended for coding in MCUHP (I'll take care of this). This, data could
also be included in the manual. We decided to limit the watershed area defined by HEC
1 JD records to 100 square miles. If a user needs to model a watershed for the 6-hour
stann that is larger than 100 square miles, special coding will be necessary. The
recommended table uses the maximum number of JD records allowed, and better
simulates the reduction curve. The last two pages show comparisons of the original data
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with the proposed, so you can see why we are making this change. See Excel spreadsheet
"6hr Depth-Area Reduction.xls" on the CD-ROM.

Attachment 3: 2-Hour Storm Distribution for Retention Design. This was the most
interesting problem, but probably the most insignificant from a practical standpoint. I
used the latitude and longitude for the original Sky Harbor Airport Weather Gage to
obtain NOAA Atlas 2 point precipitation values for that location. I then used that data to
run PREFRE, and used the PREFRE output to code the PH record in a simple test HEC-l
model. I then used the 2-hour storm rainfall distribution computed by HEC-l for my
comparisons with the original data in the manual, MCUHP, and the data you sent me
from the documentation manual. I ran different versions of the HEC-l model using time
intervals of 2-, 5- and IS-minutes. The results are included in Attachment 3. The
original tabular data in the manual matches the HEC-l rainfall distribution computed
using a IS-minute time interval. The figure in the manual didn't check against anything I
tried, and I can only conclude that it was not created using the available data. Since a 15
minute interval is too large for use with a 2-hour storm, we want to use the 5-minute
curve shown on the first two pages of the attachment. We will also have to recode this
curve in MCUHP. See Excel spreadsheet "2-hour storm distribution.xls" on the CD
ROM.

Attachment 4: SCS Type II 24-Hour Storm Rainfall Distribution. Wouldn't it be
nice if we could agree on a standard naming convention? We use different wording for
each storm in the tables and figures. I have included a table and figure for the data used
in MCUHP. I would like this information included in the manual for consistency. I have
also included a copy of the original SCS table, which matches the recommended data.
Interestingly, even this curve has an associated puzzle. The data is coded in MCUHP
using a 5-minute time interval, and output using a 15-minute interval. I have no idea
where the 5-minute data came from, but it plots a very smooth curve, and includes the
original SCS data. The figure included on page two is based on the 5-minute data. See
Excel spreadsheet "24-hour storm distribution.xls" on the CD-ROM.

Attachment 5: Slope Adjustment for Steep Watercourses. Bing Zhao has performed a
regression analysis on data scaled from the figure in the Hydrology Manual. A table and
figure based on the resulting polynomial is included. We want to add a table in the
Hydrology Manual that includes the equation, and use the revised figure with background
gridlines. The supporting data is included. The equation will be implemented in WMS
and DDMSW. See Excel spreadsheet "Slope Adjustment for Tc.xls" on the CD-ROM.

Attachment 6: Excerpt from Maryvale Area Drainage Master Stud. For use in
evaluating the ratio method for more frequent storms. This is an example of a heavily
urbanized watershed with multiple diversions. I suggest using sub basins 2-31,11-31,
12-31, 14-31, 13-31, and 7-32. Input files, spreadsheets, DDMSW files, and key exhibits
in TIP format are on the CD-ROM.

Attachment 7: Excerpt from Cudia City Wash To 10TH Street Wash Watershed
Hydrology Report. For use in evaluating the ratio method for more frequent storms.
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This is an example of a partially urbanized watershed with rain gage and flow gage data
available. Stream and precipitation gage data, HEC-l input files, spreadsheets,
DDMSW files, and key exhibits in TIF format are on the CD-ROM.

Attachment 8: Excerpt from White Tanks/Agua Fria Area Drainage Master Study,
Part A: Flood Study Technical Data Notebook. For use in evaluating the ratio method
for more frequent storms. This is an example of an agricultural watershed. No rain gage
and flow gage data is available. The HEC-l input files and the watershed exhibit in TIP
format are on the CD-ROM.

Hope you make sense out of all of this. Please give me call with any questions.

Sincerely,

~~
Special Projects Branch Manager



• •
SUMMARY OF REVIEW OF TABLES AND FIGURES, AND CHANGES TO BE MADE.

•
Table Fiaure Title MCUHP1 Arrav MCUHP2 Arrav Comments

New table and figure for manual. DDMSW may need to be revised.
MCUHP1 and MCUHP2 source code revised 01/02102 and 1103/02.
MCUHP1 and MCUHP2 do not create JD records using these
factors. They should be revised similar to method used for the 6-

2.1a 2.1a Depth-Area Reduction Factors for 24-Hour Duration Rainfall RFC and DAR RFCand DAR hour.
Currently input to HEC-1 using Pattern breaks only. MCUHP1 and
MCUHP2 need to be expanded to include all values in Table 2.2 up te

Hard-coded, Line Hard-coded, Line 100 square miles. Don't include areas greater than 100 sm in Pi and
2.2 2.14 Depth-Area Curve for Maricopa County 6-Hour Storm 502 8912 P2.

New table and figure for manual. MCUHP1 and MCUHP2 source
2.3 2.15 2-Hour Storm Distribution for Retention Desion 04 04 code revised 01/02102.
2.4 2.16 6-Hour Distribution Pattern 1, 0.0 <= 0.5 sm 01 01 Agreement between Manual and MCUHP1 and MCUHP2.
2.4 2.16 6-Hour Distribution Pattern 2, 2.8 sm 02 02 Agreement between Manual and MCUHP1 and MCUHP2.
2.4 2.16 6-Hour Distribution Pattern 3, 16.0 sm 03 03 Agreement between Manual and MCUHP1 and MCUHP2.
2.4 2.16 6-Hour Distribution Pattern 4, 90.0 sm 08 08 Agreement between Manual and MCUHP1 and MCUHP2.
2.4 2.16 6-Hour Distribution Pattern 5, 500 sm 09 09 Agreement between Manual and MCUHP1 and MCUHP2.

None 5.4 Slope Adiustment for SteeD Watercourses in Natural Watersheds Not included Not included New table for manual. New equation for DDMSW.
5.2 None Synthetic Dimensionless Time-Area Relations - Urban IU IU Agreement between Manual and MCUHP1 and MCUHP2.
5.2 None Synthetic Dimensionless Time-Area Relations - Natural IN IN Agreement between Manual and MCUHP1 and MCUHP2.
5.3 5.9 Phoenix Valley S-Graph nla TTABLE ##,1) Agreement between Manual and MCUHP2.
5.3 5.10 Phoenix Mountain S-Graph nla TTABLE ##,2) Agreement between Manual and MCUHP2.
5.3 5.11 Agricultural S-Graph n/a TTABLE ##,3) Agreement between Manual and MCUHP2.
5.3 5.12 Desert/Rangeland S-Graph nla TTABLE(##,4) Agreement between Manual and MCUHP2.
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Table 2.1a
Depth-Area Reduction Factors for 24-Hour Duration Rainfall

Area, square miles Ratio to Point Rainfall
0 1.000
10 0.950
20 0.918
30 0.900
40 0.887
50 0.877
60 0.870
70 0.863
80 0.857
90 0.852
100 0.848
110 0.845
120 0.841
130 0.838
140 0.835
150 0.832
200 0.820
250 0.812
300 0.806
400 0.796
500 0.783

Hydro 40 24hr Reduction.xls 1/3/2002 1
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Figure 2.1 a
24-Hour Rainfall Depth-Area Adjustment Curve

1--Rainfall Depth-Area Adjustment Curve I
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HYDRO-40 24-hour Depth-Area Ratios for Central Arizona

1995 Manual 2002 Manual 1995 Manual 2002 MCUHP
Area, sm Ratio Area, sm Ratio Area, sm Ratio Area, sm Ratio

0 1.000 0 1.000 0 1.000 0 1.000
10 0.940 10 0.950 10 0.940 10 0.950
20 0.910 20 0.918 30 0.900 20 0.918
30 0.900 30 0.900 60 0.860 40 0.887
40 0.880 40 0.887 90 0.846 60 0.870
50 0.870 50 0.877 120 0.834 100 0.848
60 0.860 60 0.870 150 0.825 150 0.832
70 0.856 70 0.863 300 0.800 200 0.820
80 0.855 80 0.857 500 0.780 500 0.783
90 0.846 90 0.852

100 0.842 100 0.848
110 0.838 110 0.845
120 0.834 120 0.841
130 0.833 130 0.838
140 0.829 140 0.835
150 0.825 150 0.832
200 0.817 200 0.820
300 0.800 250 0.812
400 0.790 300 0.806
500 0.780 400 0.796

500 0.783
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NOTE: The 2002 visually adjusted curve was created by overlaying plotted data onto a
blow-up of the original figure from NOM HYDRO-40, and adjusting the data points by
trial and error until a good fit was found.
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• ·Date:

From:

To:

Subject:

.MEMORANDUM'

March 10, 1993

Jorge R. Garre

Watershed Management Branch

Depth-Area Ratios for 24-hour Durantion Rainfall

•

•

Since most of you already know, these ratios are found in the NOAA Technical
Memorandum NWS HYDRO·40 and since the copy available in our branch is not the
best, I took the initiative to frnd a better copy and try to generate a table ofvalues.
Having a table will diminish the discrepancies among different indiViduals, making
the selection of the point rainfall reduction coefficient more consistent.

. In order to be as accurate as posible, I used an engineering scalein centimeters (sorry·
for those offended). Where the curve between two consecutive points was almost
linear, I decided not to generate intermediate values because one can just interpolate
between the extreme values. The ~ost noticeable change in the curve's slope is
encountered for watershed areas ranging from 0-70 square miles, and the least is
after 300 square miles. ..

Please, contact me if you have any questions or revisions.

~'.
Jorge R Garre
Hydrologist I
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Depth-Area Reduction Factors
for 24-Hour Duration Rainfall

Area Ratio to
[ Mi2

] Point Rainfall

0 1

10 0.94

20 .. 0.91

30 0.90.

40 0.88

50 0.87

60 0.86

70 0.856

80 0.855

90 0.846

100 0.842

110 0.838

120 0.834

130 0.833

140 0.829
\

150 . .. 0.825

200 0.817

300 , 0.80

400 ~. 0.79

500 0.78 ,



• Date:

From:

To:

Subject:

MEMORANDUM

,April 1, 1993

Jorge R. Garre·

Watershed Management Branch

Depth-Area Ratios for 24-hour Rainfall Duration

•

•

This is in response to concerns raised by Amir Motamedi on March 26, 1993, with
. regard to my previous memorandum dated March 10th on the above-referenced
subject.

The request was classified in two different items as follows:

1. Contact the National Oceanic and Atmospheric Administration (NOAA) to
find out if there is any support data on the HYDRO-40.

2. Find out If there has been discrepancies in the reduction factor's value,
selected by different consultants in previous hydrologic studies.

ANSWER 1:-

On March 26th, I spoke with Mr. Marshall Hansen who is Chief ofthe Water
.Management Information Division at the National Weather Service Office in
Silver Spring, Maryland. Mr. Hansen stated that the authors of the Technical
Memorandum NWSHYDRO-40 are not longer working at the agency and that
unfortunately there is no support data for this report. He volunteered to :
develop a tabular set of values from the curves, so that I could compare the
results with mine. I also requested a copy from Mr. Hansen of the HYDRO-40

; for WSBM's use since ,the reproduction we have available is a bit distorted.
ANSWER 2:

I reviewed some ofthe most accessible reports and found that each ofthenihas
a different reduction factor value selected for the 100,..year, 24-hour event.
Although they all ar_~ coming from the same data source, each individual's
interpretation was different. . This fact puts more weIght on what I was
mentioning before in my previous memorandum, that we need to generate a
table of values to diminish the discrepancies among different individuals,
therefore, making the selection of the reduction facto~ more consistent. '

. CONCLUSION:

After reviewing Mr. Hansen's values I found that they coincide with the values

1



•

•

•

that I have developed. The WSMB can feel comfortable using these numbers,
however, talking with Amir I n'oticed that Mr. Sabol is looking at the accuracy
of the HYDRO-40 and evaluating whether it is outdated or not. '

Enclosed please find Mr. Hansen's letter and keep it for future reference, so
that anybody still using the HYDRO-40 will not question this support data.

Do not hesitate to contact me if you have any questions or revisions

~'
Jorge R. Garre
Hydrologist I

e .

2



u.s. DEPARTMENT OF COMMERCE
National Oceanic and Atmospheric 'Administration
NATIONAL WEATHER SERVICE
Silver Spring, Md. 20810

• March 29, 1993 .
• ~." j I, .•

:"~: .
;\'."..

~PR 11993

W/OH1:EMH

Mr. George Jarre
Maricopa 'County Flood

Control District
2801 West Durango street
Phoenix, AZ 85009

Dear Mr. Jarre:

•

I have enclosed a copy of NOAA Technical Memorandum, NWS HYDRO
#40 (1984), as you requested. As-I discussed with you over the
telephone, the background worksheets for this report are no
longer available in this office and therefore I can offer no
c~arification for the relations presented in Figure 15 of the
report. .

If it is of any help to you, I have gridded the fiqure in my
report and read off information that may be used to reconstruct
such a set of curves. As such, these gridded values are also
enclosed and may represent an independent interpretation of the
figure.

Please call me if you have further questions regarding this
information.

•

Enclosures

,
" ~~-~r·(Z)-~.-- '-" v

E. Marshall Hansen
Chief, Water Management

,Information Division



I
NOTE: The 2002 visually adjusted curve was created by overlaying plotted data
onto the a blow-up of the original figure from NOAA HYDR0-40, and adjusting the
data points by trial and error until a good fit was found .
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TR 24)
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be attributed to a mixture of storm types, ~t still different from these found

in the central Plains.
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• Table 2.2: No Change

Point Values used in MCUHP1 and MCUHP2:

MCUHP will only add JD records for up to 100 sm.

•

•

Table 2.2
Area Factor
0.00 1.0000
0.50 0.9935
1.00 0.9870

Pattern break point per Figure 2.17

6-hr Depth-Area Reduction.xls 1/3/2002



• • •
1.0000 I I I I I I 1

!f

~ I

II,
x
\.
\i

0.9000 -I C\ I=: I I ~ I i '=I I I
~-IT'~

'"l'.

'" -

.E I I "'H----~ 0.8000 -I Th:i--,---,-----I I I I I I I=: I
I :""""'"

-c:
o
C-
o-

~.........
........
-l-~

'-,......

"-

,~ 0.7000ill I I tB:+:£'I I f I I
0:

-...,...
-.,...", -....... -.......

-

0.6000 i I I I: ~""'i..o;;;:::J ' ' : ' I
~

500.00450.00400.00350.00300.00250.00200.00150.00100.0050.00

0.5000 I I I I I I I I I I I

0.00

Area, square miles

Depth-Area Reduction Factors for 6-Hour Duration Rainfall

I Table 2.2 - -Proposed 2002 MCUHP1 I



•

•

•

Table 2.2
Area Factor

0.00 1.000
1.00 0.987
5.00 0.960

10.00 0.940
20.00 0.910
30.00 0.890
40.00 0.870
50.00 0.860

100.00 0.800
200.00 0.720
300.00 0.660
400.00 0.610
500.00 0.570

2000 MCUHP1
Area Factor

0.00 1.0000
0.01 1.0000
0.50 0.9935
2.80 0.9800

16.00 0.922
90.00 0.810

500.00 0.570



• • •
1.000 '~ ;__ I __ ~=: ,_;~fFEffi f= I [~-=1 F'T': 1

rl'i I '-,-,' '-'-I;T-,-,-1--1 :':'T-r
\,'

,\,
~

0.900 1 ~. I I I : I I I I I
"~"" i""oo:

'""
...

co
~ 0.800 13 I ~~ I I I I If---!---'-....L-..l...-I \ I

~,

-......J ~

to..

....... : I ,......,
i .....

"""'-ooL
'-l ~

..............-l::
o
a.
o-i 0.700 fi u 11 I rn ~ -I ITffA!tl<J ITff I I i

...........
,~

r--'
,"""""",-i
,~---~

~ ,,..,..
0.600 1 I J I I :=1 I ~~ I

~

~

500.00450.00400.00350.00250.00 300.00200.00150.00100.0050.00

0.500 I I I I I I I I I I

0.00

Area, square miles

Depth-Area Reduction Factors for 6-Hour Duration Rainfall

I Table 2.2 -. -2000 MCUHP1 I



•

•

•

ATTACHMENT 3



•

•

•

Table 2.3
2-Hour Storm Distribution for Retention Design

Time (minutes) % Rainfall Depth Time (minutes) % Rainfall Depth
0 0.00
5 0.70 65 68.77
10 1.40 70 79.30
15 2.11 75 85.26
20 2.81 80 89.12
25 3.86 85 92.28
30 4.91 90 95.09
35 7.72 95 96.14
40 10.88 100 97.19
45 14.39 105 97.89
50 19.65 110 98.60
55 26.67 115 99.30
60 41.75 120 100.00
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Figure 2.15
2-Hour Mass Curve for Retention Design
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Prefre Input Data from WEB Site:
htlp://www.nws.noaa.gov/oh/hdsc/noaaatlas2.htm
2-yr 6-hr 1.17
2-yr 24-hr 1.39
1OO-yr 6-hr 3.39
1OO-yr 24-hr 4.15

•

•

•

1995 Manual

Time,min Dimensionless
0 0.0
5 1.1
10 1.8
15 2.3
20 2.8
25 3.2
30 4.6
35 7.1
40 10.0
45 13.7
50 17.6
55 23.2
60 32.7
65 60.1
70 74.3
75 86.3
80 90.1
85 93.0
90 95.4
95 96.2
100 97.0
105 97.7
110 98.2
115 99.2
120 100.0

2·minute HEC~1 Main Time Interval
Rainfall

Time,min Incremental Cumulative Dimensionless
0 0 0.00 0.00
2 0.01 0.01 0.35
4 0.01 0.02 0.70
6 0.01 0.03 1.05
8 0.01 0.04 1.39
10 0.01 0.05 1.74
12 0.01 0.06 2.09
14 0.01 0.07 2.44
16 0.01 0.08 2.79
18 0.01 0.09 3.14
20 0.01 0.10 3.48
22 0.01 0.11 3.83
24 0.01 0.12 4.18
26 0.01 0.13 4.53
28 0.01 0.14 4.88
30 0.01 0.15 5.23
32 0.03 0.18 6.27
34 0.03 0.21 7.32
36 0.03 0.24 8.36
38 0.03 0.27 9.41
40 0.04 0.31 10.80
42 0.04 0.35 12.20
44 0.04 0.39 13.59
46 0.05 0.44 15.33
48 0.06 0.50 17.42
50 0.07 0.57 19.86
52 0.D7 0.64 22.30
54 0.1 0.74 25.78
56 0.13 0.87 30.31
58 0.18 1.05 36.59
60 0.31 1.36 47.39
62 0.31 1.67 58.19
64 0.25 1.92 66.90
66 0.16 2.08 72.47
68 0.12 2.20 76.66
70 0.08 2.28 79.44
72 0.07 2.35 81.88
74 0.06 2.41 83.97
76 0.06 2.47 86.06
78 0.04 2.51 87.46
80 0.04 2.55 88.85
82 0.04 2.59 90.24
84 0.04 2.63 91.64
86 0.03 2.66 92.68
88 0.03 2.69 93.73
90 0.03 2.72 94.77
92 0.01 2.73 95.12
94 0.01 2.74 95.47
96 0.01 2.75 95.82
98 0.01 2.76 96.17
100 0.01 2.77 96.52
102 0.01 2.78 96.86
104 0.01 2.79 97.21
106 0.01 2.80 97.56
108 0.01 2.81 97.91
110 0.01 2.82 98.26
112 0.01 2.83 98.61
114 0.01 2.84 98.95
116 0.01 2.85 99.30
118 0.01 2.86 99.65
120 0.01 2.87 100.00

Sky Harbor Airport Gage Location:
112 1 38.0832
33 26 9.46399

2-yr l-hr 0.9167
100-yr l-hr 2.58473

2-yr 2-hr 1.00308
1OO-yr 2-hr 2.85933

112.64530
33.16036
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5-minute HEC-1 Main Time Interval
Rainfall

Time, min Incremental Cumulative Dimensionless
0 0 0 0
5 0.02 0.02 0.70
10 0.02 0.04 1.40
15 0.02 0.06 2.11
20 0.02 0.08 2.81
25 0.03 0.11 3.86
30 0.03 0.14 4.91
35 0.08 0.22 7.72
40 0.09 0.31 10.88
45 0.1 0.41 14.39
50 0.15 0.56 19.65
55 0.2 0.76 26.67
60 0.43 1.19 41.75
65 0.77 1.96 68.77
70 0.3 2.26 79.30
75 0.17 2.43 85.26
80 0.11 2.54 89.12
85 0.09 2.63 92.28
90 0.08 2.71 95.09
95 0.03 2.74 96.14
100 0.03 2.77 97.19
105 0.02 2.79 97.89
110 0.02 2.81 98.60
115 0.02 2.83 99.30
120 0.02 2.85 100.00

15-minute HEC-1 Main Time Interval
Rainfall

Time, min Incremental Cumulative Dimensionless
0 0 0 0
15 0.06 0.06 2.11
30 0.07 0.13 4.56
45 0.24 0.37 12.98
60 0.52 0.89 31.23
75 1.51 2.4 84.21
90 0.3 2.7 94.74
105 0.09 2.79 97.89
120 0.06 2.85 100.00
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Rainfall

2. Calculate the point rainfall depth, or the areally-averaged point rainfall depth, from
Figures 2.2 through 2.7 depending on the desired rainfall frequency.

3. Use either Figure 2.14 or Table 2.2 to determine the depth-area reduction factor.

4. Multiply the point rainfall depth by the appropriate depth-area reduction factor. This
is the equivalent uniform depth of rainfall that is to be applied to the entire watershed.

Design Storm Distributions

':::::~ According to Table 2.1, three types of design storm distributions are to be used in
Maricopa County. This Manual· contains information for two of those design storm
distributions; the 2-hour storm for the design of retention/detention basins, and"the 6-hour
local storm. Information for the SCS Type II 24-hour storm has been encoded in the
MCUHP programs. Otherwise data regarding the SCS 24-hour storm is generally
available elsewhere. Distributions for other general storms for larger watersheds will need
tobe developed on a case-by-case basis based on appropriate meteorologic and hydrologic
factors.

2.4.1 2-hour Storm Distribution

The 2-hour storm distribution is to be used for the design of retention/detention basins
(see Table 2.1). The 2-hour distribution shown in Figure 2.15 and Table 2.3 is a
dimensionless form of the 2-hour hypothetical distribution for the Phoenix Sky Harbor
Airport location. This distribution can be applied throughout Maricopa County for the
design of retention/detention facilities.

Table 2.3
2·Hour Storm Distribution for Retention Design

TIme (minutes) % Rainfall Depth Time (minutes) % Rainfall Depth

0 0.0
5 1.1 65 60.1

10 1.8 70 74.3
15 2.3 75 86.3
20 2.8 80 90.1
25 3.2 85 93.0
30 4.6 90 95.4
35 7.1 95 96.2
40 10.0 100 " 97.0
45 13.7 105 97.7
50 17.6 110 98.2
55 23.2 115 99.2
60 32.7 120 100.0
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Figure 2.15
2-Hour Mass Curve for Retention Design

2.4.2 6.;.hour Storm Distribution

The 6-hour storm distributions are used for flood studies in Maricopa County of drainage
areas less than 20 square miles, except for on-site retention/detention facilities (see Table
2.1). These distributions would also be used for drainage areas larger than 20 square
miles and smaller than 100 square miles by critically centering the storm over all or
portions of the drainage area to estimate the peak flood discharges that could be realized
on such watersheds due to the occurrence of a local storm over the watershed;

The Maricopa County 6-hour local storm distributions consist of five dimensionless storin
patterns. Pattern No.1 represents the rainfall intensities that can be expected in the "eye"
of a local storm. These high, short-duration rainfall intensities would only occur over a
relatively small area near the center of the storm cell. Pattern No. 1 is an offset,
dimensionless form of the hypothetical distribution derived from rainfall statistics found
in NOAA Atlas for the Western United States. Arizona ( Miller and others, 1973 )

(
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*** 0 U T PUT D A T A ***
REVISED JUNE 1988 TO UPDATE COMPUTATION OF SHORT-DURATION VALUES

PRECIPITATION FREQUENCY VALUES FOR Sky Harbor Airport
PRIMARY ZONE NUMBER= 7
SHORT-DURATION ZONE NUMBER= 8

LATITUDE 33.16N LONGITUDE 112.65W

POINT VALUES

RETURN PERIOD
DURATION 2-YR 5-YR 10-YR 25-YR 50-YR 100-YR 500-YR

5-MIN .31 .43 .50 .61 .69 .78 .97 5-MIN
10-MIN .47 .65 .77 .93 1. 06 1.19 1.48 10-MIN
15-MIN .57 .81 .97 1.19 1. 36 1. 52 1.91 15-MIN
30-MIN .75 1. 08 1. 30 1. 60 1. 84 2.07 2.60 30-MIN

l-HR .92 1. 34 1. 62 2.00 2.29 2.58 3.26 l-HR
2-HR 1. 00 1. 47 1.78 2.21 2.53 2.86 3.61 2-HR
3-HR 1. 06 1. 56 1. 89 2.35 2.70 3.04 3.84 3-HR

• 6-HR 1.17 1. 73 2.10 2.61 3.00 3.39 4.29 6-HR
12-HR 1.28 1.91 2.33 2.90 3.34 3.77 4.78 12-HR
24-HR 1.39 2.09 2.55 3.18 3.67 4.15 5.26 24-HR

* IF YOUR SITE IS IN ARIZONA OR NEW MEXICO, PLEASE CONSULT THE
FOLLOWING PAPER FOR REVISED DEPTH-AREA VALUES:
DEPTH~AREA RATIOS IN THE SEMI-ARID SOUTHWEST UNITED STATES
NOAA TECHNICAL MEMORANDUM NWS HYDRO-40
ZEHR AND MYERS
AUGUST 1984

INPUT DATA

PROJECT NAME=Sky Harbor Airport
ZONE= 7 SHORT-DURATION ZONE= 8
LATITUDE= 33.16 LONGITUDE= 112.65 ELEVATION= 0
2-YR, 6-HR PCPN= 1.17 100-YR, 6-HR PCPN= 3.39
2-YR, 24-HR PCPN= 1.39 100-YR, 24-HR PCPN= 4.15

•
* * * * END OF RUN * * * *
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FLOOD HYDROGRAPH PACKAGE (HEC-l)
SEPTEMBER 1990

VERSlON 4. a

RUN DATE 12/28/2001 TIME 09,09,45 *

U.S. ARMY CORPS OF ENGINEERS
HYDROLOGIC ENGINEERING CENTER

609 SECOND STREET
DAVIS, CALIFORNIA 95616

(916) 756-1104

x x XXXXXXX XXXXX x
x x x X X xx
x x x x x
xxxxxxx XXXX x xxxxx x
x x x x x
x x x x x x
x x xxxxxxx XXXXX xxx

THIS PROGRAM REPLACES ALL PREVIOUS VERSIONS OF HEC-l KNOWN AS HECI (JAN 73), HEC1GS, HEC1DB, AND HEC1KW.

THE DEFINITIONS OF VARIABLES -RTIMP- AND -RTIOR- HAVE CHANGED FROM THOSE USED WITH THE 1973-STYLE INPUT STRUCTURE.
THE DEFINITION OF -AMSKK- ON RM-CARD WAS CHANGED WITH REVISIONS DATED 28 SEP 81. THIS IS THE FORTRAN77 VERSION
NEW OPTIONS' DAMBREAK OUTFLOW SUBMERGENCE, SINGLE EVENT DAMAGE CALCULATION, DSS:WRITE STAGE FREQUENCY,
DSS:READ TIME SERIES AT DESIRED CALCULATION INTERVAL LOSS RATE:GREEN AND AMPT INFILTRATION
KINEMATIC WAVE: NEW FINITE DIFFERENCE ALGORITHM

HEC-l INPUT PAGE 1

LINE ro 1. 2 •.••••• 3 ...•... 4 ....•.• 5 ....•.. 6 •...... 7 ..••••. 8 .•••... 9 .•.... 10

97

0 0.78 1.52 2.58 2.86
.250 .340 5. 000 .200 .000

1. 067 .397
0 5 16 30 65 77 84 90

100

ID Sky Harbor Airport
ID lOO-yr 2-hour Storm using dummy sub-basin input data
IT 2 300
10 1

KK SKYH2 . IHI
KM SUB-BASIN SKY
KM THIS IS A DUMMY MODEL FOR A 100-YR 2-HR STORM AT SKY HARBOR AIRPORT
KM 2-Minute Main Time Interval
KM
KM Model used to calculate a lOO-yr 2-hr Rainfall Distribution using
KM the hypothetical distribution.
KM
KM THIS BASIN USED RAINFALL REDUCTION FACTOR OF 1.000
BA 1. 000
PH
LG
UC
UA 94
UA
ZZ

1
2
3
4

5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20

•
1***** *.,..,..,. **.,. * * *.,..,. *** ****.,. ** 1<.,..,..,..,..,..,. **** * *.,.

FLOOD HYDROGRAPH PACKAGE (HEC-l)
SEPTEMBER 1990

VERSION 4.0

RUN DATE 12/28/2001 TIME 09,09,45 *

U.S. ARMY CORPS OF ENGINEERS
HYDROLOGIC ENGINEERING CENTER

609 SECOND STREET
DAVIS, CALIFORNIA 95616

(916) 756-1104

Sky Harbor Airport
lOO-yr 2-hour Storm using dummy sub-basin input data

4 10 OUTPUT CONTROL VARIABLES
IPRNT 1
IPLOT 0
QSCAL O.

PRINT CONTROL
PLOT CONTROL
HYDROGRAPH PLOT SCALE

SQUARE MILES

COMPUTATION INTERVAL
TOTAL TIME BASE•

IT HYDROGRAPH TIME
NMIN

IDATE
ITIME

NQ
NDDATE
NDTIME
ICENT

ENGLISH UNITS
DRAINAGE AREA

DATA
2
o

0000
300

a
0958

19

MINUTES IN COMPUTATION INTERVAL
STARTING DATE
STARTING TIME
NUMBER OF HYDROGRAPH ORDINATES
ENDING DATE
ENDING TIME
CENTURY MARK

.03 HOURS
9.97 HOURS

SKYH2.0Hl.doc 2-Minute Time Interval Page 1 of 4



•
PRECIPITATION DEPTH
LENGTH, ELEVATION
FLOW
STORAGE VOLUME
SURFACE AREA
TEMPERATURE

INCHES
FEET
CUBIC FEET PER SECOND
ACRE-FEET
ACRES
DEGREES FAHRENHEIT

*** *** *** *** **'" *** "''''* *** *** "'** *** *** *** *"'''' *"''If *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *.,. ..

5 KK SKYH2 . IH1

SUB-BASIN SKY
THIS IS A DUMMY MODEL FOR A 100-YR 2-HR STORM AT SKY HARBOR AIRPORT
2-Minute Main Time Interval

Model used to calculate a lOO-yr 2-hr Rainfall Distribution using
the hypothetical distribution.

THIS BASIN USED RAINFALL REDUCTION FACTOR OF 1. 000

14 BA

SUBBASIN RUNOFF DATA

SUBBASIN CHARACTERISTICS
TAREA 1.00 SUBBASIN AREA

PRECIPITATION DATA

15 PH
.•... HYDRO-35
5-MIN 15-MIN

.78 1.52
60-MIN

2.58

DEPTHS FOR O-PERCENT HYPOTHETICAL STORM
. • . . . . • • . . • • . •. TP-40 .•...•••.......
2-HR 3-HR 6-HR 12-HR 24-HR
2.86 .00 .00 .00 .00

STORM AREA = 1.00

•.•...••..• TP-49 ..•..•....•
2-DAY 4-DAY 7-DAY 10-DAY

.00 .00 .00 .00

1.07 TIME OF CONCENTRATION
.40 STORAGE COEFFICIENT•

16 LG

17 UC

GREEN AND AMPT
STRTL

DTH
PSIF

XKSAT
RTIMP

CLARK UNITGRAPH
TC

R

LOSS RATE
.25
.34

5.00
.20
.00

STARTING LOSS
MOISTURE DEFICIT
WETTING FRONT SUCTION
HYDRAULIC CONDUCTIVITY
PERCENT IMPERVIOUS AREA

18 UA ACCUMULATED-AREA VS. TIME, 11 ORDINATES
.0 5.0 16.0 30.0

100.0
65.0 77.0 84.0 90.0 94.0 97.0

UNIT HYDROGRAPH PARAMETERS
CLARK TC= 1.07 HR, R= .40 HR

SNYDER TP= .48 HR, CP= .56

UNIT HYDROGRAPH
78 END-OF-PERIOD ORDINATES

12. 36. 57. 89. 132. 175. 219. 267. 313. 377.
486. 617. 727. 772. 768. 765. 750. 723. 699. 675.
650. 627. 603. 576. 549. 523. 497. 472. 448. 427.
407. 389. 365. 336. 309. 284. 261. 240. 22l. 203.
186. 171. 158. 145. 133. 122. 113. 104. 95. 88.

80. 74. 68. 63. 58. 53. 49. 45. 41. 38.
35. 32. 29. 27. 25. 23. 21. 19. 18. 16.
15. 14. 13. 12. 11. 10. 9. 8.

***********************************************************************************************************************************

HYDROGRAPH AT STATION SKYH2

* ** * * 'it * 'it * * * * '"'* * * ** ****** * * ******* '* ** ****,..** * * * * "',.. "''''*''' '" *'" * * ** ** *** * ***** * * * *** * ****** * * * ** * *** * ** * * *** * * ** ** * * * * **** * * * ******** *****

DA MON HRMN ORD RAIN LOSS EXCESS COMP Q DA MON HRMN ORD RAIN LOSS EXCESS COMP Q

1 0000 1 .00 .00 . 00 O• 1 0500 151 . 00 .00 .00 O•
1 0002 2 .01 . 01 .00 O• 1 0502 152 .00 .00 .00 O.
1 0004 3 .01 • 01 .00 O• 1 0504 153 .00 • 00 .00 O•
1 0006 4 . 01 • 01 .00 O• 1 0506 154 .00 .00 .00 O.
1 0008 5 .01 • 01 .00 O• 1 0508 155 .00 • 00 .00 O•
1 0010 6 .01 • 01 .00 O• 1 0510 156 . 00 .00 .00 O.
1 0012 7 .01 • 01 • 00 O• 1 0512 157 .00 .00 .00 O.
1 0014 8 .01 • 01 .00 O• 1 0514 158 .00 . 00 .00 O•
1 0016 9 .01 . 01 .00 O• 1 0516 159 .00 .00 .00 O.
1 0018 10 • 01 . 01 .00 O• 1 0518 160 .00 .00 .00 O•
1 0020 11 .01 .01 . 00 O• 1 0520 161 . 00 .00 .00 o.

• 1 0022 12 • 01 • 01 .00 O• 1 0522 162 .00 .00 .00 O•
1 0024 13 .01 • 01 .00 O. 1 0524 163 • 00 .00 .00 O•
1 0026 14 .01 • 01 .00 O• 1 0526 164 .00 • 00 .00 O•
1 0028 15 . 01 • 01 .00 O• 1 0528 165 .00 .00 .00 O•
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1 0030 16 .01 .01 .00 O. 1 0530 166 .00 .00 .00 O•

• 1 0032 17 . 03 .03 .00 O. 1 0532 167 .00 .00 .00 O.
1 0034 18 .03 .03 .00 O. 1 0534 168 .00 .00 .00 O•
1 0036 19 . 03 .03 .00 O. 1 0536 169 .00 . 00 .00 O•

1 0038 20 .03 .03 .00 O. 1 0538 170 .00 .00 .00 O.
1 0040 21 .04 .04 .00 O. 1 0540 171 .00 .00 .00 O•

1 0042 22 . 04 .04 .00 O. 1 0542 172 .00 .00 .00 O.
1 0044 23 .04 .04 .00 O. 1 0544 173 .00 .00 .00 O.

1 0046 24 .05 .05 .00 O. 1 0546 174 .00 .00 .00 O•
1 0048 25 . 06 .06 .00 O. 1 0548 175 .00 .00 .00 O•

1 0050 26 . 07 .05 .02 O. 1 0550 176 .00 .00 .00 O.

1 0052 27 .07 .04 .03 l. 1 0552 177 .00 .00 .00 O.

1 0054 28 .10 .04 .06 3. 1 0554 178 .00 .00 .00 O.

1 0056 29 .13 .04 .09 7. 1 0556 179 .00 .00 .00 O.
1 0058 30 .18 .03 .14 14. 1 0558 180 .00 .00 .00 O.
1 0100 31 .31 .03 .28 26. 1 0600 181 .00 .00 .00 O.
1 0102 32 .31 .03 .28 47. 1 0602 182 .00 .00 .00 O.

1 0104 33 .25 .03 .22 76. 1 0604 183 .00 .00 .00 O•
1 0106 34 . 16 .03 .13 112. 1 0606 184 .00 .00 .00 O.

1 0108 35 .12 .03 .09 158. 1 0608 185 .00 .00 .00 O•

1 0110 36 . 08 .03 .05 212. 1 0610 186 .00 .00 .00 O.

1 0112 37 .07 .02 .05 275. 1 0612 187 .00 .00 .00 O•

1 0114 38 . 06 .02 .04 346. 1 0614 188 .00 .00 .00 O•

1 0116 39 . 06 .02 .03 427. 1 0616 189 .00 .00 .00 O•

1 0118 40 . 04 .02 .02 519. 1 0618 190 .00 .00 .00 O•

1 0120 41 . 04 .02 .02 626. 1 0620 191 .00 .00 .00 O•

1 0122 42 . 04 .02 .02 745. 1 0622 192 .00 .00 .00 O.

1 0124 43 .04 .02 .01 864. 1 0624 193 .00 .00 .00 O.

1 0126 44 .03 .02 .01 964. 1 0626 194 .00 .00 .00 O.

1 0128 45 .03 .02 .01 1035. 1 0628 195 .00 .00 .00 O.

1 0130 46 .03 .02 .01 1078. 1 0630 196 .00 .00 .00 O•

1 0132 47 . 01 .01 .00 1099. 1 0632 197 .00 .00 .00 O•
1 0134 48 . 01 .01 .00 1105. 1 0634 198 .00 .00 .00 O•

1 0136 49 . 01 .01 .00 1099. 1 0636 199 .00 .00 .00 O.

1 0138 50 .01 .01 .00 1086. 1 0638 200 .00 .00 .00 O.

1 0140 51 .01 .01 .00 1067. 1 0640 201 .00 .00 .00 O.

1 0142 52 .01 .01 .00 1043. 1 0642 202 .00 .00 .00 O.

1 0144 53 .01 .01 .00 1015. 1 0644 203 .00 .00 .00 O.

1 0146 54 .01 .01 .00 985. 1 0646 204 .00 .00 .00 O.

1 0148 55 .01 .01 .00 952. 1 0648 205 .00 .00 .00 O.

1 0150 56 .01 .01 .00 917. 1 0650 206 .00 .00 .00 O.

1 0152 57 .01 .01 .00 88l. 1 0652 207 .00 .00 .00 O•

1 0154 58 . 01 .01 .00 843. 1 0654 208 .00 .00 .00 O.

1 0156 59 .01 .01 .00 805. 1 0656 209 .00 . 00 .00 O•

1 0158 60 .01 .01 .00 767. 1 0658 210 .00 .00 .00 O.

1 0200 61 .01 .01 .00 730. 1 0700 211 .00 .00 .00 o.

• 1 0202 62 .00 .00 .00 694. 1 0702 212 .00 .00 .00 O.

1 0204 63 .00 .00 .00 656. 1 0704 213 .00 .00 .00 O.

1 0206 64 .00 .00 .00 617. 1 0706 214 .00 .00 .00 O.

1 0208 65 .00 .00 .00 578. 1 0708 215 .00 .00 .00 O.

1 0210 66 .00 .00 .00 538. 1 0710 216 .00 .00 .00 O.

1 0212 67 .00 .00 .00 500. 1 0712 217 .00 .00 .00 O.

1 0214 68 .00 .00 .00 464. 1 0714 218 .00 .00 .00 O.

1 0216 69 .00 .00 .00 429. 1 0716 219 .00 .00 .00 O.

1 0218 70 .00 .00 .00 397. 1 0718 220 .00 .00 .00 O.

1 0220 71 .00 .00 .00 367. 1 0720 221 .00 .00 .00 O.

1 0222 72 .00 .00 .00 339. 1 0722 222 .00 .00 .00 O.

1 0224 73 .00 .00 .00 312. 1 0724 223 .00 .00 .00 O.

1 0226 74 .00 .00 .00 288. 1 0726 224 .00 .00 .00 O.

1 0228 75 .00 .00 .00 265. 1 0728 225 .00 .00 .00 O.

1 0230 76 .00 .00 .00 244. 1 0730 226 .00 .00 .00 O.

1 0232 77 .00 .00 .00 225. 1 0732 227 .00 .00 .00 O.

1 0234 78 .00 .00 .00 207. 1 0734 228 .00 .00 .00 O.

1 0236 79 .00 .00 .00 190. 1 0736 229 .00 .00 .00 O.
1 0238 80 .00 .00 .00 175. 1 0738 230 .00 .00 .00 O.

1 0240 81 .00 .00 .00 16l. 1 0740 231 .00 .00 .00 O•

1 0242 82 . 00 .00 .00 148. 1 0742 232 .00 .00 .00 O.

1 0244 83 .00 .00 .00 136. 1 0744 233 .00 .00 .00 O.

1 0246 84 .00 .00 .00 125. 1 0746 234 .00 .00 .00 O.

1 0248 85 .00 .00 .00 115. 1 0748 235 .00 .00 .00 O.

1 0250 86 .00 .00 .00 106. 1 0750 236 .00 . 00 .00 O•

1 0252 87 .00 .00 .00 97. 1 0752 237 .00 .00 .00 O.

1 0254 88 .00 .00 .00 89. 1 0754 238 .00 .00 .00 O•

1 0256 89 . 00 .00 .00 82. 1 0756 239 .00 .00 .00 O.

1 0258 90 .00 .00 .00 76. 1 0758 240 .00 .00 .00 O.

1 0300 91 .00 .00 .00 69. 1 0800 241 .00 .00 .00 O.

1 0302 92 .00 .00 .00 64. 1 0802 242 .00 .00 .00 O.

1 0304 93 .00 .00 .00 59. 1 0804 243 .00 .00 .00 O.

1 0306 94 .00 .00 .00 54. 1 0806 244 .00 .00 .00 O.

1 0308 95 .00 .00 .00 50. 1 0808 245 .00 .00 .00 O.

1 0310 96 .00 .00 .00 46. 1 0810 246 .00 .00 .00 O.

1 0312 97 .00 .00 .00 42. 1 0812 247 .00 .00 .00 O.

1 0314 98 .00 .00 .00 39. 1 0814 248 .00 .00 .00 O.
1 0316 99 .00 .00 .00 35. 1 0816 249 .00 . 00 .00 O.
1 0318 100 .00 .00 .00 33. 1 0818 250 .00 .00 .00 O.

1 0320 101 .00 .00 .00 30. 1 0820 251 .00 .00 .00 O.

1 0322 102 .00 .00 .00 28. 1 0822 252 .00 .00 .00 O.

1 0324 103 .00 .00 .00 25. 1 0824 253 .00 .00 .00 O.

1 0326 104 .00 .00 .00 23. 1 0826 254 .00 .00 .00 O.

1 0328 105 .00 .00 .00 2l. 1 0828 255 .00 .00 .00 O.

1 0330 106 .00 .00 .00 19. 1 0830 256 .00 .00 .00 o.

• 1 0332 107 .00 .00 .00 17. 1 0832 257 .00 .00 .00 O.

1 0334 108 .00 .00 .00 14. 1 0834 258 .00 .00 .00 O.

1 0336 109 .00 .00 .00 ll. 1 0836 259 .00 . 00 .00 O•

1 0338 110 .00 .00 .00 8. 1 0838 260 .00 .00 .00 o.
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1 0340 111 .00 .00 .00 6. 1 0840 261 .00 .00 .00 O.

• 1 0342 112 .00 .00 .00 4. 1 0842 262 .00 .00 .00 O.

1 0344 113 .00 .00 .00 3. 1 0844 263 .00 .00 .00 O•

1 0346 114 . 00 .00 .00 2. 1 0846 264 .00 .00 .00 O.

1 0348 115 .00 . 00 .00 2. 1 0848 265 .00 .00 .00 O•

1 0350 116 .00 .00 .00 1. 1 0850 266 .00 .00 .00 O.

1 0352 117 .00 . 00 .00 1. 1 0852 267 .00 .00 .00 O•

1 0354 118 .00 . 00 .00 1. 1 0854 268 .00 .00 .00 O•

1 0356 119 .00 . 00 .00 1. 1 0856 269 .00 .00 .00 O•

1 0358 120 .00 .00 .00 O. 1 0858 270 .00 .00 .00 O.

1 0400 121 .00 . 00 .00 O. 1 0900 271 .00 .00 .00 O•

1 0402 122 .00 . 00 .00 O. 1 0902 272 .00 .00 .00 O•

1 0404 123 .00 .00 .00 O. 1 0904 273 .00 .00 .00 O.

1 0406 124 .00 .00 .00 O. 1 0906 274 .00 .00 .00 O.

1 0408 125 .00 .00 .00 O. 1 0908 275 .00 .00 .00 O.

1 0410 126 .00 . 00 .00 O. 1 0910 276 .00 .00 .00 O•

1 0412 127 .00 . 00 .00 O. 1 0912 277 .00 .00 .00 O•

1 0414 128 .00 . 00 .00 O. 1 0914 278 .00 .00 .00 O•

1 0416 129 .00 .00 .00 O. 1 0916 279 .00 .00 .00 O.

1 0418 130 .00 .00 .00 O. 1 0918 280 .00 .00 .00 O.

1 0420 131 .00 . 00 .00 O. 1 0920 281 .00 .00 .00 O•

1 0422 132 .00 . 00 .00 O. 1 0922 282 .00 .00 .00 O•

1 0424 133 . 00 .00 .00 O. 1 0924 283 .00 .00 .00 O•

1 0426 134 .00 .00 .00 O. 1 0926 284 .00 .00 .00 O.

1 0428 135 . 00 .00 .00 O• 1 0928 285 .00 .00 .00 O•

1 0430 136 . 00 . 00 .00 O. 1 0930 286 .00 .00 .00 O•

1 0432 137 .00 . 00 .00 O. 1 0932 287 .00 .00 .00 O•

1 0434 138 .00 . 00 .00 O. 1 0934 288 .00 .00 .00 O•

1 0436 139 .00 .00 .00 O. 1 0936 289 .00 .00 .00 O.

1 0438 140 .00 .00 .00 O. 1 0938 290 .00 .00 .00 O•

1 0440 141 . 00 .00 .00 O. 1 0940 291 .00 .00 . 00 O•

1 0442 142 . 00 .00 .00 O. 1 0942 292 .00 .00 .00 O•
1 0444 143 . 00 .00 .00 O. 1 0944 293 .00 .00 .00 O•

1 0446 144 . 00 .00 .00 O. 1 0946 294 .00 .00 .00 O•

1 0448 145 .00 .00 .00 O. 1 0948 295 .00 .00 .00 O.

1 0450 146 .00 . 00 .00 O. 1 0950 296 .00 .00 .00 O•

1 0452 147 . 00 .00 .00 O. 1 0952 297 .00 .00 .00 O•

1 0454 148 .00 . 00 .00 O. 1 0954 298 .00 .00 .00 O•

1 0456 149 . 00 .00 .00 O. 1 0956 299 .00 .00 .00 O•

1 0458 150 . 00 .00 .00 O. 1 0958 300 .00 .00 . DO O•

* 'It **,..;. *** ** '1<"" *,. ******* .. * ** "',. *,. * * * *** "'*** * .. '1<" * * ********,. * .. *** ****'1<*""" * '" 1o" 'I< ******* ** ** ** .... *** ** * ** *,. .. *'It** * .. ,. .. * '1<'1< .... ***"1< ** ** ** .... * ****

TOTAL RAINFALL = 2.85, TOTAL LOSS = 1.23. TOTAL EXCESS = 1. 62

PEAK FLOW TIME MAXIMUM AVERAGE FLOW

• 6-HR 24-HR 72-HR 9.97-HR

+ (CFS) (HR)
(CFS)

+ 1105. 1.57 174. 105. 105. 105.
(INCHES) 1.615 1.615 1. 615 1. 615

(AC-FT) 86. 86. 86. 86.

CUMULATIVE AREA = 1. 00 SQ MI

RUNOFF SUMMARY
FLOW IN CUBIC FEET PER SECOND

TIME IN HOURS. AREA IN SQUARE MILES

PEAK TIME OF AVERAGE FLOW FOR MAXIMUM PERIOD BASIN MAXIMUM TIME OF

OPERATION STATION FLOW PEAK AREA STAGE MAX STAGE

+ 6-HOUR 24-HOUR 72-HOUR

HYDROGRAPH AT
+ SKYH2 1105. 1.57 174. 105. 105. 1. 00

*** NORMAL END OF HEC-l ***

•
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1*****************************************

* *
FLOOD HYDROGRAPH PACKAGE (HEC-l)

SEPTEMBER 1990
VERSION 4.0

RUN DATE 12/28/2001 TIME 09,10,05 *

U.S. ARMY CORPS OF ENGINEERS
HYDROLOGIC ENGINEERING CENTER

609 SECOND STREET
DAVIS, CALIFORNIA 95616

(916) 756-1104

x X XXXXXXX XXXXX X

X X X X X XX
X X X X X
xxxxxxx XXXX X XXXXX X
X X X X X
X X X X X X
X X XXXXXXX XXXXX XXX

THIS PROGRAM REPLACES ALL PREVIOUS VERSIONS OF HEC-l KNOWN AS HECl (JAN 73), HEC1GS, HEC1DB, AND HEC1KW.

THE DEFINITIONS OF VARIABLES -RTIMP- AND -RTIOR- HAVE CHANGED FROM THOSE USED WITH THE 1973-STYLE INPUT STRUCTURE.
THE DEFINITION OF -AMSKK- ON RM-CARD WAS CHANGED WITH REVISIONS DATED 28 SEP 81. THIS IS THE FORTRAN77 VERSION
NEW OPTIONS: DAMBREAK OUTFLOW SUBMERGENCE, SINGLE EVENT DAMAGE CALCULATION, DSS:WRITE STAGE FREQUENCY,
DSS,READ TIME SERIES AT DESIRED CALCULATION INTERVAL LOSS RATE:GREEN AND AMPT INFILTRATION
KINEMATIC WAVE: NEW FINITE DIFFERENCE ALGORITHM

HEC-l INPUT PAGE 1

LINE ID 1. 2 •..•••. 3 4 5 6 7 8 9 ....•. 10

ID Sky Harbor Airport
ID lOO-yr 2-hour Stor.m using dummy sub-basin input data
IT 5 300
IO 1

SKYH5.IH1
SUB-BASIN SKY
THIS IS A DUMMY MODEL FOR A 100-YR 2-HR STORM AT SKY HARBOR AIRPORT
5-Minute Main Time Interval

THIS BASIN USED RAINFALL REDUCTION FACTOR OF 1. 000
1. 000

Model used to calculate a 100-yr 2-hr Rainfall Distribution using
the hypothetical distribution.

979484 90

0 0.78 1.52 2.58 2.86
.250 .340 5.000 .200 .000

1. 067 .397
0 5 16 30 65 77

100

KK
KM
KM
KM
KM
KM
KM
KM
KM
BA
PH
LG
UC
UA
UA
ZZ

1
2
3
4

5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20

•
1* '" *** '" '" '" '" '" "" '" ** '" '" *** *** ** '" '" '" ** ****** '" **** '"

FLOOD HYDROGRAPH PACKAGE (HEC-1)
SEPTEMBER 1990

VERSION 4.0

RUN DATE 12/28/2001 TIME 09: 10: 05 *

U.S. ARMY CORPS OF ENGINEERS
HYDROLOGIC ENGINEERING CENTER

609 SECOND STREET
DAVIS, CALIFORNIA 95616

(916) 756-1104

Sky Harbor Airport
lOO-yr 2-hour Storm using dummy sub-basin input data

4 IO OUTPUT CONTROL VARIABLES
IPRNT 1
IPLOT 0
QSCAL O.

PRINT CONTROL
PLOT CONTROL
HYDROGRAPH PLOT SCALE

COMPUTATION INTERVAL .08 HOURS
TOTAL TIME BASE 24.92 HOURS

SQUARE MILES•

IT HYDROGRAPH TIME
NMIN

IDATE
ITIME

NQ
NDDATE
NDTIME
ICENT

ENGLISH UNITS
DRAINAGE AREA

DATA
5
o

0000
300

o
0055

19

MINUTES IN COMPUTATION INTERVAL
STARTING DATE
STARTING TIME
NUMBER OF HYDROGRAPH ORDINATES
ENDING DATE
ENDING TIME
CENTURY MARK

SKYH5.0Hl.doc 5-Minute Time Interval Page 1 of 4



•
PRECIPITATION DEPTH
LENGTH. ELEVATION
FLOW
STORAGE VOLUME
SURFACE AREA
TEMPERATURE

INCHES
FEET
CUBIC FEET PER SECOND
ACRE-FEET
ACRES
DEGREES FAHRENHEIT

*** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** .",** *** ***

5 KK SKYH5 . !HI

SUB-BASIN SKY
THIS IS A DUMMY MODEL FOR A 100-YR 2-HR STORM AT SKY HARBOR AIRPORT
5-Minute Main Time Interval

Model used to calculate a lOO-yr 2-hr Rainfall Distribution using
the hypothetical distribution.

THIS BASIN USED RAINFALL REDUCTION FACTOR OF 1.000

14 BA

SUBBASIN RUNOFF DATA

SUBBASIN CHARACTERISTICS
TAREA 1. 00 SUBBASIN AREA

PRECIPITATION DATA

HYPOTHETICAL STORM15 PH
..... HYDRO-35
5-MIN IS-MIN

.78 1.52
60-MIN

2.58

DEPTHS FOR 0 - PERCENT
............... TP-40
2-HR 3-HR 6-HR
2.86 .00 .00

12-HR 24-HR
.00 .00

........... TP-49 .
2-DAY 4-DAY 7-DAY 10-DAY

.00 .00 .00 .00

STORM AREA; 1.00

1.07 TIME OF CONCENTRATION
.40 STORAGE COEFFICIENT•

16 LG

17 UC

GREEN AND AMPT
STRTL

DTH
PSIF

XKSAT
RTIMP

CLARK UNITGRAPH
TC

R

LOSS RATE
.25
.34

5.00
.20
.00

STARTING LOSS
MOISTURE DEFICIT
WETTING FRONT SUCTION
HYDRAULIC CONDUCTIVITY
PERCENT IMPERVIOUS AREA

18 UA ACCUMULATED-AREA VS. TIME. 11 ORDINATES
.0 5.0 16.0 30.0

100.0
65.0 77 .0 84.0 90.0 94.0 97.0

UNIT HYDROGRAPH PARAMETERS
CLARK TC= 1. 07 HR. R= .40 HR

SNYDER TP= .50 HR. CP= .58

UNIT HYDROGRAPH
32 END-OF-PERIOD ORDINATES

29. 106. 210. 340. 576. 753. 747. 695. 635. 572.
505. 445. 391. 331. 268. 217 . 176. 142. 115. 93.

76. 61. 50. 40. 33. 26. 21. 17. 14. 11.
9. 7.

***********************************************************************************************************************************

HYDROGRAPH AT STATION SKYH5

************************************************************************************************************ *************~*~~~~~~~~

DA MON HRMN ORD RAIN LOSS EXCESS COMP Q DA MON HRMN ORD RAIN LOSS EXCESS COMP Q

1 0000 1 .00 .00 .00 O. 1 1230 151 .00 .00 . 00 O•
1 0005 2 .02 .02 .00 O. 1 1235 152 .00 .00 .00 O.
1 0010 3 .02 .02 .00 O. 1 1240 153 .00 . 00 .00 O•
1 0015 4 .02 .02 .00 O. 1 1245 154 .00 .00 . 00 O.
1 0020 5 .02 .02 .00 O. 1 1250 155 .00 .00 . 00 O•
1 0025 6 .03 .03 .00 O. 1 1255 156 .00 .00 . 00 O•
1 0030 7 .03 .03 .00 O. 1 1300 157 .00 .00 . 00 O•
1 0035 8 .08 .08 .00 O. 1 1305 158 .00 .00 . 00 O•
1 0040 9 .09 .09 .00 O. 1 1310 159 .00 .00 . 00 O•
1 0045 10 .10 .10 .00 O. 1 1315 160 .00 .00 . 00 O•
1 0050 11 .15 .14 .01 O. 1 1320 161 .00 .00 . 00 O•
1 0055 12 .20 .10 .10 4. 1 1325 162 .00 .00 . 00 O•
1 0100 13 .43 .08 .35 23. 1 1330 163 .00 .00 . 00 O•
1 0105 14 .77 .07 .70 81. 1 1335 164 .00 .00 . 00 O•
1 0110 15 .30 .07 .24 193. 1 1340 165 .00 .00 . 00 O•

• 1 0115 16 .17 .06 .11 358. 1 1345 166 .00 .00 . 00 O•
1 0120 17 .11 .06 .05 583. 1 1350 167 .00 . 00 .00 O•
1 0125 18 .09 .05 .04 857. 1 1355 168 .00 .00 . 00 O•
1 0130 19 .08 .05 .03 1052. 1 1400 169 .00 .00 . 00 o.
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1 0135 20 .03 .03 .00 1103. 1 1405 170 .00 .00 .00 O•

• 1 0140 21 . 03 .03 .00 1077 . 1 1410 171 .00 .00 .00 O.
1 0145 22 .02 .02 .00 1015. 1 1415 172 .00 .00 .00 O•
1 0150 23 .02 .02 . 00 933. 1 1420 173 .00 .00 .00 O.
1 0155 24 .02 .02 .00 840. 1 1425 174 .00 .00 .00 O•
1 0200 25 .02 .02 . 00 745. 1 1430 175 .00 .00 .00 O•
1 0205 26 .00 .00 .00 65l. 1 1435 176 .00 . 00 .00 O.
1 0210 27 .00 .00 .00 555. 1 1440 177 .00 .00 .00 O.
1 0215 28 .00 .00 .00 46l. 1 1445 178 .00 .00 .00 O.
1 0220 29 .00 .00 .00 379. 1 1450 179 .00 .00 .00 O•
1 0225 30 .00 . 00 .00 310. 1 1455 180 .00 .00 .00 O.
1 0230 31 .00 .00 .00 253. 1 1500 181 .00 .00 .00 O.
1 0235 32 .00 . 00 .00 205. 1 1505 182 .00 .00 .00 O.
1 0240 33 .00 .00 .00 166. 1 1510 183 .00 .00 .00 O.
1 0245 34 .00 .00 .00 134. 1 1515 184 .00 .00 .00 O.
1 0250 35 .00 .00 . 00 109. 1 1520 185 .00 .00 .00 O.
1 0255 36 .00 .00 . 00 88 . 1 1525 186 .00 .00 .00 O.
1 0300 37 .00 .00 . 00 71. 1 1530 187 .00 .00 .00 O.
1 0305 38 .00 .00 .00 58. 1 1535 188 .00 .00 .00 O•
1 0310 39 . 00 .00 .00 47. 1 1540 189 .00 .00 .00 O.
1 0315 40 .00 .00 .00 38. 1 1545 190 .00 .00 .00 O.

1 0320 41 .00 .00 .00 3l. 1 1550 191 .00 .00 .00 O.

1 0325 42 .00 .00 .00 25. 1 1555 192 .00 .00 .00 O.
1 0330 43 .00 .00 .00 20. 1 1600 193 .00 .00 .00 O.
1 0335 44 . 00 .00 .00 16. 1 1605 194 .00 .00 .00 O.
1 0340 45 .00 .00 . 00 1l. 1 1610 195 .00 .00 .00 O•
1 0345 46 .00 .00 . 00 4. 1 1615 196 .00 .00 .00 O.
1 0350 47 .00 .00 .00 2. 1 1620 197 .00 .00 .00 O.
1 0355 48 .00 .00 .00 1. 1 1625 198 .00 .00 .00 O.
1 0400 49 .00 .00 .00 1. 1 1630 199 .00 .00 .00 O•
1 0405 50 . 00 .00 .00 O. 1 1635 200 .00 .00 .00 O.

1 0410 51 .00 .00 .00 O. 1 1640 201 .00 .00 .00 O.

1 0415 52 .00 .00 .00 O. 1 1645 202 .00 .00 .00 O.
1 0420 53 .00 .00 .00 O. 1 1650 203 .00 .00 .00 O.
1 0425 54 .00 . 00 .00 O. 1 1655 204 .00 .00 .00 O•
1 0430 55 .00 . 00 .00 O. 1 1700 205 .00 .00 .00 O.
1 0435 56 .00 .00 .00 O. 1 1705 206 .00 .00 .00 O.
1 0440 57 .00 . 00 .00 O. 1 1710 207 .00 .00 .00 O.
1 0445 58 .00 .00 .00 O. 1 1715 208 .00 .00 .00 O.

1 0450 59 .00 .00 .00 O. 1 1720 209 .00 .00 .00 O.
1 0455 60 .00 .00 .00 O. 1 1725 210 .00 .00 .00 O.
1 0500 61 .00 .00 .00 O. 1 1730 211 .00 .00 .00 O.
1 0505 62 .00 .00 .00 O. 1 1735 212 .00 .00 .00 O.
1 0510 63 .00 .00 .00 O. 1 1740 213 .00 .00 .00 O•

1 0515 64 . 00 .00 .00 O. 1 1745 214 .00 .00 .00 O.

1 0520 65 .00 .00 .00 O. 1 1750 215 .00 .00 .00 O.

• 1 0525 66 .00 .00 .00 O. 1 1755 216 .00 .00 .00 O.
1 0530 67 .00 .00 .00 O. 1 1800 217 .00 .00 .00 O.
1 0535 68 .00 .00 .00 O. 1 1805 218 .00 .00 .00 O.

1 0540 69 .00 .00 .00 O. 1 1810 219 .00 . 00 .00 O.
1 0545 70 .00 .00 .00 O. 1 1815 220 .00 .00 .00 O.

1 0550 71 .00 .00 .00 O. 1 1820 221 .00 .00 .00 O.

1 0555 72 .00 .00 .00 O. 1 1825 222 .00 .00 .00 O.
1 0600 73 .00 .00 .00 O. 1 1830 223 .00 .00 .00 O.
1 0605 74 .00 .00 .00 O. 1 1835 224 .00 .00 .00 O.
1 0610 75 .00 .00 .00 O. 1 1840 225 .00 .00 .00 O.

1 0615 76 .00 .00 .00 O. 1 1845 226 .00 .00 .00 O.

1 0620 77 .00 .00 .00 O. 1 1850 227 .00 .00 .00 O.
1 0625 78 .00 .00 .00 O. 1 1855 228 .00 .00 .00 O.
1 0630 79 .00 .00 .00 O. 1 1900 229 .00 .00 .00 O.
1 0635 80 .00 .00 .00 O. 1 1905 230 .00 .00 .00 O.
1 0640 81 .00 .00 .00 O. 1 1910 231 .00 .00 .00 O.

1 0645 82 .00 .00 .00 O. 1 1915 232 .00 .00 .00 O.
1 0650 83 .00 .00 .00 O. 1 1920 233 .00 .00 .00 O.
1 0655 84 .00 .00 .00 O. 1 1925 234 .00 .00 .00 O.

1 0700 85 .00 .00 .00 O. 1 1930 235 .00 .00 .00 O.
1 0705 86 .00 .00 .00 O• 1 1935 236 .00 .00 .00 O.

1 0710 87 .00 .00 . 00 O. 1 1940 237 .00 .00 .00 O.

1 0715 88 .00 .00 .00 O. 1 1945 238 .00 .00 .00 O.

1 0720 89 .00 .00 .00 O. 1 1950 239 .00 .00 .00 O.
1 0725 90 .00 .00 .00 O. 1 1955 240 .00 .00 .00 O.
1 0730 91 .00 .00 .00 O. 1 2000 241 .00 .00 .00 O.
1 0735 92 .00 .00 .00 O. 1 2005 242 .00 .00 .00 O.
1 0740 93 .00 .00 .00 O. 1 2010 243 .00 .00 .00 O.
1 0745 94 .00 .00 .00 O. 1 2015 244 .00 .00 .00 O.
1 0750 95 .00 .00 .00 O. 1 2020 245 .00 .00 .00 O.
1 0755 96 .00 .00 .00 O. 1 2025 246 .00 .00 .00 O.
1 0800 97 .00 .00 .00 O. 1 2030 247 .00 .00 .00 O.
1 0805 98 .00 .00 .00 O. 1 2035 248 .00 .00 .00 O.

1 0810 99 .00 .00 .00 O. 1 2040 249 .00 .00 .00 O.
1 0815 100 .00 .00 .00 O. 1 2045 250 .00 .00 .00 O.

1 0820 101 .00 .00 .00 O. 1 2050 251 .00 .00 .00 O.
1 0825 102 .00 .00 .00 O. 1 2055 252 .00 .00 .00 O.

1 0830 103 .00 .00 .00 O. 1 2100 253 .00 .00 .00 O.
1 0835 104 .00 .00 .00 O. 1 2105 254 .00 .00 .00 O.

1 0840 105 .00 .00 .00 O. 1 2110 255 .00 .00 .00 O.
1 0845 106 .00 .00 .00 O. 1 2115 256 .00 .00 .00 O.
1 0850 107 .00 .00 .00 O. 1 2120 257 .00 .00 .00 O.

1 0855 108 .00 .00 .00 O. 1 2125 258 .00 .00 .00 O.
1 0900 109 .00 .00 .00 O. 1 2130 259 .00 .00 .00 O.

1 0905 110 .00 .00 .00 O. 1 2135 260 .00 .00 .00 O.

• 1 0910 111 .00 .00 .00 O. 1 2140 261 .00 .00 .00 O.
1 0915 112 .00 .00 .00 O. 1 2145 262 .00 .00 .00 O.
1 0920 113 .00 .00 .00 O. 1 2150 263 .00 .00 .00 O.

1 0925 114 .00 .00 .00 O. 1 2155 264 .00 .00 .00 o.
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1 0930 115 .00 .00 .00 O. 1 2200 265 .00 .00 .00 O.

• 1 0935 116 .00 .00 .00 O. 1 2205 266 .00 .00 .00 O.
1 0940 117 .00 .00 .00 O. 1 2210 267 .00 .00 .00 O.
1 0945 118 .00 .00 .00 O. 1 2215 268 .00 .00 .00 O.
1 0950 119 .00 .00 .00 O. 1 2220 269 .00 .00 .00 O.
1 0955 120 . 00 .00 .00 O. 1 2225 270 .00 .00 .00 O•
1 1000 121 .00 .00 .00 O. 1 2230 271 .00 .00 .00 O.
1 1005 122 .00 .00 .00 O. 1 2235 272 .00 .00 .00 O.
1 1010 123 .00 .00 .00 O. 1 2240 273 .00 .00 .00 O.
1 1015 124 .00 .00 .00 O. 1 2245 274 .00 .00 .00 O.
1 1020 125 .00 .00 .00 O. 1 2250 275 .00 .00 .00 O.
1 1025 126 .00 .00 .00 O. 1 2255 276 .00 .00 .00 O.
1 1030 127 .00 .00 .00 O. 1 2300 277 .00 .00 .00 O.
1 1035 128 .00 .00 .00 O. 1 2305 278 .00 .00 .00 O.
1 1040 129 .00 .00 .00 O. 1 2310 279 .00 .00 .00 O.
1 1045 130 . 00 .00 .00 O. 1 2315 280 .00 .00 .00 O.
1 1050 131 .00 .00 .00 O. 1 2320 281 .00 .00 .00 O.
1 1055 132 .00 .00 .00 O. 1 2325 282 .00 .00 .00 O.
1 1100 133 .00 .00 .00 O. 1 2330 283 .00 .00 .00 O.
1 1105 134 .00 .00 .00 O. 1 2335 284 .00 .00 .00 O.
1 1110 135 .00 .00 .00 O. 1 2340 285 .00 .00 .00 O.
1 1115 136 .00 .00 .00 O. 1 2345 286 .00 .00 .00 O.
1 1120 137 .00 .00 .00 O. 1 2350 287 .00 .00 .00 O.
1 1125 138 .00 .00 .00 O. 1 2355 288 .00 .00 .00 O.
1 1130 139 .00 .00 .00 O. 2 0000 289 .00 .00 .00 O.
1 1135 140 .00 .00 .00 O. 2 0005 290 .00 .00 .00 O.
1 1140 141 .00 .00 .00 O. 2 0010 291 .00 .00 .00 O.
1 1145 142 .00 .00 .00 O. 2 0015 292 .00 .00 .00 O.
1 1150 143 .00 .00 .00 O. 2 0020 293 .00 .00 .00 O.
1 1155 144 .00 .00 .00 O. 2 0025 294 .00 .00 .00 O.
1 1200 145 .00 .00 .00 O. 2 0030 295 .00 .00 .00 O.
1 1205 146 .00 .00 .00 O. 2 0035 296 .00 .00 .00 O.
1 1210 147 .00 .00 .00 O. 2 0040 297 .00 .00 .00 O.
1 1215 148 .00 .00 .00 O. 2 0045 298 .00 .00 .00 O.
1 1220 149 .00 .00 .00 O. 2 0050 299 .00 .00 .00 O.
1 1225 150 .00 .00 .00 O. 2 0055 300 .00 .00 .00 O.

**** "" * '*'* * *** *** **** 11:* "" ****** * '" * ** ""* ** ** * ** * * ** * *** *** * ** * "" * ** * * * * ** ** ** * * * ** *** * ***** * * * * * *** * ** * ****** *** ** * ** * *** * * * *** ** * **** "" "" ""

TOTAL RAINFALL = 2.85, TOTAL LOSS = 1.23, TOTAL EXCESS = 1. 62

PEAK FLOW TIME MAXIMUM AVERAGE FLOW
6-HR 24-HR 72-HR 24.92-HR

+ (CFS) (HR)
(CFS)

+ 1103. 1. 58 174. 43. 42. 42.

• (INCHES) 1. 614 1.614 1. 614 1. 614
(AC-FT) 86. 86. 86. 86.

CUMULATIVE AREA = 1. 00 SQ MI

RUNOFF SUMMARY
FLOW IN CUBIC FEET PER SECOND

TIME IN HOURS, AREA IN SQUARE MI LES

PEAK TIME OF AVERAGE FLOW FOR MAXIMUM PERIOD BASIN MAXIMUM TIME OF
OPERATION STATION FLOW PEAK AREA STAGE MAX STAGE

+ 6-HOUR 24-HOUR 72-HOUR

HYDROGRAPH AT
+ SKYH5 1103. 1. 58 174. 43. 42. 1. 00

*** NORMAL END OF HEC-l ***

•
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•
1*****************************************

* *
FLOOD HYDROGRAPH PACKAGE (HEC-l)

SEPTEMBER 1990
VERSION 4.0

RUN DATE 12/28/2001 TIME 09,10: 05 *

U.S. ARMY CORPS OF ENGINEERS
HYDROLOGIC ENGINEERING CENTER

609 SECOND STREET
DAVIS, CALIFORNIA 95616

(916) 756-1104

x x XXXXXXX xxxxx x
X X X X X xx
X X X X X
xxxxxxx xxxx X xxxxx X
X X X X X
X X X X X X
X X xxxxxxx xxxxx XXX

THIS PROGRAM REPLACES ALL PREVIOUS VERSIONS OF HEC-l KNOWN AS HECl (JAN 73), HECIGS, HEC1DB, AND HEC1KW.

THE DEFINITIONS OF VARIABLES -RTIMP- AND -RTIOR- HAVE CHANGED FROM THOSE USED WITH THE 1973-STYLE INPUT STRUCTURE.
THE DEFINITION OF -AMSKK- ON RM-CARD WAS CHANGED WITH REVISIONS DATED 28 SEP 81. THIS IS THE FORTRAN?? VERSION
NEW OPTIONS: DAMBREAK OUTFLOW SUBMERGENCE, SINGLE EVENT DAMAGE CALCULATION, DSS:WRITE STAGE FREQUENCY,
nss: READ TIME SERIES AT DESIRED CALCULATION INTERVAL LOSS RATE: GREEN AND AMPT INFILTRATION
KINEMATIC WAVE, NEW FINITE DIFFERENCE ALGORITIIM

HEC-1 INPUT PAGE 1

LINE ID .•.••.• 1 ..•..•. 2 •....•. 3 .••.••. 4 •.•.... 5 ......• 6 •....•• 7 ..••.•. 8 ..•..•• 9 ••••.. 10

97

Sky Harbor Airport
lOO-yr 2-hour Storm using dummy sub-basin input data

5 300
1

0 0.78 1. 52 2.58 2.86
.250 .340 5.000 .200 .000

1.067 .397
0 5 16 30 65 77 84 90 94

100

ID
ID
IT
10

KK SKYH5 . IH1
KM SUB- BASIN SKY
KM THIS IS A DUMMY MODEL FOR A 100-YR 2-HR STORM AT SKY HARBOR AIRPORT
KM 5-Minute Main Time Interval
KM
KM Model used to calculate a lOO-yr 2-hr Rainfall Distribution using
KM the hypothetical distribution.
KM
KM THIS BASIN USED RAINFALL REDUCTION FACTOR OF 1. 000
BA 1\.000
PH
LG
UC
UA
UA
ZZ

1
2
3
4

5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20

•
1***** ** * * ** * * * * * * * **1< * ** * * * *** * *"'" *** *** *
* *

FLOOD HYDROGRAPH PACKAGE (HEC-1)
SEPTEMBER 1990

VERSION 4.0

RUN DATE 12/28/2001 TIME 09:10,05 *

U.S. ARMY CORPS OF ENGINEERS
HYDROLOGIC ENGINEERING CENTER

609 SECOND STREET
DAVIS, CALIFORNIA 95616

(916) 756-1104

Sky Harbor Airport
lOO-yr 2-hour Storm using dummy sub-basin input data

4IO OUTPUT CONTROL
IPRNT
IPLOT
QSCAL

VARIABLES
1
o

O.

PRINT CONTROL
PLOT CONTROL
HYDROGRAPH PLOT SCALE

COMPUTATION INTERVAL .08 HOURS
TOTAL TIME BASE 24.92 HOURS

SQUARE MILES•

IT HYDROGRAPH TIME
NMIN

IDATE
ITIME

NQ
NDDATE
NDTIME
ICENT

ENGLISH UNITS
DRAINAGE AREA

DATA
5
o

0000
300

2 0
0055

19

MINUTES IN COMPUTATION INTERVAL
STARTING DATE
STARTING TIME
NUMBER OF HYDROGRAPH ORDINATES
ENDING DATE
ENDING TIME
CENTURY MARK
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•
PRECIPITATION DEPTH
LENGTH, ELEVATION
FLOW
STORAGE VOLUME
SURFACE AREA
TEMPERATURE

INCHES
FEET
CUBIC FEET PER SECOND
ACRE-FEET
ACRES
DEGREES FAHRENHEIT

*** *** *** *** *** *** *** *** *** *** *** *** **~ *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** ***

5 KK SKYH5 .IH1

SUB-BASIN SKY
THIS IS A DUMMY MODEL FOR A 100-YR 2-HR STORM AT SKY HARBOR AIRPORT
5-Minute Main Time Interval

Model used to calculate a lOO-yr 2-hr Rainfall Distribution using
the hypothetical distribution.

THIS BASIN USED RAINFALL REDUCTION FACTOR OF 1.000

14 BA

SUBBASIN RUNOFF DATA

SUBBASIN CHARACTERISTICS
TAREA 1. 00 SUBBASIN AREA

PRECIPITATION DATA

HYPOTHETICAL STORM15 PH
.•.•• HYDRO-35
5-MIN 15-MIN

.78 1.52
60-MIN

2.58

DEPTHS FOR O-PERCENT
•... ...•....••. TP-40
2-HR 3-HR 6-HR
2.86 .00 .00

12-HR 24-HR
.00 .00

•••..••.•.• TP-49 •••..•..•..
2-DAY 4-DAY 7-DAY 10-DAY

.00 .00 .00 .00

STORM AREA = 1.00

1. 07 TIME OF CONCENTRATION
.40 STORAGE COEFFICIENT•

16 LG

17 UC

GREEN AND AMPT
STRTL

DTH
PSIF

XKSAT
RTIMP

CLARK UNITGRAPH
TC

R

LOSS RATE
.25
.34

5.00
.20
.00

STARTING LOSS
MOISTURE DEFICIT
WETTING FRONT SUCTION
HYDRAULIC CONDUCTIVITY
PERCENT IMPERVIOUS AREA

18 UA ACCUMULATED-AREA VS. TIME, 11 ORDINATES
.0 5.0 16.0 30.0

100.0
65.0 77 .0 84.0 90.0 94.0 97.0

UNIT HYDROGRA?H PARAMETERS
CLARK TC= 1. 07 HR, R= .40 HR

SNYDER TP= .50 HR, CP= .58

UNIT HYDROGRAPH
32 END-OF-PERIOD ORDINATES

29. 106. 210. 340. 576. 753. 747. 695. 635. 572.
505. 445. 391. 331. 268. 217. 176. 142. 115. 93.
76. 6l. 50. 40. 33. 26. 21. 17. 14. 1l.

9. 7.

***********************************************************************************************************************************

HYDROGRAPH AT STATION SKYE5

***********************************************************************************************************************************

DA MON HRMN ORD RAIN LOSS EXCESS COMP Q DA MON HRMN ORD RAIN LOSS EXCESS COMP Q

1 0000 1 .00 .00 .00 O. 1 1230 151 .00 .00 . 00 O•

1 0005 2 .02 .02 .00 O. 1 1235 152 .00 .00 . 00 O•
1 0010 3 .02 .02 .00 O. 1 1240 153 .00 .00 . 00 O•
1 0015 4 .02 .02 .00 O. 1 1245 154 .00 .00 . 00 O•
1 0020 5 .02 .02 .00 O. 1 1250 155 .00 .00 . 00 O•
1 0025 6 .03 .03 .00 O. 1 1255 156 .00 .00 . 00 O•
1 0030 7 .03 .03 .00 O. 1 1300 157 .00 .00 . 00 O•
1 0035 8 .08 .08 .00 O. 1 1305 158 .00 .00 . 00 O.
1 0040 9 .09 .09 .00 O. 1 1310 159 .00 .00 . 00 O•
1 0045 10 .10 .10 .00 O. 1 1315 160 .00 .00 .00 O.
1 0050 11 .15 .14 .01 O. 1 1320 161 .00 .00 . 00 O•
1 0055 12 .20 .10 .10 4. 1 1325 162 .00 .00 . 00 O•
1 0100 13 .43 .08 .35 23. 1 1330 163 .00 .00 • 00 O•
1 0105 14 .77 .07 .70 81. 1 1335 164 .00 .00 . 00 O.
1 0110 15 .30 .07 .24 193. 1 1340 165 .00 .00 .00 O.

• 1 0115 16 .17 .06 .11 358. 1 1345 166 .00 .00 .00 O.
1 0120 17 .11 .06 .05 583. 1 1350 167 .00 .00 . 00 O•

1 0125 18 .09 .05 .04 857. 1 1355 168 .00 .00 . 00 O•

1 0130 19 .08 .05 .03 1052. 1 1400 169 .00 .00 . 00 O•

SKYH15.0Hl.doc 15-Minute Time Interval Page 2 of 4



1 0135 20 .03 .03 .00 1103. 1 1405 170 .00 .00 .00 O.

1 0140 21 .03 .03 . 00 1077. 1 1410 171 .00 .00 .00 O•• 1 0145 22 .02 .02 .00 1015. 1 1415 172 .00 .00 .00 O.

1 0150 23 .02 .02 .00 933. 1 1420 173 .00 .00 .00 O.

1 0155 24 .02 .02 .00 840. 1 1425 174 .00 .00 .00 O.

1 0200 25 .02 .02 .00 745. 1 1430 175 .00 .00 .00 O.

1 0205 26 .00 .00 .00 651- 1 1435 176 .00 .00 .00 O•

1 0210 27 . 00 . 00 .00 555. 1 1440 177 .00 .00 .00 O•

1 0215 28 .00 .00 .00 461- 1 1445 178 .00 .00 .00 O.

1 0220 29 .00 .00 . 00 379. 1 1450 179 .00 .00 .00 O•

1 0225 30 .00 .00 .00 310. 1 1455 180 .00 .00 .00 O.

1 0230 31 .00 .00 . 00 253. 1 1500 181 .00 .00 .00 O•

1 0235 32 .00 . 00 .00 205. 1 1505 182 .00 .00 .00 O•

1 0240 33 .00 .00 . 00 166. 1 1510 183 .00 .00 .00 O•

1 0245 34 .00 .00 . 00 134. 1 1515 184 .00 .00 .00 O•

1 0250 35 .00 .00 .00 109. 1 1520 185 .00 .00 .00 O.

1 0255 36 .00 .00 .00 88. 1 1525 186 .00 . 00 .00 O•

1 0300 37 .00 .00 .00 71- 1 1530 187 .00 .00 .00 O•

1 0305 38 . 00 .00 .00 58. 1 1535 188 .00 . 00 .00 O•

1 0310 39 .00 .00 .00 47. 1 1540 189 .00 .00 .00 O•

1 0315 40 .00 .00 .00 38. 1 1545 190 . 00 .00 .00 O.

1 0320 41 .00 .00 .00 31- 1 1550 191 .00 .00 .00 O.

1 0325 42 .00 .00 .00 25. 1 1555 192 .00 .00 .00 O.

1 0330 43 .00 .00 .00 20. 1 1600 193 .00 . 00 .00 O•

1 0335 44 .00 .00 .00 16. 1 1605 194 .00 . 00 .00 O•

1 0340 45 .00 .00 .00 11- 1 1610 195 .00 .00 .00 O•

1 0345 46 . 00 .00 .00 4. 1 1615 196 .00 . 00 .00 O•

1 0350 47 .00 .00 . 00 2. 1 1620 197 .00 .00 .00 O•

1 0355 48 .00 .00 .00 1- 1 1625 198 .00 . 00 .00 O.

1 0400 49 .00 .00 .00 1. 1 1630 199 .00 .00 .00 O.

1 0405 50 .00 .00 .00 O. 1 1635 200 .00 .00 .00 O•

1 0410 51 . 00 .00 .00 O. 1 1640 201 .00 .00 .00 O•

1 0415 52 .00 .0.0 .00 O. 1 1645 202 . 00 .00 .00 O.

1 0420 53 .00 .00 .00 O. 1 1650 203 .00 .00 .00 O.

1 0425 54 .00 .00 .00 O. 1 1655 204 .00 .00 .00 O•

1 0430 55 . 00 .00 .00 O. 1 1700 205 .00 .00 .00 O•

1 0435 56 . 00 .00 .00 O. 1 1705 206 .00 .00 .00 O•

1 0440 57 . 00 .00 .00 O. 1 1710 207 .00 .00 .00 O.

1 0445 58 .00 .00 .00 O. 1 1715 208 .00 .00 .00 O•

1 0450 59 . 00 .00 .00 O. 1 1720 209 .00 . 00 .00 O•

1 0455 60 .00 .00 .00 O. 1 1725 210 .00 .00 .00 O•

1 0500 61 . 00 .00 .00 O. 1 1730 211 .00 . 00 .00 O•

1 0505 62 .00 .00 .00 O. 1 1735 212 .00 .00 .00 O•

1 0510 63 . 00 .00 .00 O. 1 1740 213 .00 .00 .00 O•

1 0515 64 . 00 .00 .00 O. 1 1745 214 .00 .00 .00 O•

1 0520 65 . 00 .00 .00 O. 1 1750 215 .00 . 00 .00 O•

• 1 0525 66 .00 .00 .00 O. 1 1755 216 .00 . 00 .00 O•

1 0530 67 .00 .00 .00 O. 1 1800 217 .00 .00 .00 O•

1 0535 68 .00 .00 .00 O. 1 1805 218 . 00 . 00 .00 O•

1 0540 69 .00 .00 .00 O. 1 1810 219 .00 . 00 .00 O•

1 0545 70 .00 .00 .00 O. 1 1815 220 .00 .00 .00 O.

1 0550 71 .00 .00 .00 O. 1 1820 221 .00 .00 .00 O.

1 0555 72 .00 .00 .00 O. 1 1825 222 .00 .00 .00 O.

1 0600 73 .00 .00 .00 O. 1 1830 223 .00 . 00 .00 O•

1 0605 74 .00 .00 .00 O. 1 1835 224 .00 .00 .00 O.

1 0610 75 .00 .00 .00 O. 1 1840 225 .00 . 00 .00 O•

1 0615 76 .00 .00 .00 O. 1 1845 226 .00 . 00 .00 O•

1 0620 77 .00 .00 .00 O. 1 1850 227 .00 .00 .00 O.

1 0625 78 .00 .00 .00 O. 1 1855 228 .00 . 00 .00 O•

1 0630 79 .00 .00 .00 O. 1 1900 229 .00 . 00 .00 O•

1 0635 80 .00 .00 .00 O. 1 1905 230 .00 . 00 .00 O•

1 0640 81 .00 .00 .00 O. 1 1910 231 .00 .00 .00 O.

1 0645 82 .00 .00 .00 O. 1 1915 232 .00 .00 .00 O•

1 0650 83 . 00 .00 .00 O. 1 1920 233 .00 .00 .00 O•

1 0655 84 . 00 .00 .00 O. 1 1925 234 .00 . 00 .00 O•

1 0700 85 .00 .00 .00 O. 1 1930 235 .00 .00 .00 O.

1 0705 86 .00 .00 .00 O. 1 1935 236 .00 . 00 .00 O•

1 0710 87 .00 .00 .00 O. 1 1940 237 .00 .00 .00 O.

1 0715 88 .00 .00 .00 O. 1 1945 238 .00 . 00 .00 O•

1 0720 89 .00 .00 .00 O. 1 1950 239 .00 . 00 .00 O•

1 0725 90 .00 .00 .00 O. 1 1955 240 .00 . 00 .00 O•

1 0730 91 .00 .00 .00 O. 1 2000 241 .00 . 00 .00 O•

1 0735 92 .00 .00 .00 O. 1 2005 242 .00 .00 .00 O.

1 0740 93 .00 .00 .00 O. 1 2010 243 .00 . 00 .00 O•
1 0745 94 .00 .00 .00 O. 1 2015 244 .00 . 00 .00 O•

1 0750 95 .00 .00 .00 O. 1 2020 245 .00 .00 .00 O•

1 0755 96 . 00 .00 .00 O. 1 2025 246 .00 . 00 .00 O•
1 0800 97 .00 .00 .00 O. 1 2030 247 .00 .00 .00 O•

1 0805 98 . 00 .00 .00 O. 1 2035 248 .00 . 00 .00 O•

1 0810 99 .00 .00 .00 O. 1 2040 249 .00 . 00 .00 O•
1 0815 100 .00 .00 .00 O. 1 2045 250 .00 . 00 .00 O•

1 0820 101 .00 .00 .00 O. 1 2050 251 .00 .00 .00 O•
1 0825 102 . 00 .00 .00 O. 1 2055 252 .00 . 00 .00 O•
1 0830 103 .00 .00 .00 O. 1 2100 253 .00 . 00 .00 O•

1 0835 104 .00 .00 .00 O. 1 2105 254 .00 . 00 .00 O•
1 0840 105 .00 .00 .00 O. 1 2110 255 .00 . 00 .00 O•

1 0845 106 .00 .00 .00 O. 1 2115 256 .00 . 00 .00 O•

1 0850 107 .00 .00 .00 O. 1 2120 257 .00 .00 .00 O•

1 0855 108 . 00 .00 .00 O. 1 2125 258 .00 . 00 .00 O•

1 0900 109 .00 .00 .00 O. 1 2130 259 .00 .00 .00 O.

1 0905 110 .00 .00 .00 O. 1 2135 260 .00 .00 .00 O.

1 0910 111 .00 .00 .00 O. 1 2140 261 .00 .00 .00 o.

• 1 0915 112 .00 .00 .00 O. 1 2145 262 .00 .00 .00 O•

1 0920 113 . 00 .00 .00 O. 1 2150 263 .00 . 00 .00 O•

1 0925 114 .00 .00 .00 O. 1 2155 264 .00 . 00 .00 O•
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1 0930 115 .00 .00 .00 O. 1 2200 265 .00 . 00 .00 O•

• 1 0935 116 .00 .00 .00 O. 1 2205 266 .00 . 00 .00 O•
1 0940 117 .00 .00 .00 O. 1 2210 267 .00 . 00 .00 O•
1 0945 118 .00 .00 .00 O. 1 2215 268 .00 • 00 .00 O•
1 0950 119 .00 .00 .00 O. 1 2220 269 .00 .00 .00 O.
1 0955 120 .00 .00 .00 O. 1 2225 270 .00 . 00 .00 O•
1 1000 121 .00 .00 .00 O. 1 2230 271 .00 . 00 .00 O•
1 1005 122 .00 .00 .00 O. 1 2235 272 . 00 .00 .00 O•
1 1010 123 .00 .00 .00 O. 1 2240 273 .00 • 00 .00 O•
1 1015 124 .00 . 00 .00 O. 1 2245 274 . 00 .00 .00 O•
1 1020 125 .00 .00 .00 O. 1 2250 275 .00 . 00 .00 O•
1 1025 126 .00 .00 .00 O. 1 2255 276 . 00 .00 .00 O•
1 1030 127 .00 .00 .00 O. 1 2300 277 .00 . 00 .00 O•
1 1035 128 .00 .00 .00 O. 1 2305 278 . 00 .00 .00 O•
1 1040 129 .00 .00 .00 O. 1 2310 279 .00 . 00 .00 O•
1 1045 130 .00 .00 .00 O. 1 2315 280 . 00 .00 .00 O•
1 1050 131 .00 .00 .00 O. 1 2320 281 .00 . 00 .00 O•
1 1055 132 .00 .00 .00 O. 1 2325 282 .00 . 00 .00 O•
1 1100 133 .00 .00 .00 O. 1 2330 283 .00 .00 .00 O.
1 1105 134 .00 .00 .00 O. 1 2335 284 .00 . 00 .00 O•
1 1110 135 .00 .00 .00 O. 1 2340 285 .00 . 00 .00 O•
1 1115 136 .00 .00 .00 O. 1 2345 286 .00 . 00 .00 O•
1 1120 137 .00 .00 .00 O. 1 2350 287 .00 . 00 .00 O•
1 1125 138 .00 .00 .00 O. 1 2355 288 .00 . 00 .00 O•
1 1130 139 .00 .00 .00 O. 2 0000 289 . 00 .00 .00 O•
1 1135 140 .00 .00 .00 O. 2 0005 290 . 00 .00 .00 O•
1 1140 141 .00 .00 .00 O. 2 0010 291 .00 . 00 .00 O•
1 1145 142 .00 .00 .00 O. 2 0015 292 .00 . 00 .00 O•
1 1150 143 .00 .00 .00 O. 2 0020 293 . 00 .00 .00 O•
1 1155 144 .00 .00 .00 O. 2 0025 294 . 00 .00 .00 O•
1 1200 145 .00 .00 .00 O. 2 0030 295 .00 . 00 .00 O•
1 1205 146 .00 .00 .00 O. 2 0035 296 .00 . 00 .00 O•
1 1210 147 .00 . 00 .00 O• 2 0040 297 . 00 .00 .00 O•
1 1215 148 .00 .00 .00 O. 2 0045 298 .00 . 00 .00 O•
1 1220 149 .00 .00 .00 O. 2 0050 299 .00 . 00 .00 O•
1 1225 150 .00 .00 .00 O. 2 0055 300 . 00 .00 .00 O•

* ******** * ** *** ... ** * ** ......... ** * * ** * *** * ... **** * ... ** * ** * ** ** ***** ... ** ** *** * * * * ... * * * ...... ****** *** *** '* * '* '* '* ** '* '* '* ***** '* * ** ** **** '* '* ** '* ****** *** ** ... '* *

TOTAL RAINFALL ~ 2.85, TOTAL LOSS ~ 1.23, TOTAL EXCESS ~ 1. 62

PEAK FLOW TIME MAXIMUM AVERAGE FLOW
6-HR 24-HR 72-HR 24. 92-HR

(CFS) (HR)
(CFS)

1103. 1.58 174. 43. 42. 42.

• (INCHES) 1. 614 1.614 1.614 1.614
(AC-FT) 86. 86. 86. 86.

CUMULATIVE AREA ~ 1.00 SQ MI

1
RUNOFF SUMMARY

FLOW IN CUBIC FEET PER SECOND
TIME IN HOURS, AREA IN SQUARE MILES

PEAK TIME OF AVERAGE FLOW FOR MAXIMUM PERIOD BASIN MAXIMUM TIME OF
OPERATION STATION FLOW PEAK AREA STAGE MAX STAGE

+ 6-HOUR 24-HOUR 72-HOUR

HYDROGRAPH AT
+ SKYH5 1103. 1.58 174. 43. 42. 1. 00

*** NORMAL END OF HEC-l ***

•
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Table 2.5
SCS Type II 24-hour Storm Rainfall Distribution

Time (minutes) % Rainfall Depth Time (minutes) % Rainfall Depth
0.00 0.00 12.25 70.70
0.25 0.20 12.50 73.50
0.50 0.50 12.75 75.80
0.75 0.80 13.00 77.60
1.00 1.10 13.25 79.10
1.25 1040 13.50 80040
1.50 1.70 13.75 81.50
1.75 2.00 14.00 82.50
2.00 2.30 14.25 83040
2.25 2.60 14.50 84.20
2.50 2.90 14.75 84.90
2.75 3.20 15.00 85.60
3.00 3.50 15.25 86.30
3.25 3.80 15.50 86.90
3.50 4.10 15.75 87.50
3.75 4040 16.00 88.10
4.00 4.80 16.25 88.70
4.25 5.20 16.50 89.30
4.50 5.60 16.75 89.80
4.75 6.00 17.00 90.30
5.00 6.40 17.25 90.80
5.25 6.80 17.50 91.30
5.50 7.20 17.75 91.80
5.75 7.60 18.00 92.20
6.00 8.00 18.25 92.60
6.25 8.50 18.50 93.00
6.50 9.00 18.75 93040
6.75 9.50 19.00 93.80
7.00 10.00 19.25 94.20
7.25 10.50 19.50 94.60
7.50 11.00 19.75 95.00
7.75 11.50 20.00 95.30
8.00 12.00 20.25 95.60
8.25 12.60 20.50 95.90
8.50 13.30 20.75 96.20
8.75 14.00 21.00 96.50
9.00 14.70 21.25 96.80
9.25 15.50 21.50 97.10
9.50 16.30 21.75 97.40
9.75 17.20 22.00 97.70
10.00 18.10 22.25 98.00
10.25 19.10 22.50 98.30
10.50 20.30 22.75 98.60
10.75 21.80 23.00 98.90
11.00 23.60 23.25 99.20
11.25 25.70 23.50 99.50
11.50 28.30 23.75 99.80
11.75 38.70 24.00 100.00
12.00 66.30

24-hour storm distribution.xls 1/3/2002
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RAINFALL TABLE, 2..

. STANDARD SCS 24-HOUI•. TYPE II DI~TRIBUTION
CUMULATIVE RAINFALL TABLE

(REVISED.~~ 1982)

TAOL£ HO. TIH[ lHeR£HENT5 RAINFL 2
0.2500

8 0.0 0.0020 0.0050 0.0080 0.01108 0.0140 0.0170 0.0200 0.0230 0.0260
8 0.0290 0.0320 0.0350 0.0380 - 0.04108 0.0•• 0 0.0480 0.0520 0.0560 0.0'00
8 0.061\0 0~0680 ,0.0120 0.0160 0.08008 0.0850 0.0900 0.0950 0.1000 0.1050
8 0.1100 0.1150 0.1200 0.1260 0.13308 0.1.00 0.1470 0.1550- 0.1'30 0.1720
8 0.1810 0.1910 0.2030 0.2180 0.2360
8 0.2570 ,,0.2830 0.3810 0._'630 0.1010
8 0.7350 ,0.1580 0.1160 0.1910 0.• 8'01\08 \

0.8150 0.8250 0.8340 0.8420 0.8 .. 908 0.8560 0.8630 0.8690 0.8150 '0.88108 0.8870 0.8930 0.8980 0.9030 0.9080
8 0.9130 0.9180 0~9220 0.9260 0.9300
8 0.9340 0.9380 0.9420 0.9''',0 O.9!)008 0.9530 0.9560 0.9590 0.9620 0.9650
8 0.9680 0.9110 0.9140 0.9710 0.9800
8 0.9830 '0.9860 0.9890 , 0.9920 O.99!)O8 0.91)80 1.0000 1.0000 1.0000 1.00009 [NOTBl

Note:
On Executive Control use Rainfall Depth in inches and Rainfall Duration of 1.0.
The format for this table is F~rm #271. Page F-7 •

•.",":>-.....,

'IIt'

~

~ . ,~
" - ~~)!.{ -'-------
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Table 5.?
Slope Adjustment For Steep Watercourses

Slope, feet/mile
Unadjusted, S Adjusted, Sadj Unadjusted, S Adjusted, Sadj

0 0 400 288
200 200 410 290
210 209 420 292
220 218 430 294
230 226 440 295
240 233 450 296
250 240 460 298
260 246 470 299
270 251 480 300
280 255 490 301
290 260 500 303
300 263 510 304
310 267 520 305
320 270 530 306
330 273 540 307
340 275 550 309
350 278 560 310
360 280 570 311
370 283 580 312
380 285 590 313
390 287 600 313

Equations for Data in Table 5.?

For 0<S<=200:

Sadj=S

For 200<Slope<=600:

Sadj=aO+a1 S+a2S2+a3S3+a4S4+a5S5+a6S6+a7S7

aO= 6.725897827E+02
a1 = -1.634093666E+01
a2= 1.739404649E-01
a3= -8.902683621 E-04
a4= 2.552852266E-06
a5= -4.203532411 E-09
a6= 3.721179614E-12
a7= -1.374400319E-15

For S>600, Sadj=313
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Slope Adjustment for Steep Watercourses in Natural Watersheds

!--Slope Adjustment Curve I
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Figure 5.4 Comparison Figure
Slope Adjustment for Steep Watercourses in Natural Watersheds

I x Scaled --7th Order Polynomial I
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Slope Adjustment Lookup Table
For Steep Watercourses

S Sadj (1-7th Order Polynomial)
0 0

200 200
210 209
220 218
230 226
240 233
250 240
260 246
270 251
280 255
290 260
300 263

310 267
320 270
330 273
340 275
350 278
360 280
370 283
380 285
390 287
400 288
410 290
420 292
430 294
440 295
450 296

460 298
470 299
480 300
490 301
500 303
510 304
520 305
530 306
540 307
550 309
560 310
570 311
580 312

590 313
600 313

Slope Adjustment Values
For Steep Watercourses
(Scaled from Figure 5.4)

S Sadj
0.0 0.0

200.0 200.0
225.0 221.9
250.0 240.0
275.0 254.0
300.0 262.8
325.0 271.3
350.0 277.7
375.0 283.8
400.0 289.2
425.0 292.8
450.0 295.6

475.0 299.7
500.0 302.5
525.0 305.7
550.0 308.8
575.0 311.3
600.0 312.6

i-7th Order Polynomial
Curve Fit Factors

For 0<S<=200:
Sadj=S

Sadj=aO+ai S+a2S2+a3S3+a4S4+a5S5+a6S6+a7S7

For 200<Slope<=600:
aO= 6.725897827E+02
a1= -1.634093666E+01
a2= 1.739404649E-01
a3= -8.902683621 E-04
a4= 2.552852266E-06
a5= -4.203532411 E-09
a6= 3.721179614E-12
a7= -1.374400319E-15

For S>600, Sadj=313
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February 7,1997

Mr. Russ Miracle, P.E.
Flood Control District of Maricopa County
280i West Durango Street
Phoenix, AZ 85009

Re: Maryvale A.DMS
Hydrology
FCD #93-29
WP #95154

'Dear Mr. Miracle:

Enclosed please find four (4) sets of Final Hydrology Reports for the M~vale ADMS.

This submittal, prepared by the Wood/Patel-CH2M Hill team, covers hydrologic analyses for
the entire watershed within the ADMS. The Hl~C-1 model incorporated comments and
suggestions from all,of our previous submittals including the Pilot HEC-1 Study, Hydrologic
Analysis First Phase, Hydrologic Analysis Entire Watershed, Draft Final Report, and Pre
Final Report.

Please note that the report (each set) is prepared in two separate 3-ring binders. The first
binder is the main body of the report including drainage parameters, technical backup data,
spreadsheets, computer disks, and exhibits. The second binder includes hard printouts of the
results of our HEC-1 analysis.

Per our discussion, additional copies of this report are also being submitted separately to the
following:

Ray Acuna, P.E. - 2 sets
City of Phoenix

Daniel A. Sherwood, P.E. - 2 sets
City, of Glendale

Dan Nissen, P .E. - 2 sets
City of Peoria

This submittal concludes Phase I, Hydrology of our Scope of Work. We are now looking
forward to initiating Phase II, Area Drainage Master Plan (ADMP). The ADMP will require
site-specific flood mitigation study/solutions. We are ready to meet with the Cities of
Phoenix, Glendale and Peoria to coordinate the ADMP. I will be contacting you soon to
initiate the coordination meetings.

Wood, Patel & Associates, Inc.• 1550 'East Missouri. Suite 203. Phoenix, Arizona 85014 • (602) 234-1344 • Fax (602) 234-1322
E-Mail: woodpad@nerzone.com
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Mr. Russ Miracle, P.E.
Flood Control District of Maricopa County
MaryvaleADMS

February 7, 1997
Page 2

Mr. Amir Motamedi and you provided critical technical support and decision-making
guidance throughout the study phase. These contributions represent a key role in the
successful completion of the hydrology phase. We sincerely enjoyed these relationships and
look forward to similar support through the ADMP phase.

Sincerely,

WOOD, PATEL & ASSOCIATES, INC.

j;~h~el:p.i~t"',-s.---
Principal

ACP/djp

Enclosures

cc: Steve Walker, P.E., CH2M Hill
David Dust, P.E., CH2M Hill
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• 1. Introduction

1.1 Scope
Wood, Patel & Associates, Inc. has been contracted by the Flood Control District of
Maricopa County (District) to prepare the Maryvale Area Drainage Master StUdy (ADMS).
CH2M HILL assisted Wood, Patel and Associates, Inc. by preparing the "existing
conditions" hydrologic analyses for the approximately 100-square-mile Maryvale ADMS
study area.

, The primary purposes of this report are to:

• Document the methodologies and procedures used to develop the HEC-l models for the
Maryvale ADMS study area, under existing conditions.

• Document the results.of the hydrologic analyses.

1.2 Objectives
To allow the identification and quantification of flood hazards within the study area, the
primary objectives of the hydrologic modeling component of the Maryvale ADMS project
were to develop BEC-1 models that:

• Provide runoff computations for a primarily urban drainage area, where sub-b-asin
drainage boundaries are not well defined and flow paths are very complex.

• Evaluate 10-year, 6-hour; 100-year, 6-hour; and 100-year, 24-hour rainfall events.

• Allow efficient evaluation of both existing and future storm drain systems.

• Provide a cost-effective planning and analysis tool.

• Allow for efficient updating.

The.BEC-l modeling approach documented in this report meets these objectives and the
criteria specified in the project's scope of work. It is anticipated that the BEC-1 model
created for the Maryvale ADMS will be a useful and cost-effective planning tool.

1.3 StUdy Area Description
The study area for the Maryvale ADMS is approximately 100 square miles in size and
encompasses portions of the City of Peoria, the City of Glendale, the City of Avondale, the
City of Tolleson, the City of Phoenix, and un-incorporated Maricopa County. As indicated
in Figure 1-1, the study area is bounded on the north by the Arizona Canal Diversion
Channel (ACDC) and Skunk Creek, on the east by 1·17, on the south by 1-10, and on the
west by the Agua Fria River and the Agua Frla Freeway.
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The study area can be characterized as follows.

• Slope. The slope of the land is generally from the northeast to the southwest at
approximately 0.4 percent.

• Land Uses. The primary land use with the study area is single family residential.
However, essentially all-of the study area had been agricultural land at some point in
the past.

• Primary Flooding Locations. During significant rainfall events, stormwater ponds at
several locations along the upstream side of the Roosevelt Canal, the Grand Canal, and
Grand Avenue and/or the adjacent railroad embankment. However, flooding also
occurs at numerous intersections and along several major streets.

• Existing Channel Systems. The ACDC and Skunk Creek define the northern boundary
. of the study area. The ACDC and Skunk Creek are regional flood control facilities, with

design capacities greater than the 100-year event. Within the study area, two major
flood control channel systems were built and are maintained by the Arizona
Department of Transportation (ADOT), ~s illustrated in Figure 1-2. These channel
systems extend along the east side of the Agua Fria Freeway and along the north side of
1-10. The existing ADOT channel system along the east side of the Agua FriaEreeway
extends from approximately Greenway Road to Glendale Avenue. This channel system
outfalls at severallocation.s into the New River and collects both surface and storm
drain flow. The ADOT channel system, along the north side of 1-10, outfallsinto the
Agua Fria River and collects both surface and storm drain flow.

• Existing Storm Drain Systems (Peoria and Glenda1e). There are three major storm
drain systems in the northern portion of the study area, as sho~n schematically in
Figure 1-2. The Cactus Road storm drain system currently extends from approximately
67th Avenue west to 83rd Avenue. The Cactus Road storm drain system: will be
extended to the ADOT channel system along the east side of the Agua Fria Freeway,
with an expected completion date of July 1997. The Olive Avenue storm drain system
extends from approximately 51st Avenue west to the ADOT channel system, along the
east side of the Agua Fria Freeway. The Olive Avenue storm drain system has two
surge basins located at approximately 71st Avenue and 83rd Avenue. The Olive
Avenue storm drain system has a 10-yearevent design capacity. The Peoria Avenue
storm drain system extends from approximately Grand Avenue to the Agua Fria
Freeway channel system.

• Existing Storm Drain Systems (Phoenix). As shown in Figure 1-2, the City of Phoenix
has a CQmplex system of storm drains that convey stormwater from as far north as
Northern Avenue south to the Salt River. Primary components of this system include
storm drains along 27th, 35th, 39th, 43rd, 51st, 67th, 75th, 83rd, and 91st Avenues. The
design capacities for these storm drain systems are generally estimated to be between
the 2- and 10-year events.

PHXlsww/132586/REPRT26.DOC
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•. Future Storm Drain Systems. Several future storm drain systems were included iIi. the
HEe-1 model for "existing conditions." These future systems include storm drains
along Butler Drive, Northern Avenue, and Orangewood/Glendale Avenues, as
indicated in Figure 1-2. In addition, the Cactus Road storm drain system was assumed
to be complete and, therefore, extend to the Agua Fria Freeway channel.
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2. A Brief Chronology of Previous Studies '

Reports of the flooding of agricultural fields and of flows overtopping canal banks date
back to the 1940's, when agriculture was essentially the only land use in the Maryvale
ADMS srody area. Even as late as the 1960s, agriculrore was still the primary land use
within the srody area (FCDMC, 1962). In the 1960s, the U.S. Army Corps of Engineers
documented, in detail, the storm and flood event of August 16,1963. During the 1963 storm
event, the Corps documented flooding of both residential and commercial properties along
primarily the Grand Canal. '

Also in the early 1960s, the District prepared the "Flood Control Survey Reporf"(FCDMC,
1962) and the "Comprehensive Flood Control Program Report"(FCDMC, 1963). These
srodies identified and'documented the flood hazards along Grand Avenue and the canal
systems. The latter of these two studies documents plans for several regional flood control
facilities, induding the ACDe, the New River Dam, and Adobe Dam. Many of the regional
flood control facilities identified in the 1963 study were designed and built in the 1970s,
1980s, and the early 1990s.

In the late 1980s, the Arizona Department of Transportation evaluated flood hazards and
drainage requirements for the furore Outer Loop Highway (WLB, 1987), and future
highway improvements along Grand Avenue (Tudor, 1989). Also in the 1980s, the District
prepared the "Glendale"'Peoria Area Drainage Master Plan"(Camp Dresser and McKee et.
aI., 1987). This srody evaluated flooding hazards and flood control alternatives for an area
located within the srody area for the Maryvale ADMS. The flood control alternatives
evaluated in this srody primariiy involved networks of storm drain systems,.

In the early 1990s, the District sponsored srodies that evaluated various storm drain
alternatives along Cactus Road, Butler Drive, Northern Avenue, and
Orangewood/Glendale Avenue (SFC, 1992) and (WPA, 1995). In 1995, the District had
flooding hazards and flood control alternatives evaluated for the flooding area along the
Grand Canal, betw~en approximately 35th and 67th Avenues (CVL, 1995). This study
evaluated storm drain and retention basin alternatives for relieving flooding along the
north side of the canal.

The Maryvale ADMS is intended to address the drainage issues for a study area that
essentially encompasses the study areas of the previous srodies. Within this study area,
there is a complex network of existing drainage facilities. In addition, there are several
furore flood control systems at various levels of planning and design. Hence~ an important
aspect of this srody was to develop a hydrologic model that is flexible and adaptable.
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.. 3. Hydrologic Analyses

3.1 HEC-1 Modeling Approach

•

•

To meet the primary objectives of the hydrologic modeling component of the Maryvale
ADMS project, it was essential to develop a HEC-l modeling approach that is adaptable.
The HEC-l modeling approach used in this study was developed by first evaluating the
drainage patterns: within a 3$-square-mile pilot study area.

The pilot study area selected appeared to be reasonably representative of the highly
urbanized portion of the totall0U-square-mile study area. Detailed evaluation of the
detailed topographic mapping and site conditions for the pilot study area indicated that:

• Arterial streets are very important conveyors of storm water; however, the capacity of
the arterial streets will typically be exceeded during the la-year event. Stormwater
flows will exit typical arterial streets as weir flow down side streets.

• Since the arterial streets are the primary conveyors of stormwater, it is logical to
consider the approximately I-square-mile area bounded by arterial streets as a suh
basin. However, it is important to recognize that stormwater can cross all four sides of
the essentially square sub-basin and that the sub-basin does not have a single
concentration point. Instead, each sub-basin has a concentration line that extends along
the arterial streets along the downstream sides of the essentially square sub-basin.

• The flow patterns within a typicall-square-mile sub-basin are very complex and can
vary significantly during the course of a rainfall event. However, the flow patterns
within the sub-basin are primarily controlled by residential and collector street patterns.

Figure 3-1 is a HEC-l schematic diagram for a typical sub-basin. This figure illustrates the
key elements and structure of th~ HEC-l modeling approach used in thisstudy. As
indicated in Figure 3-1, the HEC-l model for a typical sub-basin includes the following
standard elements: . .

• Hydrograph computations for the sub-basins per the District's methodologies.

• Normal depth channel routings for the arterial streets.

• Normal depth composite-channel routings for flow passing through a sub-basin along
multiple streets.

• In some cases, reservoir routings for ponding areas and regional retention basin systems
within a sub-basin.

• Hydrograph combines along streets and within suo-basins.

PHx!sww/132586/REPRl26.DOC 7
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However, the uniqueness of the proposedHEC-1 modeling approach lies in its structure
and the use of va.rious categories of flow diversions. Theability to model flow diversions
flexibly wasthe key for developing a modeling approach for the study area that meets the
project objectives. As indicated in Figure 3-1, flow diversions are used in five distinctly
different ways:

1. Street Capacity Diversions. Street capacity diversions are used to compute the flow
being conveyed by a major/ arterial street and the flow that exits the arterial street and
enters the adjacentsub-basin via both residential and collector streets.

2. Street Intersection Diversions. Street intersection diversions are used to distribute the
flow passing through an intersection. Iri.terseetion diversion rating curves for arterial
streets are based on relative street capacities and the capacity of existing or future storm
drain systems.

3. Sub-basin Diversions., Sub-basin diversions are used to identify the southerly and
westerly components of runoff generated within a sub-basin and flow entering a sub
basin from adjacent arterial streets: Rating curves for these diversions are primarily

,based on easily measured areas; however, some judgment is required.

4. Retention Basin Diversions. In cases where a portion of a sub-basin drains to a
retention basin or system of retention basins, flow diversions are used to divert the
volume of water corresponding to the measured capacities of the retention basins. The
percentage of the flow rate that can be diverted (i.e., the DQ-record information)
corresponds to the percentage of the sub-basin area that drains to the retention basin(s).

5. Surge Basin Diversions. The Olive Avenue, Northern Avenue, ahd
Orangewood/Glendale Avenue storm drain systems have surge basins, as indicated in
Figure 1-2. Flow diversions are used to simulate the diversion of flow from a storm
drain system into a surge basin.

The schematic for the Maryvale ADMS HEC-1 model is shown in Exhibit 1. The
computational sequence of the HEC-1 model has been set up to minimize the number of
hanging hydrographs and emphasize the east-west streets. Emphasizing or following east
west streets simplifies the task of modifying the model to reflect storm drain alternatives
that may extend along the east-west streets. Yet, the structure of the model is such that the
computational path for the north-south streets is relatively easy to identify and follow.

. In additioIl, the structure of the HEC-1 modeling approach is such that:

• Flow can be routed into and out of a typicaI1-square-mile sub-basin across essentially
all four sides of the sub-basin.

• Flow can be routed along all four sides of a typicall-square-mile sub-basin.

• Street intersection, street capacity, and sub-basin diversions can be modified to reflect
future or existing storm drain systems, along arterial and collector streets.

• Retention basin diversions can be added and modified to reflect future retention
"facilities.

pHX!sWW/132586/REPRT26.DOC 9



•
As indicated in Exhibit 1, the HEC-1 element names are based on section numbers and
street names. A detailed description of the element name. nomenclature is provided in

.Appendix B and in the ID-records of the HEC-1 data sets.

3.2 HEC·1 Input Data Development

3.2.1 General
The input parameters for the Maryvale ADMS HEC-1 models have been measured from or
are primarily based on the following sources ofdata:

• Detailed topographic mapping (i.e.,.1"=200' with a contour interval of 1 or 2 feet)
prepared by Kenney Aerial Mapping, based on photography flown on March 28, 1994.

• 1990/1991 land use data provided in GIS format by the District.

• Soil type data, based on the Soil Survey ofMaricopa COU!'lty, Arizona: Central Part (SCS,
1977), as provided in GIS format by the District.

• NOAA Atlas II precipitation data as documented in Drainage Design Manual for Maricopa
County: Volume I: Hydrology (FCDMC, Jan. 1995). .

The following sections of this report describe the specific sources of data and the techniques
used to develop the HEC-1 input data. However, detailed documentation and computation
sheets for the various components of the HEC-1 model.are provided in the appendix as
follows:-• Appendix A:
Appendix B:
AppendixC:
AppendixD:
AppendixE:
AppendixF:
AppendixG:
AppendixH:
Appendix I:
AppendixJ:
AppendixK:

Precipitation Data
Sub-basin Parameters
Sub-basin Diversions

Arterial and Composite Street Routes
Retention Basin: and Ponding Area Data
Street Capacity Diversions
Street Intersection Diversions
Storm Drain and Surge Basin Data

Cumulative Area Computations for Hydrograph Combines
1-10 Freeway Channel Analysis

HEC-l Element Nomenclature, HEC-1 Output and Input Files

•

3.2.2 Rainfall Event Parameters

3.2.2.1 Precipitation Data

Adjusted point rainfall depths for the lO-year, 6-hour; lOO-year, 6-hour; and the 100-year,
24-hour events were computed for the study area. The point rainfall values were computed
using the District's DDMS/PREFRE software package and the isopluvial maps, as
documented in the Drainage Design Manual for Maricopa County: Volume I Hydrology
(FCDMC, 1995). The point rainfall depth computations are documented in Appendix A.

10
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3.2.2.2 Rainfall Distributions
• .Rainfall events with 6- and 24-hour rainfall distributions were evaluated for, the study area.

• 6-Hour Rainfall Distributions. The dimensionless storm patterns documented in the
Drainage Design Manual for Maricopa County: Volume I HydrolOgy (FCD:tviC, 1995), were
used in this study. . .

• 24-Hour Rainfall Distribution. The SCS Type II distribution was used in this study to
model the lOa-year, 24~hour event.

•

•

3.2.2.3 Multiple versus Single Storm Event
The District's DDMS softvvare allows computation of sub-basin parameters (i.e. Clark Unit
Hydrograph Parameters "Tc" and "R") for either "multiple" or "single" storm events.
When the single storm option is used, the HEC-l model has a single point rainfall value and
a single rainfall distribution, that corresponds to a specified drainage area. Whereas, the
"multiple storm" BEe-l model uses point rainfall values arid rainfall distributions, from
the multiple point rainfall values and distributions listed in the HEC-1 data set, based on
the drainage area specified for each sub-basin.

The multiple storm option has been used to model the general"existing conditions."
However, there may be applications of the basic Maryvale ADMS HEC-1 Model, where the
single storm option may be more appropriate.

. .

3.2.3 Sub-basin Parameters

3.2.3.1 Sub"basin Boundaries
As indicated in Figure I-I, the study area encompasses approximately 100 square miles. As
shown in Exhibits 1 and 2, the study area has been delineated into 141 sub-basins in a
manner consistent with the BEC-1 modeling approach described in Section 3.1 of this
report. The sub-basin parameter data collected for the study area is documented in detail in
AppendixB.

3.2.3.2 Land Use and SoilData
The District provided land use and soil map data in GIS format. The land use and soil map
data are shown in Exhibits 3 and 4. GIS softvvare was used to compute the sub-basin areas,
the area of each soil unit in each sub-basin, and the area of each land usecategory in each
sub-basin. This information was used as input data for the DDMS softvvare. The various
parameters assigned to each land use type are as given in Table 3-1. The percent
impervious specified for each land use (i.e. RTIMP) was assumed to be 100% effective.

3.2.3.3 Unit Hydrograph

The Clark Unit Hydrograph option in HEC-1 was used for all sub-basins. The HEC-linput
parameters (UA and UC-records) were generated using the District's DDMS softvvare. The
DDMS sub-basin·parameter data for the study area are given in Appendix B

PHxJSWN/132586/REPRT26.DOC 11



3.2.3.4 Precipitation Losses
The Green-Ampt precipitation loss option was used for all sub-basins. Green-Ampt
parameters for each sub-basin were computed using the DDMS software, based on the land
use and soil data.

3.2.3.5 Time of Concentrati.on Flow Paths
Time of concentration flow path data was determined for each sub-basin using the detailed
topographic mapping. The time of concentration flow paths for each sub-basin are shown
in Exhibit 2.

TABLE 3·1
Land Use Parameters.

Land Use Type DTHETA %Veg. RTIMP IA Kn Kb
Condition Cover Percent Inches Roughness

Type

Desert Dry 25 0 0.350 0.030 Low

Open Dry 10 0 0.200 0.020 Min

VLDR Normal 30 5 0.300 0.050 Hi

LOR Normal 50 15 0.300 0.050 Hi

MDR Normal 50 30 0.250 0.050 Hi

• MFR Normal 50 45 0.250 0.050 Hi

Ind Normal 60 55 0.150 0~030 Min

Comm Normal 75 50 0.100 0.020 Min

Park Normal 90 10 0.200 0.100 Hi

Rowcrop Normal 85 0 0.500 0.100 Hi

School1 Normal 80 45 0.290 0.050 Hi

3.2.4 Sub-basin Diversions
Within the study area, the slop~ of the land is generally from the northeast to the southwest
at approximately 0.4 percent. Hence, stormwater flowing within a typical sub-basin is
directed and conveyed to the arterial streets along the west and south sides of the sub-basin,
by residential and collector streets. That is, some of the stormwater is conveyed west to the
north-south arterial street, by residential and collector streets, while the remainder of the
stormwater is conveyed south to the east-west arterial street by residential and collector
streets.

•
Sub-basin diversions are used to separate or divide the hydrograph, for the stormwater
within a sub-basin, into a southerly and a westerly component. The hydrograph for the
stormwater wifhln a sub-basin includes runoff generated within a sub-basin and typically
the flow entering a sub-basin from the adjacent arterial streets.
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Sub-basin diversion data have been computed based on the drainage patterns within each
of the sub-basins. The drainage patterns within the sub-basins have been evaluated using
the topographic mapping for the study area and site observations. The sub-basin diversion
data computations are documented in Appendix C.

3.2.5 Arterial and Sub-basin Street Routes

3.2.5.1 Arterial Street Routes
The Normal-Depth Channel Routing option in HEC-l is used for arterial street routes. The
input data for arterial street routes are based on a typical arterial street section and
measured street slopes and reach lengths. Detailed documentation for each arterial street
route is provided in Appendix D.

3.2.5.2 Sub-basin Street Routes
The Normal-Depth Channel Routing option in HEC-l is used for sub-basin street routes.
The input data for sub.,.basin street routes was based on a composite section and measured
street slopes and reach lengths. Detailed documentation for each sub-basin street route is
provided in Appendix D.

3.2.6 Retention Bastn and Ponding Area Data

3.2.6.1 Retention Basin Data
In case,s where a portion of a sub-basin drains to a retention basin or system of retention
basins, flow diversions are used to divert the volume of water corresponding to the
measured capacities of the retentionbasin.s. The percentage of the flow'rate that can be
diverted (Le., the DQ-record information) corresponds to the percentage of the sub-basin
area that drains to the reten.tion basin(s). The retention basin computation sheets for each
sub-basin are given in Appendix E. '

3.2.6.2 Ponding Area Data
During significant rainfall events, stormwater ponds at several locations along the upstream
side of the Roosevelt Canal, the Grand Canal, and Grand Avenue and/or the adjacent
railroad embanknient. Storage volume, ponding elevation, and outfall data were computed
based on the detailed topographic mapping and supplemental surveyed spot elevations.
The ponding area computation sheets are given in Appendix E.

3.2.6.3 Maryvale Mitigation Area
Within the Maryvale Mitigation. Area study limits, the ponding areas have been modeled
based primarily on the data documented by CVL (1995) ; however, this data has been
revised to reflect preliminary analyses of the conveyance capacity along the north side of
the Grand Canal and additional storm drain capacity computations. The data used to
develop the HEC-1 input data for the ponding areas and corresponding diversions are
provided in Appendix E and Appendix H.
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3.2.7 Street Capacity Diversions
Street capacity diversions are used to compute the flow being conveyed by arterial street
and the flow that exits the arterial street and enters the adjacent sub-basin via both
residential and collector streets. Two general cases of street capacity diversions have been
evaluated. The typical case (Case. //1//) is when flow exits the arterial street as weir flow into
the side streets. Along most arterial streets, the side streets have been designed with a high
point or grade break near the intersection. This prevents stormwater flowing in the gutter
of the arterial from being directly conveyed into the side street. However, a special case,
that occurs at several locations, is when stormwater can-exit the arterial street directly into
the side street. In this case, normal depth calculations are use to develop rating data for
both the arterial and side street(s). As indicated in the detailed documentation given in
Appendix F, spreadsheets have been used to compute the rating curves for the street
capacity diversions based on easily measured physical parameters and future!existing
storm drain system capacities. -

3.2.8 Street Intersection Diversions
Street intersection diversions are used to distribute the flow passing through an
intersection. Intersection diversion rating curves for arterial streets are based on relative
street capacities and the capacity of existing or future storm drain systems. Two general
types of street intersections have been evaluated. Type A--Arterial Street Intersections are the
typical type of arterial street intersections within the study area. The characteristics of a
Type A intersection are as follows:

• Continuous pavement crowns in both directions; that is, valley gutters are not used to
direct stormwater through the intersection.

• Street slopes in the vicinity of the intersection are relatively mild (i.e., less than 1%).

• Intersection is subject to low velocity inundation.

The special case or Type B--Arterial Street Intersections refers to the condition where the
pavement crown is continuous in only one direction through the intersection. In this case,
the intersection diversion is based on normal depth and weir flow computations. The
intersection diversion data collected for the study area are documented in detail in
AppendixG.

3.2.9 Storm Drain Systems

3.2.9.1 Existing Storm Drain Systems within the Cities of Peoria and Glendale
There are three major storm drain systems in the northern portion of the study area, as
shown schematically in Figure 1-2. The Cactus Road storm drain system currently extends
from approximately 67th Avenue west to 83rd Avenue. The Cactus Road storm drain
system will be extended to the ADOT channel system along the east side of the Agua Fria
Freeway, with an expected completion date of July 1997. The Olive Avenue storm drain
system extends from approximately 51st Avenue west to the ADOT channel system along
the east side of the Agua Fria Freeway. The Olive Avenue storm drain system has two
siirgebasmsl6catE:idaJ approximately 71stAvenuearid 83tdAvenue~ The b1iv~AJenue - - .
storm drain system has a lO-year event design capacity. The Peoria Avenue storm drain
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system extends from approximately Grand Avenue to the Agua Fria Freeway channel
system.

The Peoria Ayenue, Cactus Road, and Olive Avenue storm drain systems have been·
incorporated into the HEC-l model, by modification of the appropriate street intersection

. and street capacity diversion rating curves. The Cactus Road storm drain system has been
modeled assuming the system is complete and outfalls to the Agua Fria Freeway ChanneL
Storm drain capacity data for these systems are based on the capacities given in the design

-reports for these storm drain systems. The storm drain capacity data and detailed
documentation describing how the storm drain systems are reflected in the HEC-1 model
are provided in Appendix H.

3.2.9.2 Existing Storm Drain Systems within the City of Phoenix
As shown schematically in Figure 1-2, the City of Phoenixhas a complex system of storm
drains that convey stormwater from as far north as Northern Avenue south to the Salt
River. Primary'components of this system include storm drains along 27th, 35th, 39th, 43rd,
51st, 67th, 75th, 83rd, and 91st Avenues. The design capacities for these storm drain
systems are generally estimated to be between the 2- and 10-year event.

The capacities of the storm drain systems located within the City of Phoenix have been
eStimated based on pipe slopes and diameters, assuming pipe full conditions. The capacity
computations for these storm drain systems are given in Appendix H.

3.2.9.3 Fu~ure Storm Drain Systems Included In ':Existing Conditions"
Several future storm drain systems were included in the HEC-1 model for "existing
conditions." These future systems include:

• The storm drain systems evaluated and proposed in the "Northern / Orangewood Storm
Drain Project: Concept Routing Study FCD#94-12" by Wood, Patel & Associates(1996).
The study proposed systems along Butler Drive, Northern Avenue, and
Orangewood/Glendale Avenues, as indicated in Figure 1-2. The storm drain capacity
data fOT these storm drain systems are given in Appendix H.

• Extension and completion of the Cactus Road storm drain system. The Cactus Road
storm drain system will be extended to the ADOT channel system along the east side of
the Agua Fria Freeway, with an expected completion date of July 1997.

3.2.10 Cumulative Area Computations for Hydrograph.Combines
When hydrographs generated from diverts are combined, HEC-1 requires a drainage area
specified on the HC-record. This area is used to compute an interpolated hydrograph for
the "combined hydrograph," based on the data given in the JD-records (HEC,1990).

For this study, areas have been computed for each combine node based on the total area of
all the sub-basins located upstream of the combine node. These "Cumulative Area
Computations," given in Appendix I, list the areas and names for all of the upstream sub
basins for each combine node.
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The drainage area specified for each of the combine nodes represents the maximum
drainage area that may contribute flow to the combine node. It is recognized that a
combine node may only receive a small fraction ornone of the ru.noff hydrograph for some
of the upstream sub-basins.

3.3 Data Management
The HEC-1 model for the Maryvale ADMS study area is composed of approximately 12,320
lines of data. The model includes approximately:

• 140 Sub-Basins.

• 400 Arterial Street Routes.

• 330 Composite Street Routes.

• 200 Street Capacity Diversions.

• 140 Sub-Basin Diversions.

• 90 Intersection Diversions.

• 30 Retention Basin Diversions.

• • 24 Ponding Areas (Le., reservoir routes).

• 80 Miles of Storm Drain Systems.

When possible, Excel spreadsheets have been used to compute and manipulate the data
required to generate the input data for the HEC-l model. As provided in the appendices,
listings of these spreadsheets have also been used to documentthe input data development.

As indicated in Exhibits 3 and 4, developing the sub-basin data for the HEC-1 model
involved the manipulation of a large amount of soil and land use data. GIS software, mOre
specifically ArcInfo, was used to compute the total area for each Sub-Basin and the portions
thereof within each of the soil groups and land use categories.

•
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4. Evaluation of Study Results

4.1 Results of Hydrologic Modeling
The computed peak discharges for the 10-year, 6-hour and the 100-year, 6-hour events are
summarized in Exhibits 5 and 6, respectively. The computed peak discharges indicated in
Exhibits 5 and 6 represent surface and/or storm drain flows. The complete HEC-l input
and output files are provided in Appendix K.

As illustrated in Exhibits 5 and 6, it is important to note that the HEC-l models do not
concentrate extremely large flows in the arterial streets. That is, the structure of the HEC-l
model results in the computed runoff being distributed amongst the arterial streets, the
residential/collector streets, and storm drain systems..Based on site observations and the
topographic mapping, the distribution of the runoff amongst the HEC-l flow paths appears
to be consistent with the anticipated flooding patterns.

4.1.1 Flood Prone Areas Along 35th and 27th Avenues
It is apparent in Exhibit 1 that the typical sub-basin schematic, as illustrated in Figure 1,.3, is
appropriate for the vast majority of the study area. However, some of the sub-basins
located adjacent to 35th or 27th Avenues do not drain southwest, as implied in the typical
sub-basin schematic. North of Grand Avenue and South of Olive Avenue, grade breaks and
low lying areas cause 35th and 27th Avenues to collect and convey storm water directly
south. Along 35th and 27th Avenues, storm water is conveyed as surface and/or storm
drain flows. Review of the detailed topographic mapping indicates that the gutter
elevations in 27th Avenue are higher than adjacent areas in several locations. This is
specifically the case along the west side of 27th Avenue from Maryland Avenue to Missouri
Avenue. The results of this study indicate that several low lying areas adjacent to 35th and
27th Avenues are prone to flooding.

4.1.2 1·10 Freeway Channel
The 1-10 Freeway and drainage channel define the southern boundary of the study area.
The channel system along the north side of the freeway collects and conveys storm water
westerly to the Agua Fria River. The channel system collects surface flows and flows from
the City of Phoenix's storm drainsystems. -

The capacity of the 1-10 Freeway channel has been assessed on a simple level. In Table 4-1,
estimated water surface elevations are compared with top-of-bank elevations at several
locations along the channel. Flow depths in the 1-10 Freeway channel have been estimated
based on uniform flow computations; even though, backwater flow conditions are
anticipated in the channel, during major flood events. The results of the analyses,
summarized in Table 4-1, indicate that the 1-10 Freeway Channel may not have capacity for
the 100-year event in the vicinity of 83rd and 91st Avenues.

, -
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Table 4-1: Comparison of Computed Peak Discharges and Capacity of 1-10 Freeway Channel

Summary: This table indicates, that the 1-10 Freeway Channel may not have capacity for the 1DO-Year event in the vicinity of 83rd and 91st AvenuE'ls.

ADOT: 1-10 Freewav Channel Configuration Data'" 10-Year, 6-Hour Event 10o-Year, 6-Hour Event 100-Year, 24-Hour Event

Approx.
Approx.

Approx. Approx.
Approx. Est. Flow Est. Est. Flow Est.Wate Esl. Flow Esl. Wate

Location(') Invert
Channel

Bolto!11 Side
Top of a (cfs) Depth (It) Water a (cfs) Depth (It) Surface a (cfs) Depth (It) Surface

Elev. SIOPll . Width (It) Slope
Ban~ (~) Surface (~) Elev. (~) Elev.

(lVfl) Elev. Elev.

43rdAve 1055.4 0.00100 10. 2:1 1070 1950 9.1 1065 4140 12.6 1068 3620 11.9 1067

51st Ave 1051.0 0.00056 10 2:1 1070 2620 11.8 1063 5430 16.•1 1067 5030 15.6 1067

59th AVll 1036.0 0.00044 10 2:1 1060 3080 13.3 1051 5770 17.4 1055 5520 17.1 1055

67th Ave 1034.0 0.00194 20 2:1 1050 3490 8.5 1043 6560 11.5 1046 6390 11.4 1045

75th Ave 1023.9 O.ooln 20 2:1 '1044 4040 9.3 1033 7550 lV, 1037 7410 12.5 1036

83rdAve(') 1013.5 0.00020 20 2:1 1032 4150 15.9 1029 7700 21.0 ~i~035x 7920 21.3 ,i'j035
91st Ave (4) 1003.4 0.00056 20 2:.1 1022 4590 16.2 1020 8680 22.3 ;ijO~ij: 9070 22.8 ;1026··.··

99th Ave 999.0 0.00213 20 2:1 1016 4580 9.5 1009 9030 13.1 1012 9540 13.5 1013

107th AVll 990.5 0.00139 20 2:1 1010 4.590 10.5 1001 9360 14.8 1005 9920 15.2 1006

115th Ave 961.5 0.00071 60 2:1 996 4610 8.0 990 9530 12.0. 994 10120 12.4 994

NotllS:

(1) The channlll configurations corrllsponq to a location Immlldiately downstream of the indicated road crossing.

(2) The channel conliguration data Is based on topographic mapping (1"=200' , 2' contour interval) flown in March 1994.

(3) The estimated flow depths are based on uniform flow computations; however, backwater flow conditions are anticipated dUringmajor flood events.

(4) The results of this analysis indicate that overtopping of the channel banks may occur at this location.

•



•

•

4.1.3 Ponding Areas AlcmgGrand Avenue And The Canals
A total of 24 ponding areas were assessed with the HEC-l model in this study. These
ponding areas are shown in Exhibits 5, 6 and A through S (Appendix L). The computed
peak discharges exiting from the ponding areas and the corresponding high water
elevations are surrunarized in Table 4-2.

The ponding area delineations shown in Exhibits A through S are based strictly on the
results of the BEC·l model. These ponding areas correspond to depressed areas that lack a
positive drainage outfall, as identified with the detailed topographic mapping(1"=200', 2'
contour interval). There are also areas along the canals and Grand Avenue that are subject
to inundation by relatively slow moving stormwater flows. Within the study area, the
Flood Insurance Rate Maps (or FIRMS) illustrate flood hazard areas that correspond to a
combination of ponding areas and areas subject to relatively slow moving stormwater
flows. However, detailed evaluation of the flow depths in the areas subject to innundation
by stormwater flows is beyond the scope of the HEC-l modeling in this study.

4.2 Comparison To Previous Studies
The results of this study have been compared to three drainage previous studies. The study
areas for these studies are encompassed by the Maryvale ADMS study area. These three
studies are:

• The "Off·site Drainage Concept Study for the Outer Loop Highway" prepared by
WLB(l987) for the Arizona Department of Transportation.

• The ;'Northem/Orangewood Storm Drain Project, Concept Routing Study" prepared by
Wood, Patel & Associates(1996) for the District.

• The "Maryv~eArea Flooding Mitigation Project, Phase I Pre-Design Report" prepared
by CVL(1996).for the District.

4.2.1 Off-site Drainage Concept Study - Outer Loop Highway
The off-site hydrology report for the Outer Loop Highway between Buckeye Road and
Northern Avenue was prepared by the WLB Group(1987). The WLB Group was
s:ubcontracted by DeLeuw, Cather and Company, the Outer Loop Management Consultant
for the Arizona Department of Transportation. The scope of the study was to evaluate the
off-site flows that will impact the Outer Loop and to investigate alternative conceptual
drainage designs. The WLB Group used HEC-l to model the 78.3 square mile study area.
The hydrologic analysis was based on the SCS Dimensionless Unit Hydrograph and the 24
hour "Hypothetical StorJ;Il Distribution" (WLB,l987).

The Outer Loop Highway study has been selected for comparison purposes, since the study
area is very similar in extent to the study area for Maryvale ADMS. Computed peak
discharges from the Outer Loop Highway study ar~ compared with the results of this study
in Table 4-3. As indicated in Table 4-3, the IOO-year; 24..hour peak discharges computed as
part of the MaryvaleADMS are primarily less than those documented in the Outer Loop
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Table 4-2: Summary of Computed Water Surface Elevations ,

Computed Peak Discharge Computed Water Surface
from the Ponding Area (cfs) Elevation

Ponding Area Ponding Area 0100-Yr 6-Hr 0100.Vr 24-Hr 0100-Yr 6-Hr 0100-Yr 24-Hr
Exhibit Name (cfs} (cfs} Event Event

A RES8N 401 488 1053.1 1053.1

A RES8S 1042 1152 1055.5 1055.5

B PASS 121 124 1102.4 1102.8

B PA59 615 626 1101.1 1101.1

B PA63 965 1042 1098.2 1098.3

C PA43 1032 982 1108.4 1108.3

C PA47 373 368 1104.9 1104.9

C PA51 947 910 1105.7 1105.7

D RES14E 83 86 1087.6 1087.6

E RES36 2409 2305 1138.2' 1138.2

F RES33 0 0 1123.0 1123.0

G RES6 2141 1681 1146.0 1145.8

H RES26T 3104 2893 1113.2 1113.2

I RES29S 565 620 1021.7 1021.7

J RES29W 627 674 1018.4 1018.4

K RES10 994 1070 1068.7 1068.8

L RES32E 188 197 1021.1 1021.1

M RES22 473 379 1136.2 1136.2

N RES9 897 970 1058.5 1058.6

0 RES26S 1100 989 1138.6 1138.6

P RES8 458 369 1150.6 1150.5

0 RES26E 3033 2547 1099.4 1099.3

R RES24N 382 364 1097.5 1097.5

S RES26N 398 145 1141.8 1141.7
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Table 4-3: Comparison To Outer Loop Highway Study

Summary: This table Indicates that the 100-year, 24 hour discharges computed as part of the Maryvale AOMS are primarily
less than those documented in the Outer Loop Highway study by WLB(1987).

Outer Loop Highway Study
Maryvale ADMS

Comparison of

(WLB,1987) Study Results

Location
Q100-Yr 24-Hr HEC-1 Node Q100-Yr 24-Hr HEC-1Node Percent Olfference

(cJs) ID (efs) 10 (2)

35th Ave & 1-10 Freewav Channel 2730 cpr 2370 01.106 -15%

43rd Ave & 1"10 Freewav Channel 5230 CP2 3620 0110C -44%

51st Ave & 1-10 Freeway Channel· 7320 CP3 5030 01100 -46%

59th Ave & 1-10 Freeway Channel 9380 CP4 5520 0110E -70%

67th Ave & 1-10 Freeway Channel 10110 CP5 6390 DI10F -58%

75th Ave & 1-10 Freewav Channel 10530 CP6 7410 0110G -42%

83rd Ave & 1-10 Freewav Channel 10790 CP7 7920 0110H -36%

91st Ave & 1-10 Freewav Channel 10880 CP8 9070 01101 -20%

Northern Avenue & Grand Avenue (1) 2620 CP10 1020 C26315 -157%

Olive Avenue & Grand Avenue(1) 1260 CP11 2360 C622EA 47%

Glendale & 99th Avenues 3360 CP1S 1210 CGA99 -178%

Bethanv Home Road & 99th Avenue 6790 CP14 910 OBH99 -646%

Camelback Road & 99th Avenue 790 CP15 530 CCB99 -49%

Inqian School Road & 99th Avenue 2400 CP16 830 CIS99 -189%

Thomas Road & 99th Avenue 3690 CP17 580 CTR99 , -536%

NOTES:

(1) The precise location of the concentration point In the WLB study is not known; hence, this comparison is approximate.

(2) The percent differences were computed as follows:

Percent OIf.= «0 Maryvale ADMS) • (0 Outer Loop Hwy)]I(Q Maryvale ADMS)
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Highway study. In comparison, the Outer Loop Highway study is a "big picture" type of
hydrologic study and does not include detailed analysis of the ponding areas along the
canal and Grand Avenue. It would be expected that an analysis that does not evaluate
ponding storage al~ng the canals and Grand Avenue would have higher computed peak
discharges. Hence, the results of the comparison are consistent with the level of detail
associated with each of the two studies.

4.2.2 Northern/Orangewood Storm Drain Project
The Northern/Orangewood Storm Drain Project was prepared by Wood, Patel &
Associates(1996). This study evaluated various storm drain alternatives along Butler Drive,
Northern Avenue, Orangewood Avenue, and Glendale Avenue. The storm drain systems
proposed in the study have been included in the HEC-l model for the Maryvale ADMS.

In Table 4-4, the results from hydrologic analysis for the Northern /Orangewood Storm
Drain Project are compared with computed discharges for the Maryvale ADMS study: As
indicated in Table 4-4, the results of these two studies are very sirtlilar. The levels of detail
and the basic hydrologic parameters for these two studies were very similar. Hence, the
results of the comparison are consistent with the level of detail associated with each of the
two studies; even though, the overall HEC-l modeling approaches used in the two studies
are Significantly different. I.

4.2.3 Maryvafe Area Flooding Mitigation Proje.ct
The Maryvale Area Flooding Mitigation Project was prepared by Coe & Van Loo
Consultants (CVL, 1996). This study evaluated flooding mitigation alternatives for the area
along the north side of the Grand Canal, between approximately 35th Avenue and 67th
Avenue. The flood control facilities proposed in the study have not been included in the
"existing conditions" HEC-l model for the Maryvale ADMS.

In Table 4-5, the results from hydrologic analysis for the Maryvale Area Flooding Mitigation
Project are compared with computed discharges for the Maryvale ADMS study. As
indicated in Table 4a 5, the results of these two studies are significantly different. The
differences are primarily due to the different approaches used to estimate the capacity for
flow along the north side of the Grand Canal. In the Maryvale ADMS study, a HEC-2
model was used to evaluate the capacity for flow along the north side of the Grand Canal
This analysis appears in a separate document entitled "Maryvale ADMS: Preliminary
Grand Canal Floodplain Analysis." The ponding area analyses in Appendix E, subsection
"Maryvale Mitigation Area" incorporate the results of this HEC-2 model.

22 PHxlsWW1325B6/REPRT26.ooc



• •

Table 4-4: Comparison To Northern/Orangewood Storm Drain Project. " ~

Summary: This table indicates that the 10-year, 6 hour discharges computed as part of the Maryvale ADMS in this study are
very similar to those documented in the Northern/Orangewood Storm Drain Project (WPA, 1996),

Northern/Orangewood Storm
Maryvale ADMS

Comparison of,
Drain Project(WPA, 1996) Study Results .

Location
Q10-Yr il-Hr HEC-1 Node Q10-Yr6-Hr HEC-1 Node Percent Difference

(cfs) ID (cfs) JD 11)

Olive Avenue @ Grand Avenue 900 116C 890 C622EA .1%

75th Avenue @ Glendale Avenue 170 270C 140 CGA75 -21%

83rd Avenue @ Glendale Avenue 390 290C 330 CGA83 -18%

91 st Avenue @ Glendale Avenue 455 310C 430 CGA91 -6%

99th Avenue @ Glendale Avenue 490 330C 440 CGA99 -11%

NOTES:

(1) The percent differences were computed as follows:

Percent Dif. = [(Q Maryvale ADMS) - (Q Northern/Orangewood SD Project)]I(Q Maryvale.ADMS)

'\
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Table 4·5: Comparison To Maryvale Area Flooding Mitigation Project

Summary: This t!lble Indic!ltes that the 100-year, 6 hour discharges computed as part of the Maryvale AoMS are significantly
different than those documented in the Maryvale Area flooding Mitigation Project (CVL, 1996). The differences are primarily
due to the different approaches used to estimate the capacity for flow along the North side 01 the Grand Canal. In this stUdy,
a HEC-2 model was used to evaluate the capacity lor flow along the North side of the Grand Canal.

Maryvafe Area Flooding
Mliryvale ~DMS

Comparison of
MItigation Project

Study Resulb
(CVL 1996)

Q100-Yr 6-Hr HEC-1 Node Q100-Yr 6-Hr HEC-1 Node Percent Difference
(1)Location

(cis) 10 (cfs) 10

Flow Along N. Side of Grand Canal in
440 039 600 039 27%

Vicinity of 39th Ave

Total Flow to South of Grand Canal II
60 039S 1060 o39s 93%

Vicinity of 39th Ave

Flow Along N. Side of Grand Canal in
960 043 200 043 -360%

Vicinity of 43rd Ave

Total Flow to South of Grand Canal in
30 043S 630 043S 96%

Vicinity of 43rd Ave

Flow Along N. Side of Grand Canal in
770 047 370 047 -106%

Vicinity of 47th Ave

Total Flow to South of Grand Canal in
550 0478 0 047S -Vicinity of 47th Ave

Flow Along N. Side of Grand Canal In
None - 20 051 -Vicinity of 51st Ave

Total Flow to South of Grand Canal in
1060 0518 930 051$ -16%

Vicinity of 51st Ave

Flow Along N. Side of Grand Canal in
500 059 270 059 -65%Vicinity of 59th Ave

Total Flow to South of Grand Canal in
460 059S 350 059S -31%Vicinity of 59th Ave .

Total Flow to South of Grand Canal in
2020 S63 970 PA63 -106%

Vicinity of 63rd Ave

NOTES:

(1) The percent differences were computed as follows:

Percent Dif. = [(Q MaryvaleADMS) - (Q Maryvale Mitigation ProJect»)I(Q Maryvale ADMS)

.'
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5. Conclusions

The hydrologic modeling component of the Maryvale ADMS project has five primary
objectives. As described below, it was necessary to develop a very flexible modeling
approach and an efficient data management approach, to meet the project's objectives.

1) Objective: Develop HEC-1 models that provide runoffcomputations for a primarily urban
drainage area, where sub-basin drainage boundaries are not well defined and flow paths are
very complex. Thereby allowing identification and quantification offlood hazards within the
study area for existing conditions.

• The ability to model flow diversions flexibly was the key for developing a
modeling approach that meets this project's objective. The proposed HEC-l
modeling approach uses flow diversions (Le. DT/DI/DQ Records) in five
distinctly different ways. Using physical parameters obtained from the
detailed topographic mapping, flow diversions are used to simulate
retention basins, surges basins associated with storm drain systems, and
complicated street flow conditions.

2) Objective: Develop HEC-l models that evaluate the lO-year, 6-hour; lOO-year, 6-hour; and
lOO-year, 24-hour rainfall events.

Since the flow diversions and other aspects of the HEC-1 models are based
strictly on physical parameters measured from the detailed topographic
mapping, the model can be used to evaluate a wide range of storm events. In
other words, the model structure is not based on assumptions which may
only be valid for certain magnitudes of storm events.

3). Objective: Develop HEC-l models that allows efficient evaluation ofboth existing and
future storm drain systems.

• The HEC-1 models prepared for this study take into account .all of the major
storm drain systems documented by previous studies and the City of
Phoenix quarter section mapping. The HEC-l models have been specifically
setup to allow the incorporation of various types of flood control
alternatives.

4) Objective: Develop HEC-1 models that provide a cost-effective planning and analysis tool.

•

• Due to flexibility of the modeling approach, flood control alternatives
involving various combinations of storm drain systems and/or retention
basins can be easily incorporated into the HEC-l models. DDMS can be used
to update sub-basin parameters, that can be re-incorporated into the models
without changing the computational structure. In addition, typical
improvements associated with subdivisions can also be simulated without

. requiring significant modification ofthe computational structure of the HEC
1 niodels,wherethe computational structure of the models are illustrated in
Exhibit 1.
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5) Objective: Develop HEC-l models that allow for efficient updating.

Updating the I-:IEC-l models to reflect future street improvements and/or
sub-divisions should only involve adjusting the elements of the model
directly impacted by the construction activities. The overall structure of the
model should riot require adjustment. .

The results of this study identify the locations and magnitudes of flood hazards, within the
study area. In conclusion, the modeling approach and the HEC-l models developed for this
study meet the aforementioned objectives and the criteria specified in the project's scope of
work. .

26
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1.0 SYNOPSIS

• Kaminski-Hubbard Engineering, Inc. (KHE) was retained by the Flood Control District of Maricopa

County (FCDMC) to prepare a comprehensive hydrologic analysis of the watershed contributing to the

Arizona Canal Diversion Channel (ACDC) from Cudia City Wash to 10th Street Wash for existing and

future conditions. This study area, as indicated in Figure 1, is one of several subwatersheds analyzed

as a part of the ACDC Area Drainage Master Study (ADMS).· This watershed drains the southern portion

of the Phoenix Mountains from the 10th Street Wash boundary to the Indian Bend Wash boundary.

Within the watershed, twelve sub-basin area groupings were defined to address the precipitation

depth/areal reduction issue for side inflow to the ACDC. The size of area groupings ranged between

0.25 square miles to 4.82 square miles.

•

•

There are seven existing detention basins within the watershed that collect runoff from the Phoenix

Mountains for flood control purposes. The largest of these detention basins is impounded behind the

Dreamy Draw Dam. These detention basins greatly reduce the amount of runoff reaching the ACDC

from the Phoenix Mountains. The only significant future condition improvement would be the extension

of the Squaw Peak Highway from Northern Avenue to Shea Boulevard.

This report presents the hydrologic analysis of the Cudia City Wash to 10th Street Wash watershed for

both existing and future conditions upstream of the ACDC. Table 1 summarizes the controlling peak

discharges for existing conditions at specific locations along the ACDC. Table 2 presents the controlling

peak discharges for future conditions.
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• TABLE 1

Controlling Peak Discharge (Existing Conditions)

•

Cudia Ci Wash

Stanford Drive Wash

FI nn Lane Wash

M rtle Avenue Wash

Dream Draw East

Dream Draw

Northern Avenue

4.82 589 2,512 5,411

1.17 131 551 1,329

1.04 121 577 1,114

0.80 137 535 1,115

0.68 154 664 1,230

1.97 141 416 852

0.99 95 459 900

TABLE 2

Controlling Peak Discharge (Future Conditions)

•

Cudia Cit Wash

Stanford Drive Wash

FI nn Lane Wash

M rtle Avenue Wash

Dream Draw East

Dream Draw

Northern Avenue

-2-

4.82 726 2,899 5,750

1.17 170 644 1,479

1.04 148 608 1;152

0.80 141 532 1,146

0.68 183 730 1,358

2.07 140 422 897

0.98 123 504 966



•

•

•

2.0 INTRODUCTION

A hydrologic analysis of the Cudia City Wash to 10th Street Wash watershed for both existing and future

conditions was developed by Kaminski-Hubbard Engineering, Inc. (KHE) for the Flood Control District

of Maricopa County (FCDMC) as part of the Arizona Canal Diversion Channel (ACDC) Area Drainage

Master Study (ADMS), Phase I. The majority of flows contributing to the ACDe originate from the

Phoenix Mountains. The watershed is bounded by the Indian Bend Wash boundary to the east and the

10th Street Wash boundary to the west.

The watershed contains seven existing detention basins that significantly affect the amount of runoff

reaching the ACDC. The largest detention basin is impounded by the Dreamy Draw Dam and was

modelled in the U.S. Army Corps of Engineers (COE) 1982 hydrology study (Ref. 16). However, the

other detention basins were not included in the COE model which have neCessitated a revision to this

hydrologic analysis.

Currently, the Squaw Peak Highway from Glendale Avenue to Northern Avenue has an impact on the

original flow patterns in the Dreamy Draw area. Associated with the highway improvements' was the

construction of the Myrtle Wash detention basin. For future considerations, the Squaw Peak Highway

will be extended through the Dreamy Draw area from Northern Avenue to Shea Boulevard. These

improvements will not greatly affect the flow patterns in the area.

This report presents the existing and future hydrologic analysis for the watershed contributing to the

ACDC from Cudia City Wash to 10th Street Wash. The hydrology was developed using the FCDMC's

new design criteria and included detention basin modelling excluded from the previous COE report (Ref.

16).
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• 3.0 STUDY PARAMETERS

3.1 Study Area

The watershed contributing storm runoff to the ACDe from Cudia City Wash to 10th Street Wash

contains approximately 13.1 square miles. The watershed is characterized by moderate to steep

mountains having moderate vegetation. The watershed is bounded by the Phoenix Mountains to the

north, the Indian Bend Wash boundary to the east, the ACDCand Camelback Mountain to the south, and

the 10th Street Wash boundary to the west.

The watershed was divided into twelve sub-basin area groupings having concentration points at the

ACDC. The contributing areas at each concentration poin~ range between 0.25 square miles to 4.82

square.miles. The largest sub-basin area grouping is the subwatershed contributing to the Cudia City

Wash. The CUdia City Wash outlet is the beginning of the ACDe and drains approximately 4.8 square

miles.

The watershed contains seven detention basins which are included in the computer model. The largest

detention basin is Dreamy Draw Dam, which has a contributing area of1.30 square miles. The Myrtle

•. Wash detention basin is located upstream of the Squaw Peak Parkway and provides detention storage for

parkway drainage. Two detention basins are located within the Squaw Peak Park boundaries. The

remaining three detention 'basins are situated to collect runoff from the Phoenix Mountains to lessen its

effect on the downstream residential areas.

The extension of the Outer Loop Highway (OLH) from Northern Avenue to Shea Boulevard will slightly

modify drainage patterns near the Dreamy Draw area for future conditions.

2.

•

3.2 Mapping

The available mapping utilized in this study are as follows:

1. FCDMC Mapping: The watershed was flown as a part of this study for the purpose of obtaining
1 inch = 400 foot contour and aerial mapping. The contour interval is 2 feet. These maps were
flown between November 1990 and August 1991. These maps were used to establish the sub-basin
drainage delineation, flow patterns, and storage volume calculations for detention facilities. The
aerial maps were also utilized to provide land use information for existing conditions.

USGS Quadrangle Maps: Paradise Valley arid Sunnyslope, Arizona, 7.5 minute series. The
horizontal scale is 1 inch = 2000 feet. The contour interval is 20 feet. These maps were photo
revised in 1982.
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3.

• 4.

5.

6.

7.

City of Phoenix Storm Drain Maps: These maps are at a scale of I inch = 400 feet and provide
a schematic location of storm drains and culverts in the area.

City of Phoenix Zoning Maps: These maps are at a scale of 1 inch = 400 feet and provide zoning
designations and boundaries in the area. .

Construction Plans: Construction plans for drainage structures. associated with Lincoln Drive,
McDonald Drive, Tatum Boulevard, Glendale Avenue, Northern Avenue, 16th Street, 32nd Street,
40th Street, and 44th Street were used for routing and sub-basin delineation purposes. Construction
plans for the following detention basins were utilized for reservoir routing purposes: Dreamy Draw
Dam; Myrtle Wash detention basin; Squaw Peak Park Detention Basin Nos. 1 and 2; Detention
Basin Nos. 4 and 6; and the Biltmore Mountain Estates detention basin. Construction plans for the
ACDC were used to determine sub-area grouping concentration points. Construction plans for the
Squaw Peak Highway from Glendale Avenue to Shea Boulevard were used for drainage delineation
purposes.

General Plan for Phoenix: This general plan was used to determine the extent of future
development. Areas of future parks, open-spaces, and traffic corridors were considered during the
future hydrologic analysis.

Field Reconnaissance: , Field investigations were undertaken to verify hydrologic information
obtained from aerial and topographic mapping. Areas of new development or developments under
construction and existing on-site retention areas were identified. All major drainage structures
within the watershed were identified. The flow paths of all major mile and half-mile streets were
identified. Some drainage patterns were documented for local streets.

• 3.3 Study Criteria

The following criteria and guidelines were set forth by the FCDMC prior to and during the drainage

study:

1. Hydrology calculations will be completed· for the 2-, 10-, and lOO-year storms;

2. Storm durations of 6- and 24-hour will be evaluated for all three storms;

3. The U.S. Army Corps of Engineers (COE) HEC-l computer program will be used for
hydrograph computations;

4. . Sub.,.basins will be limited to a maximum of five square miles in area;

5. The Clark Unit Hydrograph method will be utilized;

6. The Green-Ampt Loss Method will be utilized for estimation of precipitation losses;

7. The Maricopa County Unit Hydrograph Procedure 1 (MCUHPl) computer program, as provided
by the FCDMC, will be used to compute times of concentration and storage coefficients for the
Clark Unit Hydrograph Method.

•
8. Rainfall distributions and depth-area relations for the 6-hour storm duration will be based on NOAA

HYDRO-40 (Ref. 21) and COE (Ref. 15) data, as presented in the FCDMC's Drainage Design
Manual (Ref. 6). This data is included in the MCUHPI program to develop areal reduction for tbe
watershed.
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•

9. The SCS Type II rainfall distribution will be used for the24-hour storm, with corresponding depth
area ratios based on NOAA HYDRO-40 (Ref. 21). This data is included in the MCUHPI program.

10. Existing and future flow rates are to be determined.

11. Transmission losses will be estimated based on existing field data or literature; Existing field data
or literature was not available to estimate infiltration losses. Due to this study's detailed
determination for the watershed roughness coefficient (Kb), the exclusion of transmission losses has
little impact on the flow peaks and volumes.
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4.0 HYDROLOGY

4.1 General

The existing and future hydrology for the Cudia City Wash to 10th Street Wash watershed was analyzed

for the 2-, 10-, and 100-year storms. The 6-and 24-hour storm durations were evaluated for all three

storms. The Cudia City Wash to 10th Street Wash watershed was modeled using the COE HEC-1

computer program. The May, 1991, version ofHEC-1 was used for this study. The Clark Unit Graph,

the Green-AmptLoss Rate, and the Muskingum-Cunge Routing options were used in the HEC-1

computer model. ' The HEC-1 modeling also included allowances for routing hydrographs through

detention basins using the Modified PuIs Method. This section describes the assumptions and

methodologies used to develop the HEC-1 computer model for existing and future conditions within the

Cudia City Wash to 10th Street Wash watershed.

4.2 Previous Hydrologic investigations

Previous hydrologic investigations of the watershed were reviewed for historical, as well as, hydrologic

information that could be used as part of our analysis for both existing and future conditions. Particular

attention was given to hydrologic modeling techniques, sub-basin delineation, storm frequency and

duration" reach routing methods, location of concentration points, treatment of detention basin areas, and

location of future drainage structures. A brief summary of previous investigations performed for the

Cudia City Wash to 10th Street Wash watershed are presented below.

Gila River Basin. New River and Phoenix City Streams. Arizona. Design Memorandum No.2.

Hydrology Part 2, (Ref. 16)

In 1982, a hydrologic investigation was performed by the COE for flood control projects in the Phoenix

area. The COE procedure of watershed modelling is to determine the Standard Project Flood (SPF) that

would result from the most severe combination of meteorologIC and hydrologic conditions that are

considered reasonable for the area. The lesser storm frequency events are calculated as a percentage of

the SPF. As an example, the 100-year peak discharge is 45 percent of the SPF.

The Cudia City Wash to 10th Street Wash watershed was divided into seven sub-basins and evaluated for

future fully developed conditions. The COE uses local dimensionless S-graphs to produce hydrographs

from the rainfall excess.
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Cudia City Wash Runoff Analysis (Ref. 23)

In 1986, a hydrologic investigation waspenOrIlled by W.S. Gookin and Associates (WSG) for the Cudia

City Wash watershed. Cudia City Wash drains a 5.12 square mile 'watershed bounded by the eastern

slopes of the Phoenix Mountains, the southern slope of Mummy Mountain, and the west half of the

northern slope of Camelback Mountain.

The watershed was divided into fourteen sub-basins. The SCS Method was. used to compute a

hydrograph of each sub-basin for the loo-year, 24-hour duration storm. A 1oo-year, 24-hour storm

precipitation depth of 3.8 inches was used in conjunction with a Type IIA rainfall distribution. A Lotus

spreadsheet was used to combine and route the sub-basin hydrographs.

Review of W.S. Gookin and Associates Analyses of Cudia City Wash Hydrology (Ref. 7)

The FCDMC perform a review of the WSG report for the Cudia City Wash watershed. The following

concerns with the hydrologic model were discovered for the study area: inappropriate design rainfall

depth and distribution, too long a computation interval, in appropriate combining and routing of

hydrographs from various sub-basins, and suspect times of concentration.

The FCDMC created a HEC-1 computer model for the watershed using theWSG modelling parameters.

The kinematic wave method was used for hydrograph routing. The HEC-l model peak discharge results

from each sub-basin ranged between 19% - 51 % lower than the WSG estimates. However, the final

routed and combined HEC-l model result at the Arizona Canal was 13 % greater than the WSG result.

The FCDMC developed their own independent HEC-1 model for the Cudia City Wash watershed. A

combination of the kinematic wave and SCS methods were used to generate hydrographs from the study

area. The kinematic wave option was used on urbanized basins having moderately steep slopes. The

SCS method was used on two sub-basins having steep slopes. A loo-year, 24-hour storm depth of 4.04

inches and the City of Phoenix storm distribution was used.

Final Drainage Report, SR-51 Squaw Peak Hwy., Glendale Avenue to Northern Avenue (Ref. 8)

The drainage design concept for the Squaw Peak Highway from Glendale Avenue to Northern Avenue

was prepared by Howard Needles Tammen and Bergendoff (HNTB) for the AriZOna Department of

Transportation (ADOT). The project area is located near the western boundary of the Phoenix Mountain

::. Preserve and is characterized by numerous steep washes flowing westerly to the Squaw Peak Highway.
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The study area was divided into ten 'sub-basins, of which, the area contributing to Myrtle Wash is the

• largest. -The two northernmost and southernmost sub-basins contribute directly to the Dreamy Draw East

Wash. The middle five areas flow into a detention basin and storm drain system located at the Pointe
, "

development. The Dreamy Draw East Wash eventually discharges into Myrtle Wash, which outfalls into

the ACDC.

The Myrtle Wash detention basin was designed to provide lOO':year detention storage for flows generated

from the Squaw Peak Highway and a residential subdivision area east of the highway. This basin is

necessary to maintain the peak flow in Myrtle Wash downstream of the highway to pre-existing

conditions. The pavement drainage structures and storm drain systems were designed for the lO-year

return period. The cross drainage culverts' at Myrtle Wash, Pleasant Drive, and Dreamy Draw Wash

were design for the lOO-year return period. All other cross drainage pipe culverts were designed for the

50-year return period.

•

•

Final Drainage Report for Squaw Peak Ewy.. Section 2. Northern Avenue to 29t~ Street (Ref. 11)

The drainage design concept report for the Squaw Peak Highway from Northern Avenue to 29th Street

"was prepared by Urban Engineering for the ADOT. The project area is located in the Dreamy Draw

watershed and is characterized by steep washes flowing southwesterly to the Squaw Peak Highway.

Dreamy Draw Dam is a major flood control structure constructed by the COE within the watershed.

The watershed is divided into two components, onsite and offsite areas. The onsite areas consist of

pavement and lTledian areas associated with the Squaw Peak Highway. The rational method was used

to determine onsite runoff for a 10-year return period. The intensity factor was determined using a time

of concentration of 10 minutes. The offsite hydrology impacting the highway was developed by Baker

Engineers (Ref. 1). This report identified twenty-two sub-basins within the Dreamy Draw watershed that

impact the project. Baker Engineers used the" COE HEC-1 program to determine the peak discharges for

50- and 1OO-year frequency storms using the SCS Method. Based on an evaluation of the watershed by

Urban Engineering, additional sub-basins were developed which directly impact the project.

Final Drainage Report for Squaw Peak Hwy. - SR-51. Section 3. 29th Street to Shea Boulevard (Ref. 4)

The drainage plan for the Squaw Peak Highway frorn 29th Street to Shea Boulevard was prepared by

Entranco Engineers for the ADOT. The project is located within the northern foothills of the Phoenix

Mountains, which is northeast of the Dreamy Draw Dam. The overland flow in the area is typically to

the north-northeast. However, an existing detention basin at 32nd Street and Mountain View Road is

drained to the Dreamy Draw Dam.
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A General Plan Drainage Report was prepared by Baker Engineers for the Squaw Peak Highway (Ref.

1). The study area was found to have two main drainage basins resulting from a cr~st in the Squaw Peak

Highway at Station 173+30. West of the crest, drainage will flow to the southwest toward Dreamy

Draw Dam. East of the crest, drainage will flow north to the Indian Bend Wash. The trunk line that

drains the area west of the crest begins at the above mentioned detention basin and outfalls into the

Dreamy Draw Dam. Along the trunk line offsite and onsite pavement drainage enters the system.

East of the crest, the basin is drained by two trunk lines. Onsite pavement drainage from the Squaw Peak

Highway is collected an conveyed by one trunk line to a temporary detention basin south of Shea

Boulevard. In the future, this line will extend northward and discharge into the Indian Bend Wash near

Thunderbird Road. Offsite flows are collected and conveyed by the second trunk line to a detention basin

south of Shea Boulevard. In the future, this trunk line will connect with the existing 78-inch storm drain

in Shea Boulevard which outlets to the Indian Bend Wash.

4.3 Parameter Estimation

4.3.1 Drainage Area Boundaries

Existing Condition

The initial delineation of sub-basins for the Cudia City Wash to 10th Street Wash watershed was

developed using information presented in previous drainage reports (Ref. 1, 8, 16 & 23). Next,

this initial delineation was evaluated using the new I-inch to 400 feet topographic and aerial maps

flown as a part of this study. Particular attention was given to the areas contributing to detention

basins and major roadway cross drainage structures. The initial delineation was also supplemented

by construction drawings of major collector streets and the Squaw Peak Highway.

The initial delineation was then verified or revised based on field investigations. This field

investigation included driving major mile and half-mile streets to distinguish flow pattern. These

floW' patterns were recorded and later referred to during time of concentration calculations for each

sub-basin. The field investigations also included the determination of onsite retention locations and

non-contributing areas within the watershed. The non-contributing areas were evaluated for each

storm frequency. A parcel area labeled as non-contributing for a two-year storm may be

contributing for a 10- and l00-year storm analysis.
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The sub-basins were delineated so that concentration points were provided at major street

intersections, impoundment areas and stream confluences. Concentration points were also located

such that comparisons could be made with other hydrologic investigations. The major concentration

points along the ACDC were chosen at major wash inlets to the channel based on sub-basin area

groupings. The sub-basin delineations are presented in Plate 1 for existing conditions.

Future Condition

The drainage delineation for future conditions were predominantly the same as' presented for the

existing conditions. However, a slight modification was made within the Dreamy Draw sub-basin

area grouping as a 'result of the Squaw Peak Highway extension from Northern Avenue to Shea

Boulevard. The modified delineations were taken from drainage plans developed for ADOT by

various consultants (Ref. 4, 11, 12, & 13). Based on this information and other discussions with

the FCDMC, the sub-basin delineations are as shown in Plate 5.

4.3.2 Rainfall Parameters

Rainfall Distributions

The rainfall distribution used for the 6-hour storm duration are as documented in the FCDMC's

Drainage Design Manual (Ref. 6) and contained in the MCUHPI program. The SCS Type II

distribution was used for the 24~hour storm. The rainfall distributions are presented in Tables 8

& 9 in Section I of the Appendix.

Precipitation Data

The point precipitation values were obtained using the NOAA Atlas isopluvial maps for Maricopa

County, Arizona. The point precipitation values are presented in Table 6 in Section I of the

Appendix.

Areal Reduction Factors

The point precipitation values used for the various sub-basin area groupings were adjusted to

account for the reduc,tion in precipitation depth over a spatial area. Reduction factors for the 6-hour

duration storms were obtained from the FCDMC's Drainage Design Manual (Ref. 6). This

information was also included in the FCDMC's MCUHP1 program. The 24-hour storm reduction

factors were obtained from the NOAA Technical Memorandum NWS HYDRO-40 (Ref. 21). These

factors are presented in Table 7 in Section I of the Appendix.

-12-



4.3.3 Physical Parameters

'. Loss Rate Estimation

The Green-Ampt loss rate method in HEC-l was used to estimate rainfall losses for both existing

and future conditions. This method involves a two phase process in simulating rainfall losses. The

first phase involves no infiltration of rainfall until the accumulated rainfall equals the initial loss

(IA). Recommended IA values are presented in Table 4.1 in the Drainage Design Manual (Ref.

6).

The second phase is the infiltration of rainfall into the soil immediately after IA is completely

satisfied. The three Green-Ampt infiltration parameters as coded in HEC-l are: hydraulic

conductivity at natural saturation (XKSAT); wetting front capillary suction (PSIF); and volumetric

soil'moisture deficit at the start of rainfall (DTHETA).

••

The Green-Ampt parameters were determined using a spreadsheet provided by the FCDMC,

Watershed Management Branch. The XKSAT values were determined by the FCDMC for all map

units contained in the SCS Soil Survey (Ref. 19) using log averaging of major and minor soil

v XKSAT values. These map units along with their corresponding XKSAT and percent rock outcrop

values are presented in lookup tables within the Green-Ampt Spreadsheet.

The area of each soil unit within each sub-basin was determined and used as input into the Green

Ampt Loss Parameter spreadsheet. The soil units within each sub-basin are shown on Plate 3 for

existing conditions and Plate 7 for future conditions. These area calculations were determined using

ARC INFO GIS. The spreadsheet subsequently computed average sub-basin XKSAT values using

log averaging methods. Next, values for PSIF and each DTHETA condition (Le. dry, normal, wet)

were interpolated using the computed XKSAT. These tables were contained within the spreadsheet

and were similar to Table 4.2 in Drainage Design Manual (Ref. 6).

The computed Green-Ampt parameters were based strictly on soil characteristics and adjustments

were necessary to account for vegetative cover and land use. These guidelines are presented in the

FCDMC's Drainage Design Manual (Ref. 6) and are incorporated in the Green-Ampt Loss

Parameter Spreadsheet. The area of each land use within each sub-basin was also determined and

used as input into the spreadsheet. The various land uses categories within each sub-basin are

shown on Plate 2 for existing conditions and Plate 6 for future conditions. Again, these area

calculations were performed using ARC INFO GIS.
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The "percent impervious" for each sub-basin was computed as a function of both natural rock

'. outcrop and land use. The percentage of impervious rock outcrop within each sub-basin was

estimated from soil unit data provided in the SCS Soil Survey (Ref. 19). A factor of 0.6 was used

to convert the "percentage of rock outcrops" to the "percent impervious" ~or each sub-basin.

Next, the impervious areas associated with various .land use categories were determined for each

sub-basin. The City of Phoenix zoning designations were classified into land use categories based

on aerial mapping and are presented in Table 10 in Section I of the Appendix.

The total "percent impervious" value for each sub-basin was computed as a summation of the above

two "percent impervious" values. This computation was also incorporated into the Green-Ampt

Loss Parameter spreadsheet. The average Green-Ampt parameters for existing and future

conditions are presented in Tables 11 and 12, respectively in Section II of the Appendix.

•

•

Time Of Concentration

The Clark Unit Hydrograph method requires the estimation of the time of concentration, Te• The

following empirical equation was used to compute the time of concentration as a function of

watershed characteristics (Ref. 6):
T

e
= 11.4Lo.5Kbo.52S-0.31i-o.38

where:

Te - time of concentration, in hours.

L - length of the flow path for Tc , in miles.

Kb - representative watershed resistance coefficient.

S - watercourse slope, in feet/mile.

1 - the average rainfall excess intensity, during the time Tc, in inches/hour.

The length of the flow path for Tc and its corresponding slope within each sub-basin were

determined using 1 inch to 400 feet topographic maps. Street flow patterns observed from the field

investigations were also used to determine the flow path for Tc considerations. The MCUHPI

program, as provided by the FCDMC, was used to calculate the time of concentration, Tc, and

storage coefficient, R, for each sub-basin.

-14-
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The watershed resistance coefficient, Kb, necessary to determine T c was estimated using the

following equation (Ref. 6):

~ - .m log A + b

where:

Kb - watershed resistance coefficient.

A - drainage area, in acres.

m&b - parameters dependent on land use and vegetation cover.

The watershed resistance coefficient, Kb, for each sub-basin was weighted to account for varying

roughness conditions associareq with mixed land use classifications. The land use classifications

within each sub-basin were categorized into roughness types using the descriptions presented in

Table 5.1 (Ref. 6). All vacant areas were placed under the category of moderately high roughness

(Type C). Low and very low density residential areas were labelled as having moderately low

roughness (Type B). Medium density and multi-family residential areas were placed under the

category of minimal roughness (Type A).

The time of concentration flow paths for existing and future conditions are presented in Plate 4 and

8, respectively. The hydrologic sub-basin characteristics for existing conditions are presented in

Tables 13, 14 and 15 in Section III of the Appendix. The characteristics for future conditions are

presented in Tables 17, 18 and 19 in Section III of the Appendix.

4.3.4 Routing Parameters

Channel Routing

For this study, the Muskingum-Cunge method was used to route a hydrograph through a

downstream sub-basin. Channel cross-section information, slopes, and Manning's roughness

coefficients were estimated using topographic mapping and observations made during the field

investigation. Channel routing flow paths for existing and future conditions are presented in Plates

4 and 8, respectively. Channel routing work sheets are presented in Section IV of the Appendix.

Existing field data or literature was not available to estimate infiltration losses. Based on the

watershed topography and this study's detail for the watershed resistance coefficient, not including

transmission losses has little impact on the flow peaks and volumes.

-15-



Reservoir Routing

• The Modified PuIs method was used Jor reservoir routing through a detention basin. A total of

seven detention basins were located within the Cudia City Wash to 10th Street Wash watershed.

The largest detention basin was impounded behind the Dreamy Draw Dam as a part of the COE

flood control plan for Phoenix. The reservoir routing parameters were obtained from the COE

report for Dreamy Draw Dam (Ref. 14), verified by KHE, and used in this study.

There are two detention basins, Nos. 1 and 2, located within the Squaw Peak Park boundaries that

control the amount of runoff from the Phoenix Mountains. Both detention basins are drained by

24-inch diameter concrete pipes with parking lots functioning as overflow spillways. The storage

volumes were determined using i inch to 400 feet topographic maps. The overflow spillway

sections were surveyed for weir flow calculations.

The North Mountain Detention Basin No. 4 is located north of Northern Avenue between 18th

Street and the Squaw Peak Highway. This basin limits the amount of runoff from the Phoenix

Mountains that ultimately reach the ACDC south of Northern Avenue. This basin is drained by

a 27-inch concrete pipe having a 16-inch by 12-inch orifice inlet. The overflow spillway width is

approximately 80 feet. The storage volume was determined using 1 inch to 400 feet topographic

maps.

Detention Basin No.6 is located west of the Squaw Peak Highway and north of Orangewood

Avenue within the Pointe development. This basin collects offsite runoff and conveys the low level

flows under the Dreamy Draw Condominiums through a 12-inch corrugated metal pipe. The

storage volumes were determined using 1 inch to 400 feet topographic maps.

The Myrtle Wash detention basin is located east of the Squaw Peak Highway and just north of

Myrtle Wash. This basin provides detention storage for flows generated from the Squaw Peak

Highway and a portion of the residential subdivision east of the basin. The reservoir routing

parameters were obtained fiom the HNTB report for the Myrtle Wash detention basin (Ref. 8).

•
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The Biltmore Mountain Estates detention basin is located north of Lincoln Drive and east of

'. ' Arizona Biltmore Circle. Due to the relatively small capacity of the detention basin, the 1OO-year

peak discharge is not significantly impacted. Therefore" the basin is modelled in HEC-I as a

diversion for the loo-year frequency storms. The diversion is such that the runoff volume, up to

the storage capacity of the basin, is diverted out of the watershed, However, the reservoir routing

parameters for the basin are used for the 2- and lO-year storm analysis.

The detention storage calculations for the above basins are presented in Section IV of the Appendix.

Section IV also contains discharge calculations for both low flow and overflow spillways. In some

cases, the pipe and weir flow parameters are also presented as input to the model.

:.

4.4 Special Considerations

4.4.1 Storm Drain Pipes

There are very few storm drain pipes within this watershed. These storm drain systems do not

significantly affect the drainage patterns within the watershed, Le., flows diverted out of the

watershed area or from one sub-basin to another. Therefore, all storm drain systems were ignored

in the HEC-I model.

4.4.2 Onsite Retenti'on

The City of Phoenix requires that all new developments retain the 100-year 2-hour duration storm

volume that falls onsite. Field investigations within the watershed found that a majority of lots had

no onsite retention or minimal retention at best. A few commercial and industrial sites constructed

in the last few years had complied with the onsite retention requirements. However, there was no

detailed mapping available to accurately determine the retention volume for a given site, much less

whether they were 10- or loo-year volumes. Therefore, the retention volume for the parcels in

question were assumed to retain the 10-year 2-hour storm volume. 'The total estimated retention

volume for each sub-basin was subtracted from the bottom of the hydrograph by diverting the

estimated volume. These computations are presented in Section V of the Appendix.

Particular attention was placed on determining the non-contributing areas associated with a 2-year

storm. Those areas that required onsite volume computations were automatically labeled as non

contributing. Next, impervious area associated with land use were assumed to contribute 100% of

their areas. The remaining pervious areas were assumed to be non-contributing. These

computations are presented in Section V of the Appendix.
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5.0 RESULTS AND CONCLUSIONS

The HEC-1 computer model was used to compute the 2-, 10-, and 100-year peak discharges for existing

and future conditions within the Cudia City Wash to 10th Street Wash watershed. The 6-hour and 24

hour events were evaluated using the Clark Unit Hydrograph method for each storm frequency. The

hydrologic analysis for both existing and future conditions was developed through the consolidation of

previous hydrologic investigations and verifying or updating that information with new topographic

mapping and our own field investigations.

The existing peak discharge results for the Cudia City Wash to 10th Street Wash watershed are

summarized in Table 3. The future peak discharge results of this study are presented in Table 4.

Evaluation of the results indicate that larger peak discharges occur from a 6-hour duration storm for all

three (3) recurrence intervals.

The total watershed area contributing to the ACnC from Cudia City Wash to 10th Street Wash is

approximately 13.1 square miles. However, this study was interested only in side inflows to the ACnC

and not the combining and routing of flows within the ACnC. Therefore, sub-basin area groupings were

developed to determine the contributing areas at twelve inflow locations along the ACDC. These sub

basin area groupings were also used for precipitation depth/areal reduction purposes.

Six of the seven detention basins within the watershed were found to have sufficient capacity to detain

the 100-year 24-hour duration storm runoff. These detention basins provide flood protection against

storm runoff from the Phoenix Mountains. Low level outflows from these basins were routed

downstream and did not significantly contribute to the downstream peak discharges.

The Biltmore Mou,ntain Estates detention basin had insufficient storage to detain the lOO-year 24-hour

storm runoff. This detention basin was modelled as a 5.4 acre-feet of storage volume diversion from its

corresponding sub-basin peak discharge. For the 2- and lO-year storm frequencies, the reservoir storage

parameters are included in the HEC-1 model.

-18-



A comparison between this study's loo-year 6-hour future peak discharge results and the results of

• previous investigations are presented in Table 5. The KHE peak discharge results are considerably lower

than the COE results at certain side inflow locations along the ACnC. The only detention basin modelled

by the COE was the impoundment area behind the D~eamyDraw Dam. The difference in drainage areas

was attributed to the COE sub-basin delineation on 7.5 minute quadrangle maps and this study's 1 inch

to 400 feet topographic maps.

'.
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TABLE 3

Existing Peak Discharges
At ACDC (CFS)

•

Cudia City Wash I 107DC I 589 I 571 I 2,512 2,336 5,085 5,411 I 12.3

Taward Wash 110DC 73 48 233 140 453 304 12.1

Stanford Drive Wash 112DC 131 72 551 380 1,329 1,083 12.1

Cunnin1!ham Wash 113DC 105 64 480 264 853 516 12.1

Biltmore 115DC 68 40 289 158 1,048 612 12.1

Treatment Plant 116DC 205 106 478 241 757 430 12.0

Maryland Avenue 117DC 40 14 324 144 622 337 12.1

Flvnn Lane Wash 121DC 121 72 577 352 1,114 778 12.1

Myrtle Avenue Wash 124DC 137 71 535 337 1,115 I 811 I 12.3

Dreamy Draw East 126DC 154 93 664 407 1,230 I 822 I 12.1

Dreamy Draw 129DC 141 119 416 320 852 I 719 I 12.4

Northern Avenue 13IDC 95 I 60 I 459 I 306 I 900 I 659 I 12.1



• •
TABLE 4

Future Peak Discharges
At ACnC (CFS)

•

Cudia City Wash 107DC 716 726 2,899 2,557 5,412 5,750 I 12.3

Taward Wash llODC 82 53 249 149 483 320 12.1

Stanford Drive Wash I 12DC 170 101 644 445 1,479 1,184 12.1

Cunningham Wash 113DC 137 82 517 279 914 551 12.1

Biltmore 115DC 116 69 519 203 1,274 738 12.1

Treatment Plant 116DC 214 110 493 250 781 440 12;0

Marvland Avenue 117DC 56 23 348 162 645 355 12.1

Flynn Lane Wash 121DC 148 88 608 372 1,152 811 . 12.1

Myrtle Avenue Wash 124DC 141 75 532 338 1,146 I 825 I 12.3

Dreamy Draw East 126DC 183 114 730 432 1,358 I 902 I 12.1

Dreamy Draw . 129DC 140 129 422 330 897 I 759 I 12.3

Northern Avenue 13IDC 123 ' 79 . 504 331 966 I 699 I 12.1



•
TABLE 5

Comparison of lOo-Year Peak Discharges
with Previous Studies

:.

Cudia Ci Wash 4.82 5,750 4.91 6,800 4.91 6,540

Stanford Drive Wash 1.17 1,479 1.38 2,400

FI nn Lane Wash 1.04 1,152 1.10 1,900

M rtleAvenue Wash 0.80 1,146 1.18 2,300

Dream Draw East 0.68 1,358

Dream Draw 2.07 897 3.08 1,300

Northern Avenue 0.98 966
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ACDC AT 36TH STREET

•
ACDC AT 36TH STREET

CUDIA CITY WASH BASIN

FCD GAGE ID# 4808

STATION DESCRIPTION

Page 1 of 2

LOCATION - This gage is located on the left bank of the sediment pool where Cudia City Wash enters the Arizona Canal
Diversion Channel (ACOC) (start of ACDC.) The gage is northwest of the intersection of Camelback Road and 40th
Street. Latitude N33 30 09; Longitude W112 00 00. Located in SE1/4 SE1/4 S13 T2N R3E in the Sunnyslope 7.5-minute
USGS quad map.

ESTABLISHMENT - The gage was installed on February 24, 1994.

DRAINAGE AREA - 4.82 mi2

GAGE - The gage is a pressure transducer type instrument with the diaphragm at 0.12 feet gage height relative to the
culvert invert of the low flow sediment basin outlet at 0.00 feet gage height, levels of December 26, 1996.

The staff gage reads in gage height.

Two crest gages are on site.

CSG#1 (Lower) has pin elevation 1.98 feet gage height.

eSG#2 (Upper) has pin elevation 6.03 feet gage height.

HISTORY - Pressure transducer installed February 24, 1994. Two crest stage gages and 0-5 foot enamel staff plate
installed March 1997.

REFERENCE MARKS

RM1 - brass tablet, COE Cudia #3, on north bank of basin. Elevation 1,251.58 feet MSL or 15.63 feet gage height.

RP1 - Culvert invert has elevation 1,235.95 feet MSL, or gage height 0.00 feet. (Design has invert at 1,236.00 feet.)

CHANNEL AND CONTROL - The control is a 36-inch pipe up to gage height 7.00 feet where flow begins over a 200-foot
wide relatively sharp weir.

RATING - The current rating is Rating #1 and is dated February 24, 1994. The rating is a combination of an HY8 culvert
analysis for culvert flows and weir equation solution for flow over the weir.

DISCHARGE MEASUREMENTS -

Very difficult and dangerous for most or all flows.

POINT OF ZERO FLOW - The PZF is the invert of the culvert outlet at gage height 0.00 feet.

FLOODS - A peak discharge of 324 cfs occurred on July 14, 1999.

eEGULATION - The sediment basin regulates flows of Cudia City Wash.

DIVERSIONS - None known

http://156.42.96.39/alert/Flow/sd_4808.htm 12/6/2001



ACDC AT 36TH STREET

ACCURACY - Fair - weir equation in question. Verification with measurement if possible .

• USTIFICATION - Monitor inflows in the upper ACDC.

UPDATE February 7, 2000

DE Gardner

•

•
http://156.42.96.39/alert/Flow/sd_4808.htm

Page 2 of 2

12/6/2001
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SITE:

•

•

SITE: ACDC AT 36TH STREET

GAGE ID: 4808

Page 1 of 3

•

Gage is located on the north bank of the Arizona Canal Diversion Channel just northwest of
the intersection of Peoria and 43rd Avenues.

SELECT ANY OF THE FOLLOWING FOR ADDITIONAL INFORMA TION:

FOR CURRENT CONDITIONS CLICK HERE

STATION DESCRIPTION

RATING CURVE

RATING TABLE (Adobe PDF format)

.6A..SIN CAPACITY INFORMATION (Adobe PDF format)

GAGE CROSS SECTION PLOT

SITE DATA

II DRAINAGE AREA II II
http://156.42.96.39/alertIFlow/pg_4808.htm 12/612001



SITE:

•

•

•

Page 2 of 3

4.82 MI2

JURISDICTION PHOENIX, ARIZONA

WATERSHED I ACDC

SECTIONfTOWNSHIP/RANGE SE1/4 SE1/4 S13 T2N R3E

LATITUDE N 33 30 09

LONGITUDE W 112 00 00

USGS QUAD MAP SUNNYSLOPE 7.5-MINUTE

INSTALLATION DATE II FEBRUARY 24,1994

STAGE GAGE TYPE II PRESSURE TRANSDUCER

STAFF GAGE II ONE

CREST STAGE GAGE II TWO

STAGE GAGE ELEVATION II 0.12 FEET GAGE HEIGHT I
POINT OF ZERO FLOW II 0.00 FEET GAGE HEIGHT I
MAXIMUM FLOOD II 324 CFS " 7.67 FEET G.H. II JULY 14, 19991

RATING INFORMATION

I RATING TABLE I
CURRENT RATING NUMBER 1, DATED FEBRUARY 24, 1994

GAGE HEIGHT DISCHARGE GAGE HEIGHT DISCHARGE

(FEET) (CFS) (FEET) (CFS)

0.00 0 10.00 3,094

5.00 62 11.00 4,720

7.00 80 12.00 6,565

8.00 660 12.90 8,392

9.00 1,720

WATER YEAR PEAKS

Water Year Peak Peak Date of Peak

Gage Height (feet) Discharge (cfs)

I 2002 II II II I
i Ii Ii Ii i

http://156.42.96.39/alert/Flow/pg_4808.htm 12/6/2001



SITE: Page 3 of 3

2001 1.02
II

7 II 10/27/00

• 2000 0.89
II

6 II 3/6/00

1999 7.67 II 324 II 7/14/99

1998 2.00 II 19 3/26/98

1997 1.02 II 7 9/12/97

1996 II 1.23 9 11/1/95

1995 II 1.60 13 9/28/95

1994 II 1.20 9 3/19/94

FLOOD EVENT PEAKS

CLICK HERE to download a *.pdf (Adobe Acrobat) file containing all daily mean totals for this
station.

Water YearEvent Date
II

Peak Discharge (cfs)

=========~:======

II
=====S=E=E=====IIi=====A=B=O=V=E===~Ii=====T=A=B=L=E====

II II

•
CREST STAGE GAGE INFORMATION

CREST GAGE
NUMBER

PIN ELEVATION

(FEET, GAGE
HEIGHT)

CREST GAGE

NUMBER

PIN ELEVATION

(FEET, GAGE
HEIGHT)

===1=(L=O=W=E=R=)=~IIr====1=.9=8===II===2=(=UP=P=E=R=)=="====6.=03====:I

" II "
STAFF GAGE INFORMATION

0.000-5 FEET

=ST=A=F=F=G=A=G=E=R=A=N=G=E=:r===L=O=W=P=O=I=N=T==II=======LO=C=A=T=I=O=N=======

IIi======I1=======

•
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SECTION 3: HYDROLOGIC. ANALYSIS

3.1 METHOD DESCRIPTION

The hydrologic methodology incorporated in the White Tanks/Agua Fria Area Drainage
Master Study (ADMS) utilizes the new ttHydrologic Design Manual for Maricopa County,
Arizona" dated April, 1990. This manual is a comprehensive compilation of technical
procedures for the estimation of rainfall-runoff which is used for the purpose of
designing and analyzing drainage facilities in Maricopa County.

Hydrologic parameters were calculated for each subbasin within the study area. The
WLB Group, Inc. created a worksheet utilizing the Lotus 1-2-3 program in which
subbasin parameters; such as flow length, slope, land use, soil type, vegetative cover,
and soil moisture condition, were used to calculate average Green-Ampt loss rate
parameters and lag time for each subbasin. These values were then input into a
computer program supplied by the Flood Control District of Maricopa County (FCDMC)
called MCUHP2 (Maricopa County Unit Hydrograph Procedure 2) dated October 2, 1990.
This program calculates unit hydrographs based on the U.S. Army Corps of EngineersS
graphs that were developed for the Phoenix Area. The program also creates HEC-1
input files that can be utilized within the HEC-1 Flood Hydrograph Package computer
program created by the U.S. Army Corps of Engineer's Hydrologic Engineering Center.
The HEC-l program used for this study was the June 1, 1988 version and was acquired
directly from the U.S. Army Corps of Engineers Hydrologic Engineering Center.

3.2 PARAMETER ESTIMATION

Due to the large amount of base data generated by this Area Drainage Master Study,
separate notebooks for each physical parameter calculated are supplied as appendices to
this report and will be referred to when discussing each parameter calculated.

3.2.1 Drainage Area Boundaries

The drainage area for the White Tanks/Agua<Fria ADMS is approximately 220 square
miles with apprOXimately 2/3 of the watershed draining to the Gila River and 1/3 of the
watershed draining to the Agua Fria River. The drainage area is bounded on the north
by McMicken Dam and Grand Avenue; on the east by the Agua Fria River; on the south
by the Gila River; and on the west by Dean Road and the White Tank Mountains.
Several incorporated communities are located within the study area including the Cities
of Avondale, EI Mirage, Goodyear, Litchfield Park, and SW'Prise; the Town of Buckeye;
Luke Air Force Base; and strip annexed areas of the Cities of Glendale and Phoenix.



.Prominent features located within the drainage area are the White Tank Mountains~

White Tanks Flood Retarding Structures #3 and #4~ Interstate 10, interim Estrella
Freeway, Atchison Topeka and Santa Fe Railroad, Southern Pacific Railroad, Airline
Canal, Buckeye Canal, Beardsley Canal, Roosevelt Irrigation District ·Canal, Litchfield
Park Detention Facility, Dysart Drain, Tuthill Dike, Bullard Wash, Caterpillar Proving
Grounds, Case Proving Grounds, White Tank Mountain Regional Park, Agua Fria River,
and Gila River. (Refer to the attached 11" x 17" Study Area Map.)

Subbasins were delineated using 1" =400', 2-foot contour interval topographic mapping
developed for this study by Cooper Aerial and Western Air Maps. Also, aerial
photographs were used and field reconnaissance trips were taken to determine subbasin
boundaries that .were not readily apparent on the maps. Points of concentration that
were of particular interest were also used to define subbasin boundaries. Refer to the
following 11" x 17" Drainage Area Map. AI" =4000' Drainage Area Map is also
provided with the hardcopy of the HEC-l model located in Appendix C under separate
cover.
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3.2.2 Physical Parameters

3.2.2.1 Unit Hydrograph Calculation: The Phoenix Valley 5-graph was
incorporated per instructions from the FCDMC to calculate unit hydrographs for use
within the HEC-l model. This, along with the use of Green-Amptloss rate parameters,
forms the basis for calculating runoff hydrographs for each subbasin throughout the
watershed. The Phoenix Valley 5-graph was selected based on the criteria of being
applied to a large, mostly undeveloped watershed. The majority of the watershed is in
agricultural uses with a lesser degree of desert and mountainous terrain and even fewer
areas of urban development.

The Phoenix VaHey 5-graph was developed by the U.S. Army Corps of Engineers and can
be found in "New River and Phoenix City Streams, Arizona, Design Memorandum No.2,
Hydrology, Part 1", U.S. Army Corps of Engineers, Los Angeles District, October, 1974.

The MCUHP2 program uses the Phoenix Valley 5-gi-aph to calculate unit hydrographs.
Input-requIrements for MCUHP2 include basin area, basin lag, and Green-Ampt loss
rates.

A number of variables are involved in calculating loss-rate parameters for the Green
Ampt method. The "Hydrologic Design Manual for Maricopa County" describes the
steps involved in calculating these parameters and this manual is available from the
Flood Control District of Maricopa County upon request. It would be repetitive and
cumbersome to relate all of the details involved in this procedure and it is left up to the
individual to acquaint themselves with this methodology and to refer to the manual
during the following description of procedures if the reader is not familiar with them.

The WLB Group, Inc. created a Lotus 1-:-2-3 worksheet to help reduce the amount of
hand calculations involved in developing the input parameters for MCUHP2. The
FCDMC has recently updated this worksheet and now includes it with the new
Hydrologic Design Manual for use by its consultants. The following steps wer~ utilized
within the worksheet to calculate basin lag time and average Green-Ampt loss rate
parameters within each subbasin.

1. Measure flow path length and calculate elevation difference. This may be
broken down into incremental elements representing areas of the same
hydrologic properties and basin slopes.

2. The representative slope is then calculated according to the following formulas:

I =(Li3 + HO·S , where i = 1, 2, 3, ..•.n

and

LI' LZ' L3, etc. Incremental Lengths Along the Longest Flow
Path, Miles
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•
3.

HI' H2, H3, etc. Incremental Elevation Differences for Each
Length, Feet

and representative slope is then calculated from:

Avg. S = (L + 1)2 ft/mi

where

L = Total Length of the Longest Flow Path
I =Value From Previous Formula

This average slope formula will take into account differences within a
watershed due to varying topographic situations and varying slopes. This
formula was taken from the "Hydrology Manual for Engineering Design and
Floodplain Management Within Pima County, Arizona". It should be noted that
"I" and "s" are usually calculated in feet and feet/feet respectively. But for
this study Li was computed in miles and, therefore, S is in feet/mile for use in
the lag equation that follows.

The lag for each subbasin is then calculated based on a formula created by the
u.s. Army Corps of Engineers~(1974):

Lag = 1.2 (L * Lca + SI/2)0.38

where

L =Length of Longest Watercourse, miles
Lca = Length Along Longest Watercourse, Measured Upstream to a

Point Opposite the Center of the Area, miles
S =Overall Average Slope of Longest Watercourse Between Headwater

and Collection Point, ft/mile

Note: To obtain the Lag (in hours) for any area, multiply the lag obtained from
the formula by iiI.050 or 205.

5 =Visually Estimated Mean of the N (Manning's Formula) Values
of all the Channels Within an Area
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4. The land use classification is then chosen along with an estimated percentage of

vegetative cover and percentage of impervious areas. If the impervious areas
are noncontiguous and undeveloped, only 50% of that impervious area is used for
calculation purposes as directed by the Flood Control District of Maricopa
County.
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Aerial photographs were used along with zoning maps to help classify areas of
differing land uses. (See the attached 11" x 17" Current Land Use and Zoning
Map.) The aerial photographs· also helped to define the percentage of
vegetative cover in an area. Field investigation, along with numerous
photographs, also help document this procedure. (See Appendix 0 for typIcal
photographs of the area.)

The soil moIsture condition for the calculation of DTHETA, and the surface. . ,

retention loss, lA, are based upon the land use type. For instance, irrigated
agricultural land is assumed to be in a saturated condition with a corresponding
surface retention loss of 0.50 inches, residential land is assumed to be in a
normal moisture condition with a corresponding surface retention loss of 0.12
inches, and desert land is assumed to be in a dry condition with a corresponding
surface retention loss of 0.35 inches. These parameters were directed by the

. Flood Control District of Maricopa County. Refer to the "Hydrologic Design
Manual for Maricopa County" for a more indepth discussion of DTHETA.

The rate of hydraulic conductivity to bare ground hydraulic conductivity, CK, is
also a function of the percent of vegetative cover. This value was calculated as
an average value for each subbasin. Refer to Fig. 4.10 in the "Hydrologic
Design Manual for Maricopa County" and to Appendix E, Volume 6 of 15 for
examples of the parameter averaging.
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5. The next step was to planimeter areas of distinct soil classification within each

subbasin and input the percentage of area for each soil group into the
worksheet. This was accomplished by using Soil Conservation Service soil
survey maps created for Maricopa County. Subbasins- were transposed on these
maps and distinct soil classification areas were then planimetered. Each soil
group has distinct values associated with it for calculation of the Green-Ampt
loss rate parameters. These parameters are then averaged based upon the
percentage of different soil cl8ssifi~ations within each: subbasin. Refer to
Appendix E, Volume 6 of 15, to see how parameter averaging is performed. The
following 11" x 17" Hydrologic Soil Group Map shows locations of various types
of hydrologic soil groups within the study area•.
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6. The average loss rate values, along with basin area and lag time, are then used
as input into the FCDMC's computer program MCUHP2 to calculate a unit
hydrograph for the HEC-l model. This was done for each subbasin within the
watershed; the corresponding 5-graph Parameter sheets for each subbasin are
included under separate cover in Appendix E. This appendix also includes a copy
of the Soil Loss Rate Tables used in this study. A copy of the MCUHP2 input
data as backup documentation to verify that the data was input correctly is
located in Appendix F under separate cover.

3.2.2.2 Channel Routing: Channel routing throughout the watershed was
accomplished by using the normal depth (modified PuIs) routing procedure as outlined in
HEC-l. This method utilizes an eight point typical cross section along with an average
channel slope, channel length and typical Manning's n-values. The 1" =400', 2-foot
contour interval topographic mapping was incorporated to determine typical cross
sections and channel geometry.

Two iterations of the HEC-l model were run to- calCulate velocities in each routing
reach. Initially, velocities were assumed for each routing reach within the watershed.
After this initial model had been run, normal depth computations were performed to
estimate velocity for each routing reach utilizing the computed discharges. The
velocity estimates were based on a trapezoidal channel shape with an average Manning's
n-value for the cross section•. The resulting velocity estimates were then used to 
compute the number of steps for each channel routing reach. The number of steps was
set equal to (reach length + (average velocity x time interval)). The second iteration of
the HEC-l model was then run to produce the final discharges used in this study.
Channel routing parameters are located in Appendix G and Velocity Calculations are
located in Appendix H. Both of these appendices are under separate cover.
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3.2.2.3 Stage-Storage Discharge Parameters: Stage-storage-discharge tables
were created to model the numerous ponding areas located throughout the watershed.
These areas are typically comprised of portdingbehind structures such as dams, roadway
embankments, railroad embankments or canal banks. Outfalls from these ponding areas
include culverts, bridges, and weir flow over the top of the embankment. A list of
existing drainage structures is located in Appendix I under separate cover and can also
be found in the HEC-I input documentation•.

Ponding areas were identified using the 1" =400' topographic mapping. The stage
storage data was computed by planimetering areas between adjacent contours and
computing average volumes associated with that area and depth.

Bureau of Public Roads culvert charts were incorporated to calculate outflow from
ponding areas where appropriate. The weir flow equation was used when flow
overtopped an embankment or overtopped a particular impoundment. Stage-Storage
Discharge tables can be found in Appendix I under separate cover.

3.2.2.4 Diversions: Numerous diversion tables were also incorporated
throughout the watershed. This was due to the fact that a majority of the watershed is
fairly flat with no well defined channels to contain the runoff. Consequently, flooding
in the study area is characterized by wide, shallow flow paths which are easily diverted
along man-made obstructions, such as railroads and irrigation canals.

Agriculture is the predominant practice throughout this area and fields are separated
by major mile, half-mile, and farm access roadways~ These roadways, along with
irrigation canals, tend to pond water at the southeastern corner of the fields. From this
point, flows break Over the intersection of the two roads and will either continue east
at the capacity of that particular road, flow overland to the southeast spreading out
into another agricultural field, or flow south at the capacity of that road. It is not
uncommon to have a three-way split at these locations.

These types of diversions were calculated by taking a cross section upstream along the
centerline of each major road and computing weir flow as it applies to each diversion.

A second type of diversion, using the same cross section method along the centerline of
the road, was to model the flow with a normal depth calculation. This was used when
weir flow was not applicable at an intersection.

The third type of diversion usually involved a culvert analysis. If an embankment was
present and the culvert capacity was exceeded, a diversion would take place above a
certain limiting elevation. This diversion was calculated using either weir flow or
normal depth methodology depending on the situation.
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Finally, the fourth type of diverSion would take place at a canal bank. Diversions were
calculated by weir flow if the flow was to cross over the top of the canal bank and
continue downstream or by normal depth methods if the flow was diverted along the
upstream bank of the canal. Diversion tables can be found in Appendix I, under
separate cover, and the Drainage Area Map identifies where diversions take place in the
watershed. Each diversion is distinctly labeled except for the diverts associated with
subbasins 43 and 43-1 through 43-8 - where space limitations on the Drainage Area Map
required their exclusion. Refer to the exhibit on the following page for an enlargement
of this area.

3.2.2.5 Hydrograph Combinations: The HEC-l model for the White Tanks!Agua
Fria ADMS was set up so that the area associated with each hydrograph combination
was directly input i~to the model. The criteria to be followed, as directed by the
FCDMC, was to hand calculate the total area that would be contributing to any given
concentration point. Diversions were assumed to be contributing the whole area to the
next concentration point, therefore, the corresponding area assigned to each
concentration point would correspond to the total area of all subbasins that drain, either
partially or fully to that point. The calculated areas were checked thoroughly by the
FCDMC and concurrence was reached for the areas submitted on the HEC-l moqel.
This procedure was undertaken because the HEC-l model assigns an area of zero to the
diverts and carries that area, to the next concentration point.' Because rainfall depth
decreases with increases in drainage area, the zero area associated with the diverts
would" in some instances, result in overestimating peak discharges.

3.2.2.6 Manning's N-Value Documentation: Manning's n-value detenninations
for subbasins and routing reaches within the watershed were made based on field
reconnaissance, aerial photographs, picture documentation, and sound engineering
judgement. Typical "n" values were designated for agricultural areas, n = .12, and urban
areas, n = .03, and these values were mutually agreed upon by The WLB Group and the
FCDMC. Desert and mountainous areas have varying "n" values ranging from .03 to .20
and were incorporated based on the hydrologic conditions of that subbasin. Picture
documentation of typical basin "n" values and channel and overbank "n" values are
presented in Appendix D, Under separate cover.

3.2.3 Statistical Parameters

No statistical analysis was performed with the White Tanks!Agua Fria ADMS as stream
gage data is not available in this area.

It should be pointed out, however, that the Phoenix Valley 8-graph used to compute the
unit hydrographs is based on a statistical analysis of streamflow in and around Maricopa
County (U.S. Army Corps of Engineer, 1974). .
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3.2.4 Precipitation

Precipitation data for the White Tanks/Agua Fria ADMS was developed from criteria as
presented in the "Hydrologic Design Manual for Maricopa County". Initially, The WLB
Group was instructed to use the IOO-year, 6-hour storm to compute peak discharges.
This, along with a new depth-area reduction curve designed for Maricopa County and 6
hour rainfall distribution patterns based upon drainage area, was incorporated into the
IOO-year model.

Sensitivity analyses were then run and tested against the IOO-year, 24-hour stonn. The
24-hour storm gave larger peak discharges as the area contributing to a watercourse
increased. These discharges also increased uniformly downstream, whereas, the 6-hour
storm did not.

The 6-hour storm produced larger peak flows for smaller watersheds (approximately .5
square miles or less), but, as the size of the area increased, the peak flows would, in
some cases, decrease in a downstream direction. This was due to the sharp increase in
rainfall intensity associated with the rainfall distribution patterns for small drainage

. areas. This discrepancy was the reason that the IOO-year, 24-hour storm was chosen to
model the watershed and to ultimately delineate the IOO-year floodplains.

Precipitation amounts were developed for different return periods and frequency stonns
us!ng the procedUre stated in the "Precipitation-Frequency Atlas of the Western United
States, Volume VIII - Arizona, NOAA Atlas 2," published by the National Weather
Service's National Oceanic and Atmospheric Administration. This data is presented in
Appendix A in the back of thiS report. Depth-area reduction of point rainfall was also
taken from a graph in NOAA Atlas 2 since the 24-hour storm was used, and the Soil
Conservation Service Type II rainfall distribution pattern was used to distribute the
rainfall data accordingly.

3.2.5 Gage Data

No stream gages are located in the study area.

3.3 CALlBRATION

Due to the lack of stream gages or precipitation data in the study area, it is difficult to
calibrate peak discharges computed in the HEC-I model. However, a few previous
studies have been performed on an isolated basis in different areas of the watershed.
The new discharges were compared to the previous values to ascertain whether the
results seemed reasonable. The reports and hydraulic analyses that WLB compared its
results to are listed as follows:



• 1. "A Hydrologic Analysis of the White Tanks Flood Retarding Structures #3 and
#4", by the Flood Control District of Maricopa County (FCD), October, 1989

. INPUT PARAMETER COMPARISONS
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Hydrologic Parameters
Storm Frequency and Duration
Rainfall Amount
Tabulation Interval
Loss Rate
Distribution Pattern
Areal Distribution
Hydrograph Development

Routing Method

WLB
100-Year, 24-Hour
4.03 In.
5-Minute
Green-Ampt
SCS Type II
NOAA Atlas II
COE Phoenix Valley
5-Graph

Normal Depth

FCD
100-Year, 24-Hour
4.20 In.
I5-Minute
SCS Curve Number
SCS Type II
None
COE Phoenix
Mountain 5-Graph
SCS Unit
Hydrograph
Normal Depth
Kinematic Wave

COMPARISON OF DISCHARGES

Location
Inflow to White Tanks
F.R.S. #3

Inflow to White Tanks
F.R.S. #4

WLB
6649

6026

Discharges. CFS
FCD
7640

5830'

These discharges are reasonably close and the differences may be attributed to FCD's
rainfall amount of 4.20 inches versus WLB's amount of 4.0 inches. Also, FeD used the
SCS Curve Number Loss Rate while WLB incorporated the FCD's new methodology
which incorporates Green-Ampt loss rate parameters. Also, a 15 minute time interval
was used in the FCD study while a 5 minute time interval was utilized in this study.

2. "Conceptual Drainage Report for Litchfield Park Detention Facility", by Coe
and Van Loo, June, 1989.

3. "Flow Estimation to Camelback and Dysart Roads", by Boyle Engineering
Corporation, April, 1988.



• 4. "Hydrologic Evalu~tion, Litchfield Park Dam, Maricopa County, Arizona", by
Dames & Moore, January 1986.

INPUT PARAMETER COMPARISONS
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Hydrologic Parameters
Storm Frequency & Duration
Rainfall Amount
Tabulation Interval
Loss Rate
Distribution Pattern
Aerial Distribution
Hydrograph Development

Routing Method

WLB eVL
100/24 100/24
4.03 In. 3.75 In.
5-Min. 10~Min.

Green-Ampt SCS Curve
SCS Type II SCS Type II
NOAA At. II None
COE Phx.SCS Unit
Valley 8-Gr Hydrograph
Norm. Depth Kinematic

Boyle
100/24
3.77 In.
15-Min.
ses Curve
SCS Type II
None
ses Unit
Hydrograph
Kinematic

D&M
100/24
3.90 In.
N/A
SCS Curve
SCS Type II
N/A
N/A

N/A

COMPARISON OF.PEAK DISCHARGES

Again, these differences can be attributed to modeling techniques and WLB performed a
HEC-2 analysis on Dysart Drain to better approximate the actual capacity of this
facility and the corresponding breakout flows. Also, WLB had 1" = 400', 2-foot contour
interval mapping to better estimate diversions and to delineate the watershed with
greater precision.

At Camelback and Dysart Road 1049•
Location
At Litchfield Park
Detention Facility

WLB
959

CVL
769

953

Boyle
525

717

D&M
1031

960

5. "Conceptual Master Drainage Report for Litchfield Park Development Master
Plan", by Coe & Van Loo, September 1989.

6. "Arizona Department of Transportation Interstate 10 Plans, Ehrenberg 
Phoenix, Maricopa County 1-10-2(34)," September 19, 1985.



INPUT PARAMETER COMPARISONS• Hydrologic Parameters
Storm Frequency and Duration
Rainfall Amount
Tabulation Interval
Loss Rate
Distribution Pattern
Areal Distribution
Hydrograph Development

Routing Method,

·WLB
100/24
4.03 In.
5-Minute
Green-Ampt
SCS Type II
NOAA Atlas II
COE Pbx. Valley
S-Graph
Normal Depth

CVL
100/6
3.15 In.
10-Minute
SCS Curve #
SCS Type II
None
SCS Unit
.Hydrograph
Kinematic Wave

ADOT
100/3·
2.92 In.
N/A
SCS Curve #
N/A
None
SCS: Part II

N/A
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COMPARISON OF DISCHARGES

. Location CVL WLB ADOT
At Reems Road & Northern Ave. 1001 2347
Divert E. at. Reems Rd. & 300 812

Northern Ave.
Remainder Flow to the S. at 701 1536

Reems Road and Northern Ave.
At Camelback Road and Bullard Wash 2941 4243(. At RID Canal and Bullard Wash 3585 4703
At Bullard Wash and 1-10 * 5319 Upstream 5000 Upstream

4450 Downstream
At RID Canal and 1-10 1347 826

* Not Computed

The differences here are attributed to different storm durations and associated rainfall
amounts, different subbasin divisions, a more intense scrutiny of diversions throughout
the watershed, a HEC-2 analysis of Dysart Drain, and use of 1" =400', 2-foot contour
interval mapping over the entire watershed.

A number of sensitivity analyses were also performed to test the assumptions of
hydrologic moisture condition and vegetation cover in the agricultural areas. Models
were developed assuming fallow field (not planted) with the three different soil
moisture conditions - saturated, normal and dry. These three moisture conditions were
also used with a fully vegetated condition model. After reviewing these analyses, the
FCDMC directed us to use the fully vegetated field in a saturated condition for
agricultural areas in the watershed. It was understood that some areas would be fallow
in a dry condition, vegetated in a normal or dry condition, etc., but the directed
assumption gives an aVerage condition without being too conservative or too under
conservative.
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Also, an analysis was perfonned to detennine if the numerous small agricultural
reservoirs in the study area should be incorporated in the model. A typical agricultural
reservoir was modeled and the results convinced the FCDMC that the storage would be .
filled during the early part of the stonn before the peak arrived, therefore, these
reservoirs would not be modeled. Another factor in the decision to not include the
reservoirs is that there is no guarantee that they would not be filled in by the farmer or
filled with sediment during the stonn.

3.4 SPECIAL PROBLEMS/SOLUTIONS

The very nature of the watershed in the White Tanks/Agua Fria ADMS, with vastly
differing hydrologic elements, tends to lead to modeling problems.

Initially, the watershed was separated into the following four distinct regions.

1. Watershed draining to White Tanks Flood Retarding Structure #3.
2. Watershed draining to White Tanks Flood Retarding Structure #4.
3. Watershed north of Dysart Drain and Northern Avenue.
4. Watershed south of Dysart Drain and Northern Avenue:

This was done to facilitate the FCDMC's revi~w process and to allow the WLB Group to
work on different reg,ions while one was in for review.

This worked reasonably well as volumes of base data were generated in this study. The
model was then joined together to create one complete hydrologic model of the entire
watershed.

Two future conditions were assumed to be in place for the existing condition model.
These assumptionS were. that the interim Estrella Freeway ~nd Camelback Channel
would be in place by the time the study was finished. The interim Estrella Freeway was
assumed to collect flows along the west side of the roadway and pass these flows
through at either at grade crossings or under the road in culvert crossings. For ease of
modeling these were assumed to take place at major mile intersections although some
flows may cross over or under at various locations between the intersections. The
reason this assumption was made was based on the fact that these' flows would
eventually collect at the next major mile intersection to the southeast as overland flows
naturally collect there now. This assumption was also used along the railroad at Cotton
Lane.

The Colter Street Channel will be built by the Maricopa County Department of
Transportation along an alignment of Coter Street which is approximately 1/4 mile
north of Camelback Road. A Camelback Road alignment was assumed for this HEC-l
analysis which results in slightly larger flows, but does not compromise the integrity of
the model. Flows will be collected in the channel from Litchfield Road and along
inflow points to the east and are then conveyed to the Agua Fria River.
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The Dysart Drain (also known as the Luke Air Force BaseOrainage Channel) is located
north and east of Luke Air Force Base and was modeled by a HEC-2 split flow analysis.
Subsequent breakout flows were then incorporated into the HEC-I model. Many
iterations were required for this analysis to compute final diversion tables for the HEC
I model.

To make the HEC-I model a complete unit, it was necessary to route flows around the
edge of the watershed in the Agua Fria River and Gila River. Since these are both very
wide rivers, the assumption was made to route flows in a 1000 foot wide trapezoidal
channel with representative Manning's n-values. The calculated flows are insignificant
in comparison to the 100-year flow on the Agua Fria River and the Gila River.

As mentioned previously in this report, numerous diversions and ponding areas were
modeled in the White Tank/Agua Fria ADMS. The procedures for modeling these areas
are described in section 3.2.2. Of special note are the diversions located at the
intersections of Olive Avenue and Beardsley Canal and Northern Avenue and Beardsley
Canal. These diversions were modeled previously by the FCDMC in a report entitled "A
Hydrologic Analysis of The White Tanks F.R.s #3 & #4". This data was incorpqrated in
the HEC-I model and into the subsequent HEC-2 analysis.

3.5 FINAL RESULTS/COMPUTER MODEL

The final results of the HEC-l model are presented In numerical order in the Runoff
Summary on the following pages. This is the same Runoff Summary generated by the
HEC-l model but it has been rearranged into numerical order for ease of locating
discharges. Final output for the HEC-l model is located in Appendix C, under separate
cover, and another copy of the numerical Runoff Summary is included as well.

Four operations are shown in the Runoff Summary. These are respectively:

A) Runoff hydrographs for each subbasin.
B) Intermediate and final concentration points for combined hydrographs.
C) Diversion hydrographs.
D) Storage routing routines through reservoirs or ponding areas.

Routed flow discharges and returned diversion flows are not shown in this table. The
HEC-l output should be referred to if these discharges are required.

A note about the naming sequence of different operations in the HEC-l model. Runoff
hydrographs are designated as a number, combinations of niunbers, or combinations of
numbers and letters, ie, 41, 41-1, 4lAl.
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Final concentration points have the designation CP followed by the water,shed number
where that particular concentration point is located. Intermediate concentration points
are designated as IlCP or 11, 21, etc; again, followed by the subbasin number.
Concentration points combined in the Agua Fria or Gila River are designated as RCP
followed by the subbasin number• It should also be mentioned here that routings in the
river reaches are designated as RR standing for river route.

Diversions are designated by D, 01, ID, 2D, etc.- Storage routing through ponding areas
or reservoirs is designated by SR with the one exception being the storage routine
behind WT#4 which was inadvertently called RS47. Otherwise, these naming schemes
stay consistent throughout the model.

Due to the nature and differing hydrologic regions of the watershed, it is difficult to
put the model together in a systematic order. The model, therefore, is very complex
and difficult to foHow. A HEC-l Key Map was created that breaks out the order ill
which the model was created. Distinct groups of subbasins make up a hydrologic area
that drains to a common concentrationpoint. These areas are numbered and have a
corresponding tab in the HEC-l output hardcopy so that it is easier to identify certain
areas within the model that are of particular interest. The key map is located in the
front of Appendix C where the HEC-l hardcopy is located.
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RUNOFF SlM1ARY 205
FLOW IN OJBIC FEET PER SECONO

TIME IN HOURS, AREA IN SQUARE MILES
PEAK TIME OF AVERAGE FLOW FOR MAXI!'U1 PERIOD BASIN MAXIMlJ'I TIME OF

• OPERATION STATION FLOW PEAK AREA STAGE MAX STAGE
6-HOUR 24-HOUR 72-HOOR

1 HYOROORAPH AT 1 1342. 12.SO 175. SO. 48. 1.94
2 HYDROORAPH AT 2 1174. 12.75 206. 58. 56. 1.82
3 HYDROORAPH AT 3 828. 12.33 83. 21. 20. .81
4 HYOROORAPH AT 3A 296. 12.33 29. 7. 7. .29
5 HYOROORAPH AT 4 339. 12.25 26. 7. 6. .30
6 HYOROORAPH AT 5 716. 12.25 65. 18. 18. .72
7 HYDROORAPH AT 6 591. 12.08 41. 12. 11. .45
8 HYDROORAPH AT 7 390. 12.08 28. 8. 8. .31
9 HYDROORAPH AT 8 704. 12.33 73. 21. 20. .81

10 HYOROORAPH AT 9 1096. 12.42 127. 36. 35. 1.40
11 HYOROORAPH AT 10 1173. 12.75 201. 52. SO. 2.02
12 HYOROORAPH AT 11 1313. 12.SO 165. 44. 43. 1.56
13 HYOROORAPH AT 12 1149. 12.58 156. 40. 39. 1.38
14 HYDROGRAPH AT 13 1170. 12.42 137. 34. 33. 1.30

15 HYDROORAPH AT 14 1163. 12.33 130. 37. 35. 1.47
'6 HYDROORAPH AT 15 1039. 12.42 117. 32. 30. 1.26
17 HYOROORAPH AT 16 1255. 12.42 155. 43. 41. 1.13
18 HYDROORAPH AT 17 929. 12.25 110. 27. 26. 1.07
19 HYDROORAPH AT 18 923. 12.17 73. 21. 20. .81
20 HYDROORAPH AT 19 622. 12.42 71. 20. 19. .79
21 HYOROORAPH AT 20 861. 12.33 97. 27. 26. 1.07
22 HYDROORAPH AT 21 688. 12.42 74. 20. 19. .79
23 HYOROORAPH AT ,7.2 525. 12.25 SO. 14. 13. .57
24 HYOROORAPH AT 22A 764. 12.25 69. 18. 17. 'SO• 25 HYOROORAPH AT 23 289. 12.08 18. 5. 5. .16
26 HYOROORAPH AT 24 207. 12.25 18. 5. 4. .14
27HYOROORAPH AT 25 SOO. 12.33 SO. 12. 12. .46
28 HYOROORAPH AT 26 943. 12.SO 115. 30. 29. 1. 16
29 HYOROORAPH AT 27 999. 12.42 110. 28. 27. 1.00
30 HYDROGRAPH AT 28 747. 12.SO 89. 22. 22. .86
31 HYDROORAPH AT 29 228. 12.25 18. 5. 4. .22
32 HYDROORAPH AT 30 244. 12.33 21- 5. 5. .28
33 HYDROORAPH AT 31 525. 12.50 63. 16. 15. .71
34 HYDROORAPH AT 32 956. 12.42 117. 33. 32. 1.29
35 HYDROGRAPH AT 33 643. 12.25 59. 17. 16. .65
36 HYDROORAPH AT 34 361. 12.25 33. 9. 9. .36
37 HYDROORAPH AT 35 400. 12.25 35. .10. 10. .39
38 HYDROGRAPH AT 36 193. 12.25 16. 4. 4. .24
39 HYDROGRAPH AT 37 672. 12.42 85. 24. 23. .95
40 HYDROGRAPH AT 38 715. 12.25 64. 17. 17. .76
41 HYDROGRAPH AT 39 588. 12.50 74. 18. 18. .77
42 HYDROGRAPH AT 40 525. 12.25 48. 13. 13. .52
43 HYDROGRAPH AT 41Al 48. 12.00 3. 1. 1. .02
44 HYDROORAPH AT 41A2 60. 12.00 3. 1. 1. .03
45 HYDROGRAPH AT 41A3 69. 12.00 4. 1. 1. .03
46 HYDROGRAPH AT 41A 91 •. 12.08 5. 1. 1. .05
47 HYDROGRAPH AT 41-1 208. 12.17 14. 3. 3. .15
48 HYDROORAPH AT 41-2 143. 12.17 9. 2. 2. .10
49 HYDROGRAPH AT 41 567. 12.42 64. 16. 16. .58(. 50 HYDROGRAPH AT 42 1029. 12.50 131. 33. 32. 1. 18
51 HYDROGRAPH AT 43-1 76. 12.08 5•. 1. 1. .04
52 HYDROORAPH· AT 43-2 19. 12.00 1. O. O. .01
53 HYDROORAPH AT 43-3 107. 12.00 6. 1. 1. .05
54 HYDROORAPH AT 43-4 64. 12.00 3. 1. 1. .03
55 HYDROORAPH AT 43-5 43. 12.00 2. 1. 1. .02
56 HYDROORAPH AT 43-6 45. 12.00 2. 1. 1. .02



RUNOFF.SlHIARY
206FLOW IN CUBIC FEET PER SECOND

TIME IN HOURS, AREA IN SQUARE MILES
PEAK TIME OF AVERAGE FLOW FOR MAXIMUM PERIOD BAsIN MAXIMUM TIME OF

• OPERATION STATION FLOW PEAK AREA STAGE MAX STAGE
6-HOUR 24-HOUR 72-HOUR

57. HYDROGRAPH AT 43-7 45. 12.00 2. 1. 1. .02
58 HYDROGRAPH AT 43-8 23. 12.00 1. O. O. .01
59 HYDROGRAPH AT 43 23 •. 12.00 1. O. O. .01
60 HYDROGRAPH AT 44 300. 12.25 25. 6. 6. .22
61 HYDROGRAPH AT 45-1 143. 12.08 9. 2. 2. .08
62 HYDROGRAPH AT 45 401. 12.42 48. 12. 12. .38
63 HYDROGRAPH AT 46-1 184. 12.25 18. 4. 4. .15
64 HYDROGRAPH AT 46 651. 12.58 94. 24. 23. .85
65 HYDROGRAPH AT WT3 413. 12.50 54. 14. 13. .44

66 HYDROGRAPH AT WT4 997. 12.25 88. 22. 21. .77
67 HYDROGRAPH AT 100 283. 12.58 45. 11. 11. .26

68 HYDROGRAPH AT 100A 212. 12.50 31. 8. 7. .18
69 HYDROGRAPH AT 101 233. 12.25 22. 5. 5. .16
70 HYDROGRAPH AT 102 135. 12.42 17. 4. 4. .10
71 HYDROGRAPH AT lOlA 525. 12.58 73. 18. 18. .51
72 HYDROGRAPH AT 103 286. 12.92 55. 14. 13. .37

73 HYDROGRAPH AT 104 236. 12.17 20. 5. 5. .15
74 HYDROGRAPH AT 105 354. 12.25 34. 9. 8. .21
75 HYDROGRAPH AT 106 871. 12.50 111. 28. 27. .77
76 HYDROGRAPH AT 107 398. 13.08 88. 22. 21. .60
77 HYDROGRAPH AT 108 478. 13.25 117. 29. 28. .79
78 HYOROGRAPH AT 109 536. 13.25 140. 35. 34. ~ .85

79 HYDROGRAPH AT 110 270. 12.83 51. 13. 12. .31
80 HYDROGRAPH AT 111 443. 12.67 71. 18. 17. .SOI. 81 HYDROGRAPH AT 112 534. 13.33 138. 34. 33. .97
82 HYOROGRAPH AT 113 431. 13.08 117. 29. 28. .SO
83 HYDROGRAPH AT 113A 409. 13.08 106. 27. 26. .SO
84 HYDROGRAPH AT 114 326. 13.00 84. 21. 20. .38
85 HYDROGRAPH AT 115 379. 13.08 89. 22. 22. .49
86 HYDROGRAPH AT 116 575. 13.50 166. 41. 40. 1.02
87 HYDROGRAPH AT 117 335. 12.83 63. 17. 16. .41
88 HYDROGRAPH AT 117A 195. 12.83 38. 9. 9. .21
89 HYDROGRAPH AT 118 126. 12.83 23. 6. 6. .15
90 HYDROGRAPH AT 119 600. 13.17 143. 36. 34. .86
91 HYDROGRAPH AT 119A 356. 13.17 91. 23. 22. .47

. 92 HYDROGRAPH AT 120 397. 13.25 106. 27. 26. .54
93 HYDROGRAPH AT 121A 324. 12.92 60. 15. 14. .50
93 HYDROGRAPH AT 121 325. 12.92 60. 15. 14. .SO
94 HYDROGRAPH AT 122 552. 13.33 146. 37. 35. .89
95 HYDROGRAPH AT 123 338. 13.00 74. 18. 18. .44
96 HYDROGRAPH AT 124 355. 13.33 97. 24. 23. .57
97 HYDROGRAPH AT 125 1044. 12.50 134. 33. 32. 1.00
98 HYDROGRAPH AT 126 562. 13.33 146. 36. 35. .95
99 HYDROGRAPH AT 127 469. 12.08 42. 12. 11. .22

100 HYDROGRAPH AT 128 312. 12.92 59. 15. 14. .41
101 HYDROGRAPH AT 129 378. 12.67 61. 16. 15. .43
102 HYDROGRAPH AT 130 647. 13.25 172. 43. 41. 1.00
103 HYDROGRAPH AT 131 355. 13.08 79. 20. 19. .49
104 HYDROGRAPH AT 131A 354. 13.08 79. 20. 19. .49

'. 105 HYDROGRAPH AT 132 271. 13.00 56. 14. 13. .41
106 HYDROGRAPH AT 133 328. 13.08 71. 18. 17. .49
107 HYDROGRAPH AT 134 334. 13.08 73. 18. 18. .SO
108 HYDROGRAPH AT 135 315. 13.17 72. 18. 17. .49
109 HYDROGRAPH AT 136 315. 13.08 69. 17. 17. .46
110 HYDROGRAPH AT 137 307. 13.42 85. 21. 20. .54
11 1 HYDROGRAPH AT 138 587. 13.33 155. 39. 37. 1.00
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207FLOW IN CUBIC FEET PER SECOND

TIME IN HOURS, AREA. IN SQUARE MILES
PEAK TIME OF AVERAGE FLOW FORMAXlfoUol PERIOD BASIN MAXIMl1'l TIME OF(. OPERATION STATION FLOW PEAK AREA STAGE MAX STAGE

6-HOUR 24-HOUR 72-+1OUR
112 HYDROGRAPH AT 139 338. 13.08 77. 19. 19; .47
113 HYDROGRAPH AT 140 194. 12.67 32. 8. 8. .18
114 HYDROGRAPH AT 141 460. 12.33 47. 12. 11- .47
115 HYDROGRAPH AT 141A 202. 12.17 14. 4. 3. .14
116 HYDROGRAPH AT 142 351. 13.00 74. 18. 18•. .51
117 HYDROGRAPH AT 143 354. 13.00 75. 19. 18. .50
118 HYDROGRAPH AT 144 351. 13.00 74. 18. 18. .51
119 HYDROGRAPH AT 145 328. 13.08 72. 18. 17. .48
120 HYDROGRAPH AT 145A 327. 13.08 73. 18. 18. .49
121 HYDROGRAPH AT 146 548. 13.17 130. 33. 31. .90
122 HYDROGRAPH AT 147 342. 13.00 72. 18. 17. .50
123 HYDROGRAPH AT 148 328. 13.00 71. 18. 17. .48
124 HYDROGRAPH AT 149 312. 13.08 68. 17. 16. .48
125 HVDROGRAPH AT 150 193. 12.75 33. S. S. .23
126 HYDROGRAPH AT 151 208. 12.75 36. 9. 9. .25
127 HYDROGRAPH AT 152 264. 12.92 58. 15. 14. .35
128 HYDROGRAPH AT 153 112. 13.33 30. 7. 7. .20
129 HYDROGRAPH AT 154 171. 12.58 26. 7. 6. .17
130 HYDROGRAPH AT 155 250. 12.75 47. 12. 11. .26
131 HYDROGRAPH AT 156 252. 12.75 46. 12. 12. .30
132 HYDROGRAPH AT 156A 508. 12.17 46. 13. 13. .31
133 HYDROGRAPH AT 157 946. 12.58 150. 37. 36. .89
134-HYDROGRAPH AT 158 494. 13.08 108. 29. 28. .97

• 135 HYDROGRAPH AT 158A 114. 13.25 26. 6. 6. .38
( 136 HYDROGRAPH AT 158B 483. 13.00 104. 2B. 27. .67
'. . 137 HYDROGRAPH AT . 158C 105. 12.58 17. 4. 4. .09

13B HYDROGRAPH AT 158D 560. 12.25 55. 15. 15. .37
139 HYDROGRAPH AT 158E 767. 12.17 70. 20. 19. .45
140 HYDROGRAPH AT 159 531. 12.33 51. 13. 12. .58
141 HYDROGRAPH AT 160 432. 12.42 47. 12. 11. .39
142 HYDROGRAPH AT 161 294. 13.00 58. 14. 14. .50
143 HYDROGRAPH AT 162 268. 12.50 34. 8. 8. .25
144 HYDROGRAPH AT 163 551. 12.92 112. 28. 27. .75
145 HYDROGRAPH AT 164 363. 13.08 81. 20. 20. .49
146 HYDROGRAPH AT 164A 365. 13.08 82. 20. 20. .49
147 HYDROGRAPH AT 165 548. 13.25 133. 33. 32. .90
148 HYDROGRAPH AT 166 533. 13.33 142. 36. 34. .98
149 HYDROGRAPH AT 167 528. 13.33 141. 35. 34. .97
150 HYDROGRAPH AT 168 340. 13.17 79. 20. 19. .51
151 HYDROGRAPH AT 169 368. 13.17 89. 22. 21- .51
152 HYDROGRAPH AT 170 301. 12.67 53. 14. 13. .29
153 HYDROGRAPH AT 171 409. 13.42 115. 29. 2B. .70
154 HYDROGRAPH AT 172 122. 12.58 18. 5. 4. .12
155 HYDROGRAPH AT 173 198; 13.00 39. 10. 9. .31
156 HYDROGRAPH AT 173A 191. 12.75 34. 8. 8. .20
157 HYDROGRAPH AT 1738 88. 12.83 14. 4. 3. .20
158 HYDROGRAPH AT 174 612. 12.25 55. 14. 13. .45
159 HYDROGRAPH AT 175 375. 12.25 34. 9. 8. .28
160 HYDROGRAPH AT 175A 362. 12.50 42. 10. 10. .47

.• 161 HYDROGRAPH AT 176 701. 12.42 79. 20. 19. .67
162 HYDROGRAPH AT 176A 378. 13.25 92. 23. 22. .62
163 HYDROGRAPH AT 177 336. 13.08 73. 18. 18. .49
164 HYDROGRAPH AT 177A 334. 13.08 73. 18. 17. .49
165 HYDROGRAPH AT 178 298. 13.08 64. 16. 15. .44
166 HYDROGRAPH AT 179 333. 13.08 76. 19. 18. .46
167 HYDROGRAPH AT 180 574. 13.33 154. 39. 37. .99



RUNOFF SlM1ARY 208
FL()o/ IN ruBle FEET PER SECOND

TIME IN HOURS, AREA IN SQUARE MILES
PEAK TIME OF AVERAGE FL()o/ FOR MAXIIoU'! PERIOD BASIN MAXIIoU'! TIME OF• OPERATION STATION FL()o/ PEAK AREA STAGE MAX STAGE

6-HOUR 24-HOUR 72-HOUR
168 HYDROGRAPH AT 181 283. 12.92 54. 14. 13. .37
169 HYDROGRAPH AT 181A 249. 13.17 57. 14. 14. .39
170 HYDROGRAPH AT 182 212. 12.75 35. 9. 9. .24
171 HYDROGRAPH AT 183 258. 12.42 31. 8. 8. .21
172 HYDROGRAPH AT 184 531. 13.17 124. 31. 30. .79
173 HYDROORAPH AT 185 465. 13.08 103. 26. 25. .69
174 HYDROGRAPH AT 186 187. 13.25 48. 12. 12. .33
175 HYDROGRAPH AT 187 81. 12.00 5. 1. 1. .35
176 HYDROGRAPH AT 188 240. 12.25 19. 5. 5. .19
177 HYDROGRAPH AT 189 52". 12.42 57. 14. 14. .51
178 HYDROGRAPH AT 190 657. 12.92 128. 32. 31. .86
179 HYDROGRAPH AT 191 610. 13.25 149. 37. 36. .99
180 HYDROGRAPH AT 192 346. 13.08 75. 19. 18. .SO
181 HYDROORAPH AT 192A 345. 13.08 75. 19. 18. .50
182 HYDROGRAPH AT 193 545. 13.25 132. 33. 32. .91
183 HYDROGRAPH AT 194 535. 13.42 144. '36. 35. .99
184 HYDROGRAPH AT 195 256. 13.SO 72. 18. 17. .49
185 HYDROGRAPH AT 196 313. 13.00 68. 17. 17. .47
186 HYDROORAPH AT 197 524. 13.SO lSO. 38. 36. 1.00
187 HYDROGRAPH AT 198 494. 13.42 140.• 35. 34. .91
188 HYDROGRAPH AT 199 74. 13.08 16. 4. 4. .11
'89 HYDROGRAPH AT 200 231. 12.67 37. 9. 9. .29
190 HYDROGRAPH AT 201 420. 12.33 44. 11. 11. .34-(. 191 HYDROGRAPH AT 202 258. 13.42 73. 18. 18. .48
192 HYDROGRAPH AT 203 162. 12.25 14. 4. 3. .11
193 HYDROGRAPH AT 204 381. 12.25 32. 8. 8. .27
194 HYDROGRAPH AT 205 125. 12.08 8. 2. 2. .06
195 HYDROGRAPH AT 206 188. 12.17 14. 3. 3. .12
196 HYDROGRAPH AT 207 619. 13.25 153. 38. 37. 1.00
197 HYDROGRAPH AT 207A 469. 12.42 48. 12. 12. .SO
198 HYDROGRAPH AT 208 632. 13.17 149. 37. 36. 1.00
199 HYDROGRAPH AT 209 336. 13.08 73. 18. 17. ,so
200 HYDROGRAPH AT 209A 335. 13.08 75. 19. 18. .SO
201 HYDROGRAPH AT 210 296. 13.08 64. 16. 16. .46
202 HYDROGRAPH AT 211 309. ·13.08 69. 17. 17. .49
203 HYDROGRAPH AT 212 279. 13.42 77. 19. 19. .54
204 HYDROGRAPH AT 213 373. 12.SO 46. 12. 11. .35
205 HYDROGRAPH AT 214 208. 12.25 18. 5. 4. .16
206 HYDROORAPH AT 215 419. 12.33 44. 11. 11. .35
207 HYDROGRAPH AT 21 SA 497.• 12.42 55. 14. 13. .45
208 HYDROGRAPH AT 216 366. 12.92 69. 17. 17. .51
209 HYDROGRAPH AT 217 3SO. 13.00 76. 19. 18. .49
210 HYDROGRAPH AT 218 624. 13.25 153. 38. 37. 1.00
211 HYDROGRAPH AT 219 343. 13.08 76. 19. 18. .SO
212 HYDROGRAPH AT 220 335. 13.08 75. 19. 18. .SO
213 HYDROGRAPH AT 221 303. 13.08 69. 17. 17. .48
214 HYDROGRAPH AT 221A 175. . 13.25 43. 11. 10• .31
215 HYDROGRAPH AT 222 541. 13.58 172. 48. 46. 1. 10
216 HYDROGRAPH AT 223 1763. 12.42 327. 110. 106. 1.26'. 217 HYDROGRAPH AT 224 1054. ·12.33 109. 27. 26. .80

\ ·218 HYDROGRAPH AT 225 460. 12.42 59. 15. 15. .43
219 HYDROGRAPH AT 22SA 441. 12.42 SO. 12. 12. .37
220 HYDROGRAPH AT 226 1573. 12.33 192. 54. 52. 1.18
221 HYDROGRAPH AT 227 331. 12.25 30. 8. 7. .23
222 HYDROGRAPH AT 228 361. 12.33 36. 9. 9. .28
223 HYDROGRAPH AT 228A 125. 12.17 8. 2. 2. .08
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FLOW IN CUBIC FEET PER SECOND 209

TIME IN HOURS, AREA IN SQUARE MILES
PEAK TIME OF AVERAGE FLOW FOR MAXItu1 PERIOD BASIN MAXItu1 TIME OF

• OPERATION STATION FLOW PEAK AREA STAGE MAX STAGE
6-HOUR 24-HOUR 72-HOUR

224 HVDROGRAPH AT 229 724. 12.17 61. 16. 15. .51
225 HVDROGRAPH AT 230 56. 12.33 6. . 1. 1• .04
226 HVDROGRAPH AT 230A 292. 12.17 21. 5. 5. .18
227 HVDROGRAPH AT 231 265. 12.42 28. 7. 7. .35
228 HVDROGRAPH AT 232 1006. 12.42 109. 27. 26. .93
229 HVDROGRAPH AT 233 496. 12.42 56. 14. 13. .50
230 HVDROGRAPH AT 234 347. 13.17 81. 20. 19. .53
231 HVOROORAPH AT 235 303. 13.17 71. 18. 17. .47
232 HVOROGRAPH AT 236 582. 13.25 146. 37. 35. 1.00
233 HVOROGRAPH AT 237 300. 13.25 73. 18. 18. .50
234 HVDROORAPH AT 238 314. 13.17 72. 18. 17. .50
235 HVDROGRAPH AT 239 313. 13.08 69. 17. 17. .48
236 HVDROGRAPH AT 240 282. 13.00 57. 14. 14. .40
237 HVDROGRAPH AT 241 1436. 12.50 176. 44. 42. 1.51
238 HVDROGRAPH AT 242 965. 12.67 143. 36. 34. 1. 14
239 HVDROGRAPH AT 242A 161. 12.08 10. 3. ··2. .09
240 HVDROGRAPH AT 243 298. 12.33 34. 8. 8. .24
241 HVDROGRAPH AT 243A 253. 12.42 31. 8. 8. .22
242 HVOROORAPH AT 243B 64. 12.67 10. 3. 3. .07
243 HVDROGRAPH AT 244 200. 12.58 28. 7. 7. .19
244 HVDROGRAPH AT 244A 486. 12.17 36. 9. 9. .31
245 HVORDGRAPH AT 245 181. 13.17 41. 10. 10. .40
246 HVDROGRAPH AT 246 670. 12.50 84. 21. 20. .75

• 247 HVOROORAPH AT 247 330. 13.08 76. 19. 18. .50
248 HVDRDGRAPH AT 248 592. 13.25 152. 38. 37. 1.00
249 HVDRDGRAPH AT 249 571. 13.25 143. 36. 35. 1.00
250 HVDROGRAPH AT 250 316. 13.08 71. 18. 17. .49
251 HVDROGRAPH AT 250A 308. 13.17 74. 18. 18. .51
252 HVDROGRAPH AT 251 313. 13.17 72. 18. 17. .50
253 HVDROGRAPH AT 252 326. 13.17 76. 19. 18. .50
254 HVDROGRAPH AT 253 641. 13.17 148. 37. 36. 1.00
255 HVDROORAPH AT 253A 291. 12~33 29. 7. 7. .25
256 HVDROORAPH AT 254 556. 12.58 81. 20. 20. .59
257 HVDROGRAPH AT 254A 443. 12.08 40. n. 11. .22
258 HVDROORAPH AT 255 1512. 12.25 152. 41. 40. .94
259 HVDROGRAPH AT 256 326. 13.00 72. 18. 17. .43
260 HVDROORAPH AT 257 217. 13.42 62. 16. 15. .34
261 HVDROGRAPH AT 258 334. 12.42 37. 9. 9. .38
262 HVDROGRAPH AT 258A 150. 12.25 13. 3. 3. .12
263 HVOROORAPH AT 259 242. 12.25 18. 5. 4. .20
264 HVDROGRAPH AT 260 536. 12.33 56. 15. 14. .50
265 HVDROGRAPH AT 261 264. 13.17 62. 16. 15. .41
266 HVDROGRAPH AT 262 616. 13.25 149. 37. 36. 1.03
267 HVDROGRAPH AT 263 328. 13.08 72. 18. 17. .50
268 HVDRQGRAPH AT 264 337. 13.00 70. 18. 17. .50
269 HVDROGRAPH AT 265 118. 13.33 31. 8. 8. .22
270 HVDROGRAPH AT 265A 627. 13.08 137. 34. 33. .95
271 HVDROGRAPH AT 266 181. 13.33 48. 12. 12. .33
272 HVDRDGRAPH AT 267 335. 13.17 79. 20. 19. .50(e 273 HVOROORAPH AT 268 589. 13.25 147. 37. 35. .95
274 HVDRClGRAPH AT 269 491. 13.00 101. 25. 24. .66
275 HVDROGRAPH AT 270 446. 12.25 49. 14. 13. .30
276 HVDROGRAPH AT 271 377. 13.25 96. 24. 23. .57
277 HVOROGRAPH AT 271A 95. 13.33 25. 6. 6. .16
278 HVDROGRAPH AT 271B 109. 12.83 20. 5. 5. .'5
279 HVDROGRAPH AT 271C 263. 12.17 22. 5. 5. .18



RUNOFF SlJ+IARY 210
FLOW IN CUBIC FEET PER SECOND

TIME IN HOURS, AREA IN SQ4ARE MILES
PEAK TIME OF AVERAGE FLOW FOR MAXIMUM PERIOD BASIN MAXIKJM TIME OF.' OPERATION STATION FLOW PEAK AREA STAGE MAX STAGE

. 6-HOUR 24-HOUR 72-HOUR
280· HYDROGRAPli AT 272 231. 12.25 18. 4. 4. .20
281 HYDROGRAPH AT 273 671. 12.42 75. 19•. 18. .65
282 HYDROGRAPH AT 274 329. 13.50 94. 23. 23. .66
283 HYDROGRAPH AT 275 136. 12.42 17. 4. 4. .11
284 HYDROGRAPli AT 276 187. 13.00 38. 10. 9. .26
284 HYDROGRAPli AT 281 487. 13.25 122. 31. 29. .85
285 HYDROGRAPH AT 277 570. 13.08 127. 32. 31. .91
286 HYDROGRAPH AT 278 537. 13.33 138. 35. 34. 1.00
287 HYDROGRAPH AT 279 79. 12.25 7. 2. 2. .05
288 HYDROGRAPli AT 279A 89. 12.33 10. 3. 2. .07
289 HYOROGRAPH AT 279B 46. 12.25 4. 1. 1. .03
290 HYDROGRAPH AT 279C 78. 12.25 8. 2. 2. .05
291 HYDROGRAPH AT 2790 33. 12.17 3. 1. 1. .02
292 HYDROGRAPH AT 280 340. 13.33 89. 22. 21. .61
293 HYDROGRAPH AT 280A 53. 12.75 9. 2. 2. .06
295 HYDROGRAPH AT 282 161. 12.33 17. 4. 4. .12
296 HYDROGRAPH AT 283 102. 13.08 23. 6. 6. .16
297 HYDROGRAPli AT 284 326. 13.17 76. 19. 18. .52
298 HYDROGRAPli AT 285 56. 12.33 6. 1. 1. .04
299 HYDROGRAPH AT 28SA 82. 12.33 9. 2. 2. .06
300 HYDROGRAPH AT 285B 83. 12.33 9. 2. 2. .06
301 HYDROGRAPH AT 286 473. 13.08 109. 27. 26. .70
302 HYDROGRAPH AT 287 ' 223. 12.67 36. 9. 9. .23
303 HYDROGRAPH AT 287A 331. 12.83 68. 17. 16. .34• 304 HYDROGRAPH AT 2878 127. 12.50 18. 4. 4. .10
305 HYDROGRAPH AT 287C 270. 12.67 57. 14. 14. .23
306 HYDROGRAPH AT 2870 239. 12.67 39. 10. 9. .23
307 HYDROGRAPH AT 287E 194. 12.58 28. 7. 7. .20
308 HYDROGRAPli AT 288 160. 13.25 44. 11. 10. .22
309 HYDROGRAPH AT 288A 607. 13.33 188. 47. 46. .83
310 HYDROGRAPH AT 2888 179. 13.42 54. 14. 13. .26
311 HYDROGRAPH AT 289 519. 13.83 189. 48. 46. 1.00
312 HYDROGRAPH AT 289A 326. 13.17 77. 19. la. .50
313 HYDROGRAPli AT 290 413. 12.67 64. 16. 15. .55
314 HYDROGRAPH AT 291 454. 13.25 112. 28. 27. .99
315 HYDROGRAPH AT 292 1004. 12.50 131. 35. 33. .96
316 HYDROGRAPH AT 293 679. 12.67 113. 29. 28. .77
317 HYOROGRAPH AT 293A 76. 12.50 10. 3. 2. .07
318 HYDROGRAPli AT 294 274. 12.17 24. 6. 6" .18
319 HYDROGRAPH AT 294A 368. 12.25 34. 8. 8. .26
320 HYDROGRAPli AT 295 419. 12.25 41. 10. 10. .31
321 HYDROGRAPH AT 29SA 114;. 12.08 8. 2. 2. .06
322 HYDROGRAPH AT 296 565. 13.00 117. 29. 28. .81
323 HYDROGRAPli AT 297 240. 13.17 55. 14. 13. .38
324 HYDROGRAPH AT 297A 206. 12.92 39. 10. 9. .27
325 HYDROGRAPH AT 298 591. 13.00 122. 30. 29. .84
326 HYDROGRAPH AT 299 289. 13.00 61. 15. 15. .40
327 HYDROGRAPH AT 300 353. 12.83 66. 16. 16. .39
328 HYDROGRAPH AT 301 535. 12.17 46. 12. 12. .30

• 329 HYDROGRAPH AT 302 242. 12.17 21. 5. 5. .15" \,

\ 330 HYDROGRAPH AT 303 910. 12.67 138. 35. 33. 1.21
331 HYDROGRAPli AT 303A 531. 12.25 49. 12. 12. .42
332 HYOROGRAPH AT 304 1221._ 12.33 128. 32. 31. 1. 10
333 HYDROGRAPH AT 305 666. 13.00 141. 35. 34. .92
334 HYDROGRAPH AT 306 367. 12.92 71. 18. 17. .49
335 HYDROGRAPH AT 307 219. 12.58 30. 8. 7. .21



RUNOFF SlH1ARY
211FL(J;o/ IN CUBIC FEET PER SECOND

TIME IN HOURS, AREA IN SQUARE MILES
PEAK . TIME OF· AVERAGE FL(J;o/ FOR MAXII'U'l PERIOD BASIN MAXI~ TIME OF

• OPERATION STATION FL(J;o/ PEAK AREA STAGE MAX STAGE
6-HOUR 24-HOUR 72-HOUR

336 HYDROGRAPH AT 308 270. 12.75 46. . 12. 11. .32
337 HYDROGRAPH AT 309 666. 13.17 157. 39. 38. 1.07

338 HYDROGRAPH AT 310 183. 12.58 28. 7. 7. .19

339 HYDROGRAPH AT 311 420. 13.33 107. 27. 26. .73
340 HYDROGRAPH AT 311A 241. 12.92 46. 12. 11. .31
341 HYDROGRAPH AT 312 423. 13.17 97. 24. 23. .66
342 HYDROORAPH AT 313 258. 13.17 62. 16. 15•. .43
343 HYDROGRAPH AT 314 293. 13.00 61. 15. 15. .42

344 HYDROGRAPH AT 315 278. 13.25 68. 17. 16. .47

345 HYDROGRAPH AT 316 512. 13.17 122. 31. 29. .82
346 HYDROGRAPH AT 317 341. 13.25 82. 21. 20. .57

347 HYDROGRAPH AT 318 581. 12.67 97. 27.• 26. .62
348 HYDROGRAPH AT 319 577. 12.50 84. 23. 23. .54
349 HYDROGRAPH AT 320 677. 12.42 88. 25. 24. .64

350 HYDROGRAPH AT 321 942. 12.17 74. 18. 18. .66

351 HYDROGRAPH AT 322 261. 12.92 51. 13. 12. .34
352 HYDROGRAPH AT 323 181. 12.33 18. 5. 4. .15

353 HYDROGRAPH AT 324 279. 12.83 53. 13. 13. .36
354 HYDROGRAPH AT 325 294. 13.25 74. 18. 18. .49
355 HYDROGRAPH AT 325A 404. 13.08 88. 22. 21. .61
356 HYDROGRAPH AT 326 373. 13.00 79. 20. 19. .54
357 HYDROGRAPH AT 327 373. 13.00 77. 19. 18. .53

358 HYDROGRAPH AT 328 521. 12.92 103. 26. 25. .76
359 HYDROGRAPH AT 329 496. 12.83 89. 23. 22. .63(. 360 HYDROGRAPH AT 330 467. 12.83 87. 23. 22. .59
361 HYDROORAPH AT 331 489. 13.08 109. 28. 27. .75
362 HYDROGRAPH AT 332 '~'-' 13.17 84. 21. 21. .56
363 HYDROGRAPH AT 333' 388: 13.08 84. 21. 20. .58
364 HYDROGRAPH AT 334 452. 13.00 95. 24. 23. .64
365 'HYOROORAPH AT 335 277. 12.92 54. 13. 13. .35
366 HYOROORAPH AT 336 552. 13.92 206. 57. 55. 1.28
367 HYOROORAPH AT 336A 149. 14.00 54. 14. 13. .37
368 HYDROGRAPH AT 336B 168. 12.00 9. 2. " .08...
369 HYDROGRAPH AT 337 744. 12.25 84. 25. 24. .49
370 HYDROGRAPH AT 338 260. 12.58 38. 9. 9. .31
371 HYDROGRAPH AT 338A 736. 12.42 87. 24. 23. .77
372 HYDROGRAPH AT 339 625. 13.17 150. 38. 36. 1.00
373 HYOROORAPH AT 340 348. 13.00 72. 18. 17. .48
374 HYDROORAPH AT 341 506. 13.08 113. 28. 27. .79
375 HYDROORAPH AT 342 327. 12.83 60. 15. 14. .39
376 HYOROORAPH AT 342A 240. 13.17 56. 14. 13. .38
377 HYOROORAPH AT 343 323. 13.17 74. 19. 18. .51
378 HYDROORAPH AT 344 343. 13.33 88. 22. 21. .61
379 HYDROORAPH AT 345 296. 13.00 63. 16. 15. .43
380 HYDROGRAPH AT 346 403. 12.75 68. 17. 16. .51
381 HYDROGRAPH AT 346A 110. 13.00 23. 6. 6. .16
382 HYDROORAPH AT 346B 159. 13.25 39. 10. 9. .27
383 HYOROORAPH AT 346C 135. 12.50 17. 4. 4. .12
384 HYDROGRAPH AT 347 671. 13.08 148. 38. 36. 1.02:\. 385 HYDROGRAPH AT 348 283. 12.75 50. 12. 12. .34
386 HYDROORAPH AT 348A 229. 12.58 32. 8. 8. .22
387 HYDROGRAPH AT 348B 355. 13.33 92. 23. 22. .66
38B HYDROORAPH AT 349 654. 13.00 137. 34. 33. .93
389 HYDROORAPH AT 350 106. 13.33 27. 7. 7. .19
390 HYDROORAPH AT 351 607. 12.83 113. 28. 27. .76

391 HYDROORAPH AT 352 150. 12.75 26. 7. 6. .18
"
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TIME IN HOURS, AREA IN SQUARE MILES
..pEAK TIME OF AVERAGE FLOW FOR MAXIMlJ't PERIOD BASIN MAXIM..fo1 TIME OF• OPERATION STATION FLOW PEAK AREA STAGE MAX STAGE

6-HOUR . 24-HOUR 72-HOUR
. 392 HYDROGRAPH AT 352A 89. 13.08 20. 5. 5• .13

393 HYDROGRAPH AT 353 183. 12.75 32. 8. 8. .22
394 HYDROGRAPH AT 354 315. 12.58 45. 11. 11. .31
395 HYDROGRAPH AT 355 85. 12.92 18. 4. 4. .10
396 HYDROGRAPH AT 355A 46. 12.50 6. 1. 1. .04
397 HYDROGRAPH AT 356 346. 12.58 51. 13. 12. .35
398 HYDROGRAPH AT 357 132. 12.67 20. 5. 5. .14
399 HYDROGRAPH AT 358 119. 13.17 29. 7. 7. .19
400 HYDROGRAPH AT 359 104. 12.58 14. 4. 3. .10
401 HYDROGRAPH AT 360 168. 13.00 36. 9. 9. .25
402 HYDROGRAPH AT 361 138. 13.17 33. 8. 8. .21
403 HYDROGRAPH AT 362 339. 12.83 63. 16. 15. .42
404 HYDROGRAPH AT 363 360. 13.25 91. 23. 22. .63
405 HYDROGRAPH AT 364 559. 13.00 115. 29. 28. .78
406 HYDROGRAPH AT 364A 99. 12.25 9. 2. 2. .07
407 HYDROGRAPH AT 365· 272. 12.83 47. 12. 11. .38
408 HYDROGRAPH AT 366 289. 13.00 61. 15. 15. .44
409 HYOROGRAPH AT 367 240. 12.08 16. 4. 4. .15
410 HYDROGRAPH AT 368 367. 13.58 111. 28. 27. .83
411 HYDROGRAPH AT 369 133. 12.25 11. 3. 3. .15
412 HYDROGRAPH AT 370 61. 12.33 5. 1. 1. .07
413 HYDROGRAPH AT 371 487. 13.67 154. 39. 37. .93
414 HYDROGRAPH AT 372 796. 13.75 262. 66. 63. 1.62(. 4"5 HYDROGRAPH AT 373 386. 12.75 68. 17. 16. .43
416 HYDROGRAPH AT 374 459. 13.50 137. 34. 33. .76
417 HYDROGRAPH AT 375 262. 13.42 74. 19. la. .41
418 HYDROGRAPH AT 376 344. 13.00 75. 19. 18. .42
419 HYDROGRAPH AT 377 '120. 12.42 15. 4. 4. .09
420 HYOROGRAPH AT 377A 188. 13.00 39. 10. 9. .27
421 HYDROGRAPH AT 377B 58. 13.58 18. 5. 4. .12
422 HYDROGRAPH AT 378 349. 13.42 95. 24. 23. .78
422 HYDROGRAPH AT 379 220~ 13.58 67. 17. 16. .46
423 "HYDROGRAPH AT 380 188. 12.83 37. 9. 9. .20
424 HYDROGRAPH AT 381 184. 12.92 39. 10. 9. .21
425 HYDROGRAPH AT 381 A 115. 12.58 17. 4. 4. .10
426 HYDROGRAPH AT 381B 67. 12.75 12. 3. 3. .07
427 HYDROGRAPH AT 382 539. 13.17 136. 34. 33. .71
428 HYDROGRAPH AT 383 154. 12.92 31. 8. 8. .18
429 HYDROGRAPH AT 383A 122. 13.00 27. 7. 7. .16
430 HYDROGRAPH AT 384 262• . 12.83 55. 14. 13. .29
431 HYDROGRAPH AT 385 298. 13.17 77. 19. 19. .39
432. HYDROGRAPH AT 386 222. 13.25 57. 14. 14. .35
433 HYDROGRAPH AT 387 205. 13.00 44. 11. 11. .25
434 2 COMBINED AT CP2 2284. 12.75 370. 100. 96. 3.76
435 2 COMBINED AT I1CP3 997. 12.42 110. 28. 27. 1.10
436 2 COMBINED AT· CP3 2245. 12.92 468. 119. 115. 4.86
437 2 COMBINED AT CP5 1053. 12.25 90. 25. 24. 1.02
438 2 COMBINED AT I1CP7 1289. 12.17 130. 35. 34. 1.47
439 2 COMBINED AT CP7 1668. 12.17 158. 43. 41. 1.78 .

~.
440 2 COMBINED AT I1CP9 2527. 12.33 277. 74. 71. 3.18
441 2 OO1BINED AT CP9 3227. 12.33 350. 94. 91. 3.99
442 2 COMBINED AT . I1CP10 3816. 12.75 525. 133. 129. 6.01
443 2 COMBINED AT CP10 5141. 12.75 911. 230. 222. 10.87
444 2 COMBINED AT CP12 4125. 12.83 861. 217. 209. 12.25
445 2 COMBINED AT CP13 1743. 12.58 301. 78. 76. 2.86
446 2 COMBINED AT I1CP15 1920. 12.50 246. 68. 66. 2.73



RUNOFF SU+!ARY
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TIME IN HOURS, AREA IN SQUARE MILES
PEAK TIME OF AVERAGE FL~ FOR MAXIMUM PERIOD BASIN MAXIMUM TIME OF

• OPERATION STATION FL~ PEAK AREA STAGE MAX STAGE
6-HOUR 24-HOUR 72-HOUR

447 2 COMBINED AT CP15 1920. 12.50 246. 68. 66. 3.86
448 2 COMBINED AT I1CP17 1738. 12.75 321. BO. 77. 4.93
449 2 COMBINED AT CP17 3428. 12.75 621. ' 158. 153. 7.79
4SO 2 COMBINED AT IlCWT3 3605. 12.83 668. 167. 161. 8.23
451 2 COMBINED AT CPWT3 6649. 12.92 1450. 362. 349. 20.48
452 2 COMBINED AT CP19 1353. 12.33 144. 40. 39. 1.60
453 2 COMBINED AT I1CP21 1933. 12.42 217. 60. 58. 2.39
454 2 COMBINED AT CP21 1933. 12.42 217. 60. sa. 3.46
455 2· COMBINED AT I1C22A 1111. 12.33 120. 31. 30. 1.07
456 2 COMBINED AT CP22A 1108. 12.33 119. 31. 30. 4.69
457 2 COMBINED AT CP23 288. 12.08 55. 17. 16. 3.62
458 2 COMBINED AT I1CP25 1414. 12.42 169. 44. 42. 5.15
459 2 COMBINED AT CP25 1414. 12.42 169. 44. 42. 5.29
460 2 COMBINED AT I1CP27 1648. 12.50 22S. 57. 55. 2.16
461 2 COMBINED AT CP27 3011. 12.50 350. 88. 85. 7.45
462 2 COMBINED AT I1CP3O 879. 12.50 110. 28. 27. 1.14
463 2 COMBINED AT CP30 879. 12.50 110. 28. 27. 1.36
464 2 COMBINED AT CP31 1258. 12.58 173. 43. 42. 2.07
465 2 COMBINED AT CP33 1003. 12.25 91. 26. 25. 1.01
466 2 COMBINED AT I1CP35 1297. 12.25 127. 36. 35. 1.40
467 2 COMBINED AT CP35 2155. 12.33 243. 69. 67. 2.69
468 2 COMBINED AT I1CP36 2217. 12.42 2sa. 73. 70. 2.93
469 2 COMBINED AT CP36 2886. 12.42 343. 97. 93. 3.88

(e 470 2 COMBINED AT CP38 3253. 12.42 407. 113. 109. 4.64
471 2 COMBINED AT I1CP39 .3708. 12.58 427. 112. 108. 5.41
472 2 COMBINED AT CP39 6110. 12.67 765. 197. 190. 12.86
473 2 COMBINED AT CP41A2 60. 12.00 3. 1. 1. .05
474 2 COMBINED AT CP41A3 86. 12.08 5. 1. 1. .08
475 2 COMBINED AT CP41 A 91. 12.08 5. 1. 1. .13
476 2 COMBINED AT CP41-1 208. 12.17 14. 3. 3. .28
477 2 COMBINED AT CP41-2 143. 12.17 12. 3. 3. .38
478 2 COMBINED AT CP41 567. 12.42 64. 16. 16. .68
479 2 COMBINED AT I1CP42 1454. 12.50 179. 46. 44. 1. 70
480 2 COMBINED AT CP42 7140. 12.67 934. 241. 232. 14.56
481 2 COMBINED AT CP43-1 46'S. 12.58 42. 11. 10. 1.00
482 2 COMBINED AT CP43-2 19. 12.00 1. O. O. 1.01
483 2 COMBINED AT CP43-3 107. 12.00 6. 1. 1. 1.06
484 2 COMBINED AT CP43-4 64. 12.00 3. 1. 1. 1.09
485 2 COMBINED AT CP43-5 43. 12.00 2. 1. 1. 1. 11
486 2 COMBINED AT CP43-6 45. 12.00 2. 1. 1. 1.13
487 2 COMBINED AT CP43-7 45. 12.00 2. 1. 1. 1.15
488 2 COMBINED AT CP43-8 23. 12.00 1. O. O. 1. 16
489 2 COMBINED AT I1CP43 22. 12.00 1. O. O. 1. 17
490 2 COMBINED AT CP43 6786. 12.83 799. 206. 198. 13.90
491 2 COMBINED AT CP45-1 1440. 12.92 90. 22. 22. 13.98
492 2 COMBINED AT CP45 1030. 13.08 101. 25. 24. 14.36
493 2 COMBINED AT CP46-1 316. '13.25 33. 8. 8. 14.51
494 2 COMBINED AT I1CP46 637. 12.58 92. 23. 22. 15.36
495 2 COMBINED AT CP46 1737. 12.67 259. 65. 63. 17.43(e 496 2 COMBINED AT I1CWT4 27. 12.67 5. 1. 1. .05
497 2 COMBINED AT I2CWT4 29. 12.67 8. 2. 2. .07
498 2 COMBINED AT I3CWT4 41. 12. sa 10. 3. 2. .09
499 2 COMBINED AT I4CWT4 46. 12.58 11. 3. 3. .10
SOO 2 COMBINED AT ISCWT4 323. 12.25 36. 9. 9. .32
SOl 2 COMBINED AT I6CWT4 4057. 13.00 747. 195. 187. 14.12
502 2 COMBINED AT I7CWT4 552. 13.25 ~ 120. 30. 29. 14.36
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503 2 COMBINED AT I8CWT4 61B. 13.25 153. 38. 37. 14.51
504 2 COMBINED AT I9CWT4 1048. 12.25 237. 60. 57. 15.2B
505 2 COMBINED AT IlOWT4 2009. 13.00 491. 123. 119. 18.20
506 2 COMBINED AT CPWT4 6026. 13.00 1228. 316. 304. 18.57
507 ,2 COMBINED AT CP100 283. 12.58 70. 19. 18. :44
508 2 COMBINED AT CP10l 635. - 12.50 95. 24. 23. .67
509 2 COMBINED AT CP102 753. 12.50 112. 28. 27. .77
510 2 COMBINED AT CP107 1044. 12.75 199. SO. 48. 1.37
511 2 COMBINED AT 11108 999. 12.58 228. 57. 55. 1.56
512 2 COMBINED AT CP108 1158. 12.75 283. 71. 68. 1.93
513 2 COMBINED AT CPlog 535. 13.25 184. 53. 51. 1.29
514 2 COMBINED AT 1I112 534. 13.33 157. 40. 38. 1. 12
515 2 COMBINED AT 21112 765. 13.33 202. 51. 49. 1.62
516 2 COMBINED AT CP112 790. 13.33 236. 59. 57. 1.83

517 2 COMBINED AT CPll3A 560. 13.08 183. 46. 45. 2.33
518 2 COMBINED AT CP113 556. 13.08 284. 73. 71. 2.83
519 2 COMBINED AT CP114 376. 13.08 140. 36. 35. 3.21
520 2 COMBINED AT 11115 1313. 13.17 288. - 72. 69. 1.86
521 2 COMBINED AT 21115 2429: 13.17 570. 143. 137. 3.79
522 2 COMBINED AT CPl15 2705. 13.17 688. 173. 167. 7.00
523 2 COMBINED AT CPl16 892. 13.75 331. 93. 90. 2.31
524 2 COMBINED AT 11117 359. 13.33 114. 30. 29. .72
525 2 COMBINED AT 21117 1104. 13.83 439. 122. 118. 3.03

• 526 2 COMBINED AT CP117 1172• 13.75 476. 131. 127. 3.24
527 2 COMBINED AT CP119 706. 13.17 169. 42. 41. 1.36
528 2 COMBINED AT CP119A 533. 13.25 161. 40. 39. 1.83
529 2 COMBINED AT 11120 B95. 13.33 266. 67. 64. 2.37
530 2 COMBINED AT CP120 1056. 13.33 342. 86. ,83. 4.20
5312 COMBINED AT 11121A 465. 12.92 137. 35. 33. 2.33
532 2 COMBINED AT CP121A 465. 12.92 146. 37. 36. 2.83
533 2 COMBINED AT CP121 708. 13.00 205. 52. SO. 3.33
534 3 COMBINED AT 11122 571. 14.33 357. 99. 96. 4.10
535 2 COMBINED AT CP122 2976. 13.58 1041. 273. 263. 7.89
536 2 COMBINED AT CP124 665. 13.33 171. 43. 41. 1.01
5372 COMBINED'AT lIl25 1148. 14.08 598. 164. 158. 4.24
538 2 COMBINED AT CP125 131B. 14.08 654. 178. 171. 5.25
539 2 COMBINED AT 1I126 563. 13.33 169. 42. 41. 1. 10
540 2 COMBINED AT CP126 856. 13.33 381. 101. 98. 6.35
541 2 COMBINED AT CP128 537. 13.25 158. 39. 38. 1.71
542 3 COMBINED AT lI130 715. 14.42 323. 82. 79. 3.24
543 3 COMBINED AT CP130 1703. 13.42 724. 184. 178. 5.54
544 2 COMBINED AT CP131A 1102. 13.58 553. 143. 138. 6.03
545 2 COMBINED AT 1I131 1274. 13.58 621. 163. 157. 6.52
546 2 COMBINED AT CP131 1909; 13.50 822. 215. 207. 8.52
547 2 COMBINED AT CP132 460. 13.58 208. 56. 54. 8.93
548 2 COMBINED AT 11133 579. 13.42 270. 74. 71. 9.42
549 2 COMBINED AT CPl33 725. 14.33 354. 101. 97. 14.48
550 2 COMBINED AT 11134 2655. 14.00 980. 262. 252. 8.39
551 2 COMBINED AT 21134 2655. 14.00 980. 262. 252. 8.83

re 552 2 COMBINED AT CP134 2847. 14.00 1106. 298. 287. 15.42
553 2 COMBINED AT 11135 885. 14.17 391. 112. 107. 15.63
554 2 COMBINED AT CP135 970. 14.08 449. 129. 124. 16.48
555 2 COMBINED AT 1I136 315. 13.08 139. ' 39. 37. 1.47
556 2 COMBINED AT CPl36 931. 14.92 523. 154. 148. 16.94
557 2 COMBINED AT 11137 907. 13.SO 590. 174. 167. 17.12
558 2 COMBINED AT CP137 1306. 14.SO 795. 230. 221. ,21.72
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559 2 COMBINED AT 11138 586. 13.33 312. 93. 90. 6.25
560 2 COMBINED AT 21138 613. 13.42 385. 113. 109. 7.35
561 2 COMBINED AT CPl38 934. 15.58 596. 184. 177. 23.82
562 2 COMBINED AT CPl38 1329. 15.SO 812. 261. 252. 24.02
563 2 COMBINED AT 11139 521- 13.33 119. 31. 30. .69
564 2 COMBINED AT 21139 832. 13.83 399. 111. 107. 7.04
565 2 COMBINED AT CP139 843. 13.83 429. 119. 115. 7.22
566 2 COMBINED AT CP141A 540. 12.33 61. 15. 15. .62
567 2 COMBINED AT CP142 692. 12.SO 134. 34. 32. 1.13
568 2 COMBINED AT CP143 992. 13.00 209. 52. SO. 1.63
569 2 COMBINED AT 11144 858. 13.83 316. 79. 76. 6.05
570 2 COMBINED AT CPl44 1398. 13.67 524. 131. 126. 7.68
571 2 COMBINED AT CP145A 1467. 13.25 563. 141. 136. 8.17
572 2 COMBINED AT 11145 1590. 14.00 708. 190. 183. 9.00
573 2 COMBINED AT CP145 2946. 14.00 1263. 330. 318. 11.63
574 2 COMBINED AT 11146 629. 13.25 259. 72. 69. 15.02
575 2 COMBINED AT CP146 1441. 14.08 813. 229. 221. 18.49
576 2 COMBINED AT 11147 337. 13.00 118. 36. 35. 14.62
577 2 COMBINED AT CP147 2010. 14.42 818. 229. 220. 15.92
578 2 COMBINED AT CP148 323. 13.00 134. 35. 34. 17.46
578 2 COMBINED AT 11148 323. 13.00 85. 22. 21. 16.40
579 2 COMBINED AT CP149 533. 13.58 316. 93. 89. 22.20
580 2 COMBINED AT CP1SO 196. 12.75 51. 13. 13. 17.69
581 2 COMBINED AT 11151 312. 12.92 85. 22. 21. 17.94• 582 2 COMBINED AT CP151 638. 13.75 388. 114. 110. 23.66
583 2 COMBINED AT CP152 320. 13.25 170. 48. 46. 24.01
584 2 COMBINED AT CP153 423. 16.17 246. 78. 75. 21.92
585 2· COMBINED AT CPl54 845. 16.33 529. 175. 168. 24.19
586 2 COMBINED AT CP155 243. 12.75 45. 11. 11. 24.27
587 2 COMBINED AT CP156 829. 14.25 462. 130•. 125. 7.52
588 2 COMBINED AT 11157 919. 12.58 526. 204. 196. 25.08
589 2 COMBINED AT 21157 1258. 17.17 798. 289. 279. 25.08
590 2 COMBINED AT CP157 1771. 17.00 1228. 411. 396. 26.25
591 2 COMBINED AT 11158 497. 13.08 148. 42. 40. 1.28
592 2 COMBINED AT CP158 557. 14.17 219. 62. 60. 2.42
593 2· COMBINED AT RCl58A 578. 13.25 125. 35. 34. 1.96
593 2 COMBINED AT CPl58A 577. 13.17 145. 39. 37. 1. 14
593 2 COMBINED AT CP158B 483. 13.00 119. 33. 31. .76
593 2 COMBINED AT CP160 955. 12.42 98. 25. 24. .97
5932 COMBINED AT RCl58D 1149. 12.33 125. 35. 34. .82
594 2 COMBINED AT CP161 1032. 12.58 156. 39. 38. 1.47
595 2 COMBINED AT 11163 726. 13.00 146. 36. 35. 1.00
596 2 COMBINED AT· CP163 1575. 13.00 301. 75. 72. 2.47
597 2 COMBINED AT lI154A 364. 13.08 104. 28. 27. 8.17
598 2 COMBINED AT CPl54A 1865. 13.17 403. 103. 99. 10.54
599 2 COMBINED AT 11154 2141. 13.25 480. 123. 119. 11.13
600 2 COMBINED AT . CPl54 2141. 13.25 790. 202. 194. 15.08
601 2 COMBINED AT 11165 858. 15.17 434. 124. 119. 12.53
602 2 COMBINED AT 21165 2031. 13.67 1106. 298. 287. 15.98:. 603 2 COMBINED AT CP165 3187. 15.08 1882. 520. SOl. 22.84
604 2 COMBINED AT 11166 1837. 15.58 799. 253. 243. 16.90
605 2 COMBINED AT CP166 1975. 15.58 902. 281. 271. 18.44
606 2 COMBINED AT 11167 589. 13.42 263. 78. 76. 24.63
607 2 COMBINED AT CP167 1870. 15.92 1044. 336. 324. 25.61
608 2 COMBINED AT 11168 330. 13.17 144. SO. 49. 24.17
609 2 COMBINED AT 21168 330. 13.17 188. 54. 62. 26.12
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610 2 COMBINED AT CPl68 515. 13.50 351. 112. 108. 26.47
611 2 COMBINED AT 11169 357. 13.17 86. 22. 21. 24.52
612 2 COMBINED AT 21169 359. 13.83 131. 33. 32. 25.13
613 2 COMBINED AT CP169 491. 13.83 201. 58. 56. 27.24
614 2 COMBINED AT CP172 1768. 17.08 1227. 413. 398. 26.37
615 2 COMBINED AT CP173 1753. 17.42/ 1224. 419. 404; 26.68
616 2 COMBINED AT RCP173 1826. 17.33 1460. 512. 493. 30.12
617 2 COMBINED AT- CP173B 496. 14.58 229. 65. 63. 2.62
618 2 COMBINED AT RC1738 880. 14.58 354. 99. 96. 3.44
619 2 COMBINED AT CP173A 421. 13.58 148. 37. 36. .90
620 2 COMBINED AT RC173A 1822. 17.42 1563. 545. 525. 31.02
621 2 COMBINED AT CP175A 687. 12.42 76. 19. 18. .75
622 2 COMBINED AT 11176 700. 12.42 79. 20. 19. .95
623 2 COMBINED AT CP176 792. 12.50 134. 34. 32. 1.40
624 2 COMBINED AT CP176A 378. 13.25 92. 23. 22. 3.09
625 2 COMBINED AT CPl77A 581. 13.17 165. 41. 40. 3.58
626 2 COMBINED AT 11177 814. 13.33 237. 59. 57. 4.07
627 2 COMBINED AT CPl77 902. 13.75 321. 82. 79. 16.68
628 2 COMBINED AT CP178 993. 13.42 382. 97. 94. 17.12
629 2 COMBINED AT 11179 1156. 13.58 448. 116. 111. 17.58
630 2 COMBINED AT CP179 3923. 14.17 2252. 630. 606. 25.34
631 2 COMBINED AT 11180 1796. 14.33 1228. 384. 370. 26.33
632 2 COMBINED AT CPl80 1797. 14.33 1286. 401. 386. 30.29

(e 633 2 COMBINED AT CP181 292. 14.75 221. 73. 70. 30.66
633 2 COMBINED AT CP181A 1200. 16.25 766. 265. 255. 26.00
634 2 COMBINED AT 11182 204. 12.75 34. 8. 8. 30.90
635 2 COMBINED AT CP182 903. 16.58 611. 221- 213. 38.46
636 2 COMBINED AT 11183 _527. 16.42 253. 77. 74. 25.82
637 2 COMBINED AT 21183 797. 16.42 395. 124. 120. 26.21
638 2 COMBINED AT CPl83 1078. 16.42 654. 209. 201. 27.07
639 2 COMBINED AT 11184 1051. 17.50 656. 231. 222. 27.86
640 2 COMBINED AT 21184 1467. 17.50 944. 332. 319. 40.32
641 2 COMBINED AT CP184 1574. 17.50 1104. . 388. 373. 41.09
642 2 COMBINED AT 11185 487. 13.58 154. 39. 38. .98
643 2 COMBINED AT - CP185 552. 13.67 312. 113. 109. 42.07
644 2 COMBINED AT CP187 173. 13.67 52. 13. 13. .68
645 2 COMBINED AT RCP187 1801. 17.75 1570. 549. 529. 31.70
646 2 COMBINED AT CP188 1457. 12.83 212. 53. 51. 11.08
647 2 COMBINED AT 11189 650. 12.67 135. 34. 33. 5.61
648 2 COMBINED AT CP189 940. 12.58 192. 48. 46. 6.12
649 2 COMBINED AT CPl90 1336. 13,08 319. 80. 77. 6.98
650 3 COMBINED AT 11191 1774. 13.25 451. 113. 109. 10.07
651 2 COMBINED AT CP191 2358. 13.25 593. 149. 144. 12.18
657 2 COMBINED AT CP192A 1140. 13.50 177. 44. 43. 12.68
658 2 COMBINED AT CP192 1241. 13.75 251. 63. 60. 13.18
659 2 COMBINED AT 11193 596. 13.25 156. 39. 38. 14.09
660 2 COMBINED AT CP193 2347. 14.50 1229. 312. 301. 36.34
661 2 COMBINED AT 11194 514. 13.42 138. 35. 33. 31.19
662 2 COMBINED AT CPl94 875. 13.50 740. 197. 189. 37.33r. 663 2 COMBINED AT 11195 1482. 15.58 1056. 336. 324. 35.64
664 3 COMBINED AT 'CP195 2559. 15.50 1800. 602. sao. 43.14
665 2 COMBINED AT lIl96 439. 17.42 313. 124. 119. 38.93
666 2 COMBINED AT CPl96 945. 17.42 806. 349. 336. 51.75
667 2 COMBINED AT CP197 611. 18.42 457. 182. 175. 42.09
668 2 CIl18INED AT 11198 609. 19.17 440. 169. 163. 42.00
669 2 COMBINED AT 21198 846. 19.25 693. 271. 261. 42.98
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6-HOUR 24-HOUR 72-HOUR
670 2 COMBINED AT CPl98 141B. 19.17 1137. 450•. 433. 44.09
671 2 COMBINED AT CP200 231. 12.67 53. 13. 13. .40
672 2 COMBINED AT RCP200 1786. 18.08 1550. 552. 532. 32.10
672 2 COMBINED AT CP201 2025. 15.67 1298. 385. 371. 43.48
673 2 COMBINED AT CP202 565. 13.42 388. 181. 174. 52.23
674 2 COMBINED AT CP203 598. 18.92 456. 179. 172. 42.20
675 2 COMBINED AT 11204 1413. 19.25 1136. 453. 436. 44.36
676 2 COMBINED AT CP204 1721. 19.25 1453. 626. 603. 58.13
677 2 COMBINED AT CP205 1721. 19.33 1453. 627. 604. 58.19
678 2 COMBINED AT CP206 1722. 19.33 1453. 629. 606. 58.31
679 2 COM8INED AT RCP206 3249. 16.67 2901. 1156. 1114. 68.69
680 2 COMBINED AT CP207A 1450. 13.00 259. 65. 62. 11. sa
681 2 COMBINED AT 11208 1921. 13.25 631. 160. 154. 13.18
682 2 COMBINED AT CP208 2175. 13.33 746. lea. 182. 14.18
683 2 COMBINED AT CP209A 1706. 13.58 519. 131. 126. 14.68
684 2 COMBINED AT 11209 1026. 14.08 295. 74. 71- 13.68
685 2 COMBINED AT CP209 1285. 14.08 373. 93. 90. 16.18
686 2 COMBINED AT 11210 292. 13.08 64. 16. 15. 13.64
687 2 COMBINED AT CP21 0 304. 13.08 123. 31. 30. 16.58
688 2 COMBINED AT 11212 1344. 15.50 636. 168. 162. 36.88
689 2 COMBINED AT CP212 1350. 15.58 658. 172. 166. 37.23
690 2 COMBINED AT CP214 1392. 13.08 276. 69. 67. 11.74
691 2 COMBINED AT 11215 874. 12.42 99. 25. 24. .80

(e 692 2 COMBINED AT CP215 1484. 12.42 373. 93. 90. 12.54
693 2 COMBINED AT CP217 372. 13.08 111. 28. 27. 1.49
694 2 COMBINED AT 11218 614. 13.25 152. 38. 37. 15.18
695 2 COMBINED AT CP218 669. 13.25 189. 47. 46. 15.67
696 2 COMBINED AT 11219 629. 14.75 321. 92. 89. 14.68
697 2 COMBINED AT 21219 1239. 14.67 553. 151. 145. 15.18
698 2 COMBINED AT CP219 1270. 14.58 565. 154. 148. 16.67
699 2 COMBINED AT 11220 650. 14.42 276. 70. 68. 15.18
700 2 COMBINED AT 21220 1115. 14.50 415. 106. 102. 16.68
701 2 COMBINED AT CP220 1241. 14.58 476. 121. 117. 18.17
702 2 COMBINED AT 11221 490. 15.33 202. 59. 56. 16.66
703 2 COMBINED AT 21221 707. 15.25 323. 89. 86. 17.06
704 2 COMBINED AT 11221A 276. 14.17 109. 28. 27. .80
704 2 alo1BINED AT· CP221 1018. 15.17 450. 122. 118. 19.11
705 2 COMBINED AT CP221A 1377. 16.17 713. 194. 187. 38.03
706 2 ·COMBINED AT CP222 1380. 16.50 769. 238. 229. 39.13
707 2 COMBINED AT 11223 2054. 16.33 1344. 488. 471. 44.74
708 2 COMBINED AT CP223 2523. 16.33 1806. 690. 665. 54.67
709 2 COMBINED AT CP224 2453. 16.50 1745. 655. 631. 55.47
710 2 COMBINED AT 11225 520. 12.42 119. 66. 64. .43
711 2 COMBINED AT CP225 959. 12.42 168. 79. 76. .80
712 2 COMBINED AT 11226 1483. 12.33 180. 51. 49. 53.41
713 2 COMBINED AT CP226 1483. 12.33 572. 233. 224. 53.41
714 2 COMBINED AT RC228A 3236. 16.83 2897. 1142. 1100. 68.77
715 3 COMBINED AT CP229 863. 12.33 127. 32. 31- 1.02
716 2 COMBINED AT CP230A 530. 12.25 95. 24. 23. 1.20(e 717 2 COMBINED AT 11230 227. 12.42 33. 8. B. 1.06

. 718 2 COMBINED AT CP230 672. 12.42 114. 29. 28. 1.24
719 2 COMBINED AT CP231 279. 12.50 53. 13. 13. 1.37
720 2 COMBINED AT CP233 1685. 12.58 427. 107. 103. 13.04
721 2 COMBINED AT 11234 689. 13.08 150. 37. 36. 1.04
722 2 COMBINED AT CP234 2084. 12.83 572. 143. 138. 14.08
723 2 COMBINED AT 1I235 483. 13.42 144. 36. 35. 1.96
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724 2 COMBINED AT CP235 1467. 13.42 486. 122. 117. 16.04
725 2 COMBINED AT 11236 710. 13.33 187. 47. 45. 16.67
726 2 COMBINED AT CP236 1222. 13.58 425. 108. 104•. 26.34
727 2 COMBINED AT 11237 513. 13.92 195. 51. 49. 16.17
728 2 COMBINED AT 21237 519. 13.92 275. 74. 72. 17.17
729 2 COMBINED AT CP237 . 993. 13.83 SOO. 132. 128. 27.84
730 2 COMBINED AT 11238 843. 15.17 453. 130. 126. 17.17
731 2 COMBINED AT 21238 918. 15.25 477. 137. 132. 18.67
732 2 COMBINED AT CP238 1226. 15.25 751. 213. 205. 30.34
733 2 COMBINED AT 11239 701. 15.75 319. 96. 93. 18.65
734 2 COMBINED AT 21239 1547. 16.25 757. 217. 209. 19.59
735 2 COMBINED AT CP239 2367. 16.17 1410. 406. 391. 31.76
736 2 COMBINED AT CP240 634. 16.SO 552. 191. 184. 32.16
737 2 COMBINED AT 11241 2429. 16.92 1743. 680. ·655. 56.99
738 2 COMBINED AT 21241 3693. 17.08 2453. 907. 874. 59.77
739 2 COMBINED AT CP241 4243. 17.OS 2889. 1083. 1044. 78.75
740 2 COMBINED AT 11242 1000. 12.67 213. 80. 77. 1.94
741 2 COMBINED AT CP242 1049. 12.58 223. 83. 80. 2.03

. 742 2 COMBINED AT CP2438 1111. 12.67 233. 85. 82. 2.10
743 2 COMBINED AT CP243A 1261. 12.67 263. 93. 89. 2.32
744 2 COMBINED AT CP244A 485. 12.17 49. 13. 12. 1.51
745 2 COMBINED AT 11243 338. 12.42 63. 16. 16. 1.98
746 2 COMBINED AT CP243 1460. 12.67 324. 108. 104. 4.30

Ie 747 2 COMBINED'AT 11244 582. 12.42 78. 20. 19. 1.70
748 2 COMBINED AT CP244 1195. 12.SO 192. 48. 47. 1. 74
749 3 COMBINED AT 11245 1056. 13.25 252. 64. 62. 2.14
7SO 2 COMBINED AT CP245 1860. 13.17 574. 171. 164. 5.05
751 2 COMBINED AT RCP245 3300. 17.58 2987. 1219. 1174. 73.82
752 2 COMBINED AT CP246 1239. 12.58 193. 48. 46. 1.68
754 2 COMBINED AT 11248 1313. 13.42 372. 93. 90. 15.OS
755 2 COMBINED AT 21248 1602. 13.SO 446. 112. lOS. 15.58
756 2 COMBINED AT CP248 2174. 13.67 679. 170. 164. 17.54
757 2 COMBINED AT 11249 559. 13.25 188. 47. 45. 18.54
758 2 COMBINED AT CP249 694. 14.00 262. 66. 63. 28.84
759 2 COMBINED AT 112SO 308. 16.08 145. 45. 43. 26.83
760 2 COMBINED AT 2I2SO 411. 16.08 231. 67. 64. 28.33
761 2 COMBINED AT CP2SO 909. 14.42 .. 466. 126. 121. 30.83
762 2 COMBINED AT lI2SOA 314. 14.SO 180. 46. 44. 328.35
763 2 COMBINED AT 2I25OA 366. 14.58 214. 55. 53. 30.85
764 2 COMBINED AT CP250A 1254. 14.58 675. 180. 173. 33.84
765 2 COMBINED AT 11251 301. 13.17 87. 30. 29. 30.84
766 2 COMBINED AT 21251 1711. 16.SO 937. 258. 249. 32.26
767 2 COMBINED AT CP251 2394. 16.SO 1543. 424. 408. 35.76
768 2 COMBINED AT CP252 439. 16.83 325. 96. 92. 36.26
769 2 COMBINED AT 11253 4123. 17.67 2883. 1105. 1064. 79.75
770 2 COMBINED AT 21253 4122. 17.67 2883. 1111. 1070. 80.00
771 2 COMBINED AT CP253 4121. . 17.67 2888. 1114. 1073. 84. SO
772 2 COMBINED AT CP255 1512. 12.25 183. SO. 48. 1.84
773 2 COMBINED AT CP256 325. 13.00 95. 24. 23. .90(e 774 2 COMBINED AT RCP258 ,3295. 17.75 2986. 1193~ 1149. 74.20
775 2 COMBINED AT CP259 243. 12.25 20. 5. 5. .32
776· 2 COMBINED AT CP260 1336. 12.75 249. 63. 61. 2.18
777 2 COMBINED AT CP261 264. 13.17 62. 16. 15. .91
778 2 COMBINED AT CP262 2219. 13.83 770. 194. 187. 18.57
779 2 COMBINED AT CP263 1071. 14.08 423. 108. 104. 19.07
780 2 COMBINED AT 11264 324. 13.00 91. 23. 22. 29.34
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781 2 COMBINED AT CP264 412. 14.33 212. 54. 52. 30.87.
782 2 COMBINED AT 1I265A 601. 13.08 132. 33. 32. 34.79
783 2 COMBINED AT . CP265A 604. 13.08 161. 40. 39. 35.01
784 2 COMBINED AT 11266 256. 15.42 93. 23. 23. 34.17
785 2 COMBINED AT CP266 1964. 16.75 1341. 369. 355. 36.09
786 2 COMBINED AT 11267 485. 13.67 353. 109. 105. 36.76
787 2 COMBINED AT CP267 2106. 16.92 1534. 434. 418. 37.09
788 2 COMBINED AT 11268 4088. 18.00 2880•. 1128. 1086. 85.45
789 2 COMBINED AT CP268 4703. 17.92 3270. 1269. 1222. 86.28
790 2 COMBINED AT CP269 491. 13.00 172. 45. 44. 1.25
791 2 COMBINED AT 11270 521. 12.33 89. 25. 24. .52
792 2 COMBINED AT CP270 520. .12.33 92. 26. 25• 3.09
793 2 COMBINED AT 11271 1104. 13.50 265. 72. 69. 2.41
794 2 COMBINED AT CP271 A 284. 13.42 86. 22. 2" .59
794 2 COMBINED AT CP271 1104. 13.50 330. 93. 90. 2.57
795 2 COMBINED AT CP2718 109. 12.83 54. 15. 14. .49
796 2 COMBINED AT CP271C 263. 12.17 68. 20. 19. .79
796 2 COMBINED AT lI271C 263. 12.17 67. 20. 19. .67
797 2 COMBINED AT 11272 116. 12.42 12. 3. 3. .32
798 2 COMBINED AT 21272 304. 12.25 29. 7. 7. .52
799 2 COMBINED AT CP272 304. 12.25 39. 14. 13. 1.19
800 2 COMBINED AT RCP272 3287. 18.08 2984. 1149. 1107. 75.39
801 2 COMBINED AT CP273 1407. 12.83 323. 82. 79. 2.83
802 2 COMBINED AT 11274 465. 13.58 134. 33. 32. 1.57(. 803 2 COMBINED AT CP274 687. 13.17 178. 45. 43. 4.40
804 2 COMBINED AT CP275 135. 12.42 17. 4. 4. 4.51
a05 2 COMBINED AT CP276 186. 13.00 38. 9. 9. 4.77
806 2 COMBINED AT 11277 569. 13.08 127. 38. 36. 1.82
807 2 COMBINED AT 21277 556. 13.08 274. 76. 74. 19.48
808 2 COMBINED AT CP277 606. 13.17 279. 78. 75. 24.25
809 2 COMBINED AT 11278 1291. 15.50 537. 139. 134. 19.07
810 2 COMBINED AT 21278 1645. 15.50 723. 191. 184. 30.87
all 2 COMBINED AT CP278 1660. 15.42 793. 224. 216. 31.87
812 2 COMBINED AT CP279D 32. 12.17 3. 1. 1. 24.27
813 2 COMBINED AT CP279C 76. 12.25 8. 2. 2. 24.32
814 2 COMBINED AT CP2798 45. 12.25 4. 1. 1. 24.32
815 2 COMBINED AT CP279A 88. 12.42 12. 3. 3. 24.42
816 2 COMBINED AT 11279 76. 12.25 7. 2. 2. 24.47
817 2 COMBINED AT CP279 1632. 15.58 788. 224. 216. 36.14
818 2 COMBINED AT 11280 358. 13.33 104. 26. 25. 36.47
819 2 COMBINED AT CP280 826. 16.17 419. 117. 112. 43.77
820 2 COMBINED AT CP280A. 585. 17.58 389. 119. 114. 43.83
821 2 COMBINED AT CP281 742. 13.92 270. 70. 67. 35.86
822 2 COMBINED AT CP282 669. 14.17 252. 65. 63. 35.98
823 2 COMBINED AT CP283 231. 17.33 154. 48. 47. 36.25
824 2 COMBINED AT CP284 1266. 17.58 990. 300. 289. 37.61
825 2 COMBINED AT CP285B 229. 17.58 154. SO. 48. 36.31
826 2 COMBINED AT 1I285A 1257. 17.83 958. 283. 273. 37.67
827 2 COMBINED AT CP285A 1259. 17.83 ·958. 283. 273. 37.89(. 828 2 COMBINED AT CP285 1007. 18.00 719. 190. 183. 37.93
829 2 COMBINED AT 11286 4662. 18.SO 3264. 1225. 1180. 86.98
830 2 COMBINED AT CP286 4662. 18.50 3264. 1235. 1190. 87.20
831 2 COMBINED AT 11287 4644. 18.67 3261. 1231. 1186. 87.43
832 2 COMBINED AT CP287. 5319. 18.58 3724. 1362. 1312. 88.27
833 2 COMBINED AT CP287A 618. 13.83 249. 64. 62. 2.42
834 2 COMBINED AT 112878 163. 14.17 68. 18. 17. .36
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835 2 COMBINED AT CP287B 212: 14.25 107. 44. 42. 2.78
836 2 COMBINED AT lI287C 599. 16.83 391. 144. 139. 4.32
837 2 COMBINED AT CP287C 649. 16.83 430. 167. 161. 7.10
838 2 COMBINED AT 112870 293. 14.00 111. 29. 28. .73
839 2 COMBINED AT CP287D 382. 19.58 345. 149. 143. 7.83
840 2 COMBINED AT CP287E 199. 12.58 129. 39. 37. 1. 74
841 2 COMBINED AT RC287E 3256. 19.17 2973. 1033. 995. 77.13
842 2 COMBINED AT CP288A 606. 13.33 188. 48. 46. 2.08
843 2 COMBINED AT 11289 598. 16.17 296. 88. 84. 3.09
844 2 COMBINED AT CP289 660. 16.17 387. 135. 130. 4.09
845 2 COMBINED AT RCP290 3278. 18.33 2980. 1127. 1086. 75.94
846 2 COMBINED AT CP291 453. 13.25 120. 32. 31. 1.54
847 2 COMBINED AT 11292 1237. 12.75 408. 105. 101. 3.79
84B 2 COMBINED AT CP292 1704. 13.25 586. 150. 144. 5.36
849 2 COMBINED AT 11293 150. 14.25 45. 11. 11. 4.77
850 2 COMBINED AT 31293 751. 12.75 419. 116. 112. 25.02
850 2 COMBINED AT 21293 677. 12.67 156. 40. 38. 5.54
851 2 COMBINED AT CP293 1408. 13.50 693. 185. 178. 25.98
852 2 COMBINED AT CP293A 1367. 14.08 668. 181. 174. 26.05
853 2 COMBINED AT 11294 56. 13.08 10. 3. 2. 24.32
854 2 COMBINED AT CP294 264. 12.17 33. 8. 8. 24.50
855 2 COMBINED AT 1I294A 730. 15.92 432. 141. 135. 36.40
856 2 COMBINED AT 2I294A 730. 15.92 432. 141. 136. 36.40
857 2 COMBINED AT CP294A 730. 15.92 439. 144. 139. 36.40(. 858 2 COMBINED AT CP295 722. 16.08 447. 151. 145. 36.71
859 3 COMBINED AT CP296 674. 18.83 485. 191. 184. 44.76
860 2 COMBINED AT CP297 230. 13.17 152. 60. 57. 36.69
861 2 COMBINED AT lI297A 246. 18.25 238. 102. 98. 38.16
862 2 COMBINED AT CP297A 519. 18.33 432. 153. 148. 38.20
863 2 COMBINED AT CP298 4446. 19.83 3602. 1348. 1299. 89.11
864 2 COMBINED AT CP302 241. 12.17 22. 10. 9. 1.89
865 2 COMBINED AT lRC302 3282. 19.33 3009. 1018. 982. ' 85.71
866 2 COMBINED AT RCP302 3291. 19.42 3019. 1026. 989. 85.71
867 2 COMBINED AT 11303 25. 13.58 5. 1. 1. .05
868 2 COMBINED AT 21303 27. 13.67 9. 2. 2. .08
869 2 COMBINED AT 31303 32. 14.42 14. 4. 3. .13
870 2 COMBINED AT 41303 65. 14.25 25. 6. 6. .28
871 2 COMBINED AT 51303 90. 14.50 35. 9. 9. .38
872 2 COMBINED AT 61303 132. 14.50 60. 16. 15. .96
873 2 COMBINED AT CP303 911. 12.67 192. SO. 49. 2.17
874 4 COMBINED AT lC303A 530. 12.25 97. 24. 24. 1.48
875 2 COMBINED AT CP303A 516. 12.25 94. 24. 23. 18.99
876 2 COMBINED AT CP304 1646. 12.42 225. 56. 54. 2.58
877 2 COMBINED AT 11306 873. 13.83 360. 95. 92. 26.05
878 2 COMBINED AT CP306 974. 13.00 414. 109. 105. 26.54
879 2 COMBINED' AT CP308 1063. 13;25 448. 118. 114. 26.86
B80 2 COMBINED AT 11309 645. 13.17 152. 38. 37. 25.57
881 2 COMBINED AT CP309 1190. 15.25 590. 185. 178. 27.37
882 2 COMBINED AT CP311 721. 13.00 533. 175. 169. 37.44(e 883 2 COMBINED AT CP311A 270. 12.92 54. 14. 13. .37
884 2 COMBINED AT CP312 645. 20.00 476. 200. 193. 45.42
885 2 COMBINED AT CP313 247. 13.17 59. 15. 14. 37.12
886 2 COMBINED AT CP315 510. 19.92 427. 162. 156. 38.67
887 2 COMBINED AT CP316 4438. 20.17 3599. 1333. 1284. 89.93
888 2 COMBINED AT CP317 341. 13.25 141. 36. 34. .97
889 2 COMBINED AT CP318 sao. 12.67 156. 43. 41. 1.01



RUNOFF'SlH1ARY
FLOW IN CUBIC FEET PER SECOND 221

TIME IN HOURS, AREA IN SQUARE MILES
PEAK TIME OF AVERAGE FLOW FOR MAXII'UI PERIOD BASIN MAXII'UI TIME OF• OPERATION STATION FLOW PEAK AREA STAGE MAX STAGE

6-HOUR 24-HOUR 72-HOUR
890 2 COMBINED AT CP319 578. 12.SO 127. 36. 34. .84
891 2 COMBINED AT CP320 675. 12.42 88~ 25. 24. 2.53
892 2 COMBINED AT RCP320 3313. 19.75 3044. 990. 956. 86.35
893 2 COMBINED AT 11321 1309. 12.25 264. 69. 66. 2.83
894 2 COMBINED AT CP321 1309. 12.25 306. 80. 77. 4.60
'895 2 COMBINED AT CP322 1104. 13.00 265. 71. 68. 4.94
896 2 COMBINED AT CP323 1600. 12.58 242. 61. 59. 2.73

~ 897 2 COMBINED AT CP324 1180. 13.25 221. 57. 55. 3.09
898 2 COMBINED AT CP325 880. 13.33 205. 51. SO. 1.41
899 2 COMBINED AT CP326 533. 13.08 109. 27. 26. .75
900 2 COMBINED AT CP327 1232. 13.SO 513. 136. 131. 27.39
901 2 COMBINED AT CP328 1086. 16.50 583. 202. 195. 28.13
902 2 COMBINED AT CP329 663. 12.83 117. 30. 29. .82
903 2 COMBINED AT 11330 983. 13.08 582. 195. 188. 38.03
904 2 COMBINED AT CP330 1446. 13.08 931. 407. 392. 48.59
905 2 COMBINED AT 11331 632. 21.25 473. 201. 194. 46.17
906 2 COMBINED AT CP331 632. 21.25 473. 214. 206. 46.54
907 2 COMBINED AT CP332 388. 13.75 139. 35. 34. 37.68
908 2 COMBINED AT CP333 388. 13.08 137. 36. 35. 1.00
909 2 COMBINED AT 11334 4432. 20.33 3596. 1330. 1281. 90:57
910 2 COMBINED AT CP334 4915. 20.33 4007. 1473. 1419. 91.31
911 2 COMBINED AT CP335 4906. 20.58 4005. 1457. 1403. 91.66
912 2 COMBINED AT 11336 311. 13.83 138. 36. 34. 33.31

(e 913 2 COMBINED AT 21336 4899. 20.75 4010. 1468. 1414. 94.97
914 2 COMBINED AT CP336 4899. 20.75 4013. 1519. 1463. 96.25
915 3 COMBINED AT CP337 1120. 12.83 357~ 103. 99. 2.34
916 2 COMBINED AT CP336A 4897. 20.83 ' 4012. 1527. 1471. 96.62
917 2 COMBINED AT CP337B 58. 13.58 17. 5. 4. .42
918 2 COMBINED AT CP338A 734. 12.42 86. 24. 23. 3.30
919,2 COMBINED AT CP338 852. 12.67 124. 33. 32. 3.61
920 2 COMBINED AT RCP338 3302. 20.42 3039. 918. 887. 87.43
921 2 COMBINED AT CP339 1396. 13.33 402. lOS. 104. 5.94
922 2 COMBINED AT CP340 1090. 13.67 284. 75. 72. 3.57
923 2 COMBINED AT CP341 518. 13.92 199. SO. 48. 1.40
924 2 COMBINED AT CP342 858. 13.75 263. 66. 64. 1.80
925 2 COMBINED AT CP342A 625. 13.58 164. 41. 40. 1. 13
925 2 COMBINED AT 1IC343 1315. 13.75 581. 154. 148. 27.90
926 2 COMBINED AT CP343 1821. J3.83 1093. 368. 355. 30.59
927 2 COMBINED AT CP344 974. 17.33 sao. 216. 208. 28.74
928 2 COMBINED AT CP345 756. 13.17 179: 45. 44. 1.25
929 2 COMBINED AT CP346A 1404. 13.SO 935. 402. 387. 48.59
930 2 COMBINED AT CP346B 1268. 14.25 879. 369. 355. 38.58
931 2 COMBINED AT CP346C 1244. 14.08 878. ,373. 359. 38.31
932 2 COMBINED AT 11347 641. 13.08 268. 71. 68. 38.70
933 2 COMBINED AT 21347 635. 13.08 300. 88. 84. 52.64
934 2 COMBINED AT CP347 635. 13.08 300. 88. 84. 52.98
935 2 COMBINED AT CP348A 379. 13.42 165. 44. 42. 1.22
936 2 COMBINED AT CP348B 667. 13.42 253. 67. 65. 1.88
937 2 COMBINED AT CP349 1430. 13.83 514. 141. 136. 6.87(e 938 2 COMBINED AT 1I3SO 1417. 14.25 532. 148. 143. 7.06
939 2 COMBINED AT CP350 1417. 14.25 532. 155. 150. 8.79
940 2 COMBINED AT CP351 1053. 14.00 386. 103. 99. 4.33
941 2 COMBINED AT CP352 1238. 14.33 486. 130. 126. 3.60
942 2 COMBINED AT CP352A 925. 14.75 391. 107. 103. 4.46
943 2 COMBINED AT 11353 488. 14.58 216. 58. 56. 1.62
944 2 COMBINED AT CP353 1291. 13.92 478. 124. 120. 3.42



RUNOFF SLtfo1ARY
FLOW IN CUBIC FEET PER SECOND 222

TIME IN HOURS, AREA IN SQUARE MILES
PEAK TIME OF AVERAGE FLOW FOR MAXItUoI PERIOD BASIN MAXIMU'I TIME OF.) OPERATION STATION FLOW PEAK -AREA STAGE MAX STAGE

6-HOUR 24-HOUR 72-HOUR
945 2 COMBINED AT CP354 604. 13.92 206. 52. 51. 1.44
946 2 COMBINED AT. 11355 1740. 14.50 1053. 3SO. 338. 31.04
947 2 COMBINED AT 21355 2031. 14.75 1238. .399. 385. 32.48
948 2 COMBINED AT CP355 2031. 14.75 1448. 614. 591. 48.68
9SO 2 COMBINED AT CP356 1792. 14.08 1095. 377. 363. 30.94
951 2 COMBINED AT CP357 7SO. 13.42 199. SO. 49. 1.39
952 2 COMBINED AT CP358 896. 18.00 829. 263. 253. 41.02
953 2 COMBINED AT 11359 404. 13.00 82. 21. 20. .61
954 2 COMBINED AT 21359 1036. 13.33 281. 71. 68. 2.00
9552 COMBINED AT CP359 1281. 14.42 776. 341. 328. 40.58
956 2 COMBINED AT 1I360 789. 15.83 652. 263. 254. 40.83
957 2 COMBINED AT CP360 1026. 15.83 851. 342. 329. 40.83
958 2 COMBINED AT 11362 4387. 22.33 3542. 1222. 1177. 101.20
959 2 COMBINED AT CP362 4372. 22.42 3568. 1296. 1248. 119.10
960 2 COMBINED AT 1I363 1777. 21.67 1455. S05. 486. 97.40
961 2 COMBINED AT 21363 4372. 22.00 3587. 1233. 1188. 98.56
961 2 COMBINED AT 31363 4392. 22.00 3610. 1294. 1246. 100.44
962 2 COMBINED AT CP363 4392. 22.00 3610. 1305. 1257. 100.78
963 2 COMBINED AT 11364 558. 13.00 157. 41. 39. 1. 16
964 2 COMBINED AT CP364 3110. 21.17 2554. 970. 934. 97.93
965 2 COMBINED AT RCP364 3727. 21.92 2791. 905. 875. 133.69
966 2 COMBINED AT lI364A 4895. 20.92 4011. 1514. 1459. 96.69
967 2 COMBINED AT CP364A 4895. 20.92 4011. 1516. 1461. 96.n
968 2 COMBINED AT lRC367 3300. 20.58 3034. 893. 862. 89.88• 969 2 COMBINED AT RCP367 3325. 20.58 3058. 986. 953. 89.88
969 2 COMBINED AT CP368 367. 13.58 lSO. 43. 41. 1.27
970 2 COMBINED AT RCP368 3332. 21.58 2698. 833. B05. 91.41
971 2 COMBINED AT RCP369 3313. 21.42 2769. 828. BOO. 90.14
972 2 COMBINED AT RCP370 3320. 20.92 3008. 913. 882. 89.99
973 2 COMBINED AT 11371 1499. 14.83 595. 179. 173. 9.72
975 2 COMBINED AT CP371 1698. 20.67 1315. 556. 536. 65.40
976 3 COMBINED AT 11372 1929. 19.42 1515. S02. 483. 55.96
977 2 COMBINED AT 21372 2007. 19.42 1554. 530. 510. 56.61
978 2 COMBINED AT CP372 2124. 19.42 1616. 602. 580. 61.07
979 2 COMBINED AT 11373 1770. 15.92 1354. 520. SOL 49. "
980 2 COMBINED AT CP373 1770. 15.92 1354. 520. SOl. 49.15
981 2 COMBINED AT 11374 1658. 16.92 1333. SOO. 482. 49.91
982 2 COMBINED AT 21374 1783. 16.83 1376. 516. 497. SO. 32
983 2 COMBINED AT CP374 1870. 16.83 1405. 533. 513. SO. 74
986 2 COMBINED AT CP377 120. 12.42 15. 4. 4. .30
987 2 COMBINED AT RC377A 7914. 23.42 5218. 1661. 1603. 156.34
988 2 COMBINED AT RC377B 7907. 23.58 4986. 1541. 1487. 156.76
989 2 COMBINED AT CP378 4349. 23.25 3184. 1038. 1000. 119.88
990 2 COMBINED AT RCP378 7917. 23.25 5339. 1716. 1656. 156.07
991 2 COMBINED AT 1I379 332. 16.75 189. 70. 67. 61.78
992 2 COMBINED AT 21379 332. 16.75 189. 70. 67. 61.88
9932 COMBINED AT 31379 337. 16.75 189. 86. 82. 62.24
994 2 COMBINED AT CP379 1797. 21.67 1425. 551. 531. 65.96
995 2 COMBINED AT CP380 188. 12.83 44. 13. 13. .41(. 996 2 COMBINED AT RCP380 7874. 24.75 3565. 1000. 966. 158.18

'. 997 2 COMBINED AT RC381B 7878. 24.67 3817. 1058. 1022. 157.77
998 2 COMBINED AT CP382 v 556. 13.17 275. 128. 123. 61.78
999 2 COMBINED AT RCP383 . 7882. 24.50 4063. 1127• 1088. 157.70

1000 2 COMBINED AT RC383A 7887. 24.33 4308. 1218. 1175. 157.52
1001 2 COMBINED AT CP384 269. 14.33 122. 33. 32. .65
1002 2 COMBINED AT RCP386 7890. 24.25 4401. 1256. 1213. 157.36



RUNOFF SU't1ARY
FLOW IN CUBIC FEET PER SECOND 223"'

TIME IN HOURS, AREA IN SQUARE MILES
PEAK TIME OF AVERAGE FLOW FOR MAXIMUM PERIOD BASIN MAXIMUM TIME OF

• OPERATION . STATION FLOW PEAK AREA STAGE MAX STAGE
6-HOUR 24-HOUR 72-HOUR

1003 2 COMBINED AT RCP387 7894. 24.08 4537. 1312. 1266. 157.01

1004 2 COMBINED AT CPWTAF 9330. 24.92 4819. 1487. 1435. 183.74
1010 DIVERSION TO DCP3 490. 12.92 60. 15. 14. 4.86
lOll DIVERSION TO DCP10 1486. 12.75 193. 48. 46. 10.87
1012 DIVERSION TO 0143 1441. 12.92 80. 20. 19. 13.90
1013 DIVERSION TO 0143-4 21- 12.17 3. 1. 1. 1.09
1014 DIVERSION TO 0143-5 19. 12.17 2. 1. 1. 1.11
1015 DIVERSION TO 0143-6 6. 12.17 2. 1. 1- 1.13
1016 DIVERSION TO 0143-7 20. 12.08 2. 1. 1. 1. 15
1017 DIVERSION TO 0143-8 12. 12.08 1. O. O. . 1.16
1018 DIVERSION TO 0145-1 325. 13.00 35. 9. 9. 13.98
1019 DIVERSION TO 0145 330. 13.17 85. 21. 21. 14.36
1020 DIVERSION TO 0146-1 118. 13.42 33. 8. 8. 14.51
1021 DIVERSION TO 01119 166. 12.67 26. 7. 6. .50

1022 DIVERSION TO 01120 263. 13.33 79. 20. 19. 1.83
1023 DIVERSION TO lD121A 263. 13.33 79. 20. 19. 1.83
1024 DIVERSION TO 2D121A 58. 13.08 9. 2.' 2. 2.33
1025 DIVERSION TO 10122 442. 13.08 226. 58. 56. 2.B3
1026 DIVERSION TO 20122 96. 13.08 20. 5. 5. 3.21
1027 DIVERSION TO 01124 338. 13.00 74. 18. 18. ' .44
1028 DIVERSION TO 01125 200. 13.33 56. 14. 14. 1.01
1029 DIVERSION TO 01126 439. 14.08 218. 59. 57. 5.25
1030 DIVERSION TO 01128 410. 13.17 98. 25. 24. 1.36

(e 1031 DIVERSION TO 01130 O. .08 O. O. O. 1.83
1032 DIVERSION TO 01134 2643. 13.58 949. 243. 234. 7•. 89
1033 DIVERSION TO 01136 308. 13.33 87. 22. 21. 1.01
1034 DIVERSION TO 01138 439. 14.08 218. 59. 57. 5.25
1035 DIVERSION TO 01139 685. 13.33 305. 81. 78. 6.35
1036 DIVERSION TO 01144 795. 13.42 242. 61. 58. 5.54
1037 DIVERSION TO 01145 1550. 13.50 665. 172. 166. 8.52
1038 DIVERSION TO 01146 290. 14.33 141. 40. 39. 14.48
1039 DIVERSION TO 10147 145. 14.33 71. 20. 19. 14.48
1040 DIVERSION TO 20147 2060. 14.00 741. 193• 186. 15.42
1041 DIVERSION TO 01148 172. . 14.08 52. 13. 13. 16.48
1042 DIVERSION TO 01149 435. 14.50 265. 76. 74. 21.72
1043 DIVERSION TO 01150 49. 13.00 20. 5. 5. 17.46
1044 DIVERSION TO DI152 205. 13.75 122. 34. 33. 23.66
1045 DIVERSION TO 01153 435. 14.50 265. 76. 74. 21.72
1046 DIVERSION TO 01154 849. 15.75 529. 172. 166. 24.02
1047 DIVERSION TO 01155 O. .08 O. O. O. 24.01
1048 DIVERSION TO DI158A O. .08 O. O. O. 1. 14
1050 DIVERSION TO 01164 991. 14.00 315. 79. 76. 11.63
1051 DIVERSION TO 01165 868. 14.00 365. 91. 88. 11.63
1052 DIVERSION TO 01166 1943. 14.42 801. 224. 216. 15.92
1053 DIVERSION TO 01167 1753. 15.58 831. 263. 253. 18.44
1054 DIVERSION TO 10168 205. 13.75 122. 34. 33. 23.66
1055 DIVERSION TO 20168 117. 15.92 51. 14. 13. 25.61
1056 DIVERSION TO 10169 O. .08 O. O. O. 24.01
1057 DIVERSION TO 20169 140. 13.50 84. 26. 25. 26.47(. 1058 DIVERSION TO 0I175A 375. ' 12.25 34. 9. 8. .28
1059 DIVERSION TO DIl76A O. •08 O. O. O. 2.47
1060 DIVERSION TO 01177 294. 13.25 93. 24. 23. 15.08
1061 DIVERSION TO 10183 532. 15.92 256. 69. 67. 25.61
1062 DIVERSION TO 20183 274. 16.25 150. 47. 46. 26.00
1063 DIVERSION TO 01191 O. •08 O. O. O• 3.09
1064 DIVERSION TO 01193 2291. 14.17 1121. 280. 270. 25.34

J'



) RUNOFF SlH1ARY
FLOW IN CUBIC FEET PER SECOND 224

TIME IN HOURS. AREA IN SQUARE MILES

•
PEAK TIME OF AVERAGE FLOW FOR MAXIMUM PERIOD BASIN MAXII'U'l TIME OF

OPERATION STATION FLOW PEAK AREA STAGE MAX STAGE
6-HOUR 24-HOUR 72-HOtJR

1065 DIVERSION TO 01194 O. •08 O. O. O• 25.34
1066 DIVERSION TO 10195 1507. 14.33 1086. 340. 328. 30.29
1067 DIVERSION TO 20195 292. 14.75 221. 73. 70. 30.66
1068 DIVERSION TO 01196 450. 16.58 309. 112. 108. 38.46
1069 DIVERSION TO 01197 629. 17.50 441- 155. 149. 41.09
1070 DIVERSION TO 01198 629. 17.50 441. 155. 149. 41.09
1071 DIVERSION TO 10201 2050. 15.50 1302. 375. 361. 43.14
1072 DIVERSION TO 01208 1339. 12.83 490. 123. 119. 12.18
1073 DIVERSION TO 20208 476. 13.25 118. 29. 28. 1.00
1074 DIVERSION TO DI209A 1541. 13.33 447. 112. 108. 14.18
1075 DIVERSION TO 01209 1110. 13.75 225. 56. 54. 13.18
1076 DIVERSION TO 20209 288. 13.58 82. 20. 20. 14.68
1077 DIVERSION TO 01210 O. . •08 O• O. O. 13.18
1078 DIVERSION TO 20210 222. 14.08 60. 15. 14. 16.18
1079 DIVERSION TO 01212 1536. 14.50 600. 150. 145. 36.34
lOBO DIVERSION TO 01218 91- 13.08 38. 9. 9. 1.49
1081 DIVERSION TO 10219 626. 13.33 297. 76. 73. 14.18
1082 DIVERSION TO 20219 58. 13.25 13. 3. 3. '15.67
1083 DIVERSION TO 10220 636. 13.58 204. 52. SO. 14.68
1084 DIVERSION TO 20220 156. 14.58 64. 16. 16. 16.67'
1085 DIVERSION TO 10221 550. 14.08 170. 43. 41. 16.18
1086 DIVERSION TO 20221 407. 14.58 131- 33. 32. 18.17
1087 DIVERSION TO 01225 60. 8.75 60. 53. 51. 54.67

, 1088 DIVERSION TO 10226' 600. 17.42 475. 182. 175. 51.75(e 1089 DIVERSION TO 20226 O. .08 O. O. O. 52.23
1090 DIVERSION TO DR228A 3212. 17.58 2894. 1064. 1025. 68. 77
1091 DIVERSION TO 10230 187. 12.33 28. 7. 7. 1.02
1092 DIVERSION TO 20230 464. 12.25 81. 20. 20. 1.20
1093 DIVERSION TO 01231 172. 12.33 25. 6. 6. 1.02
1094 DIVERSION TO 01237 420. 13.25 131. 33. 32. 15.67
1095 DIVERSION TO 01238 893. 14.58 408. 114. 110. 16.67
1096 DIVERSION TO 01239 733. 14.58 319. 82. 79. 18.17
1097 DIVERSION TO 01245 1116. 12.50 162. 40. 39. 1.74
1098 DIVERSION TO 10248 990. 12.83 225. 56. 54. 14.08
1099 DIVERSION TO 20248 770. 13.42 237. 59. 57. 16.04
1100 DIVERSION TO 01249 325. 13.58 78. 20. 19. 26.34
1101 DIVERSION TO 10250 463. 13.58 116. 29. 28. 26.34
1102 DIVERSION TO 20250 301. 13.83 88. 22. 21. 21.84
1103 DIVERSION TO lD250A 306. 13.83 129. 32. 31. 27.84
1104 DIVERSION TO 20250A 57. 15.25 20. 5. 5. 30.34
1105 DIVERSION TO 10251 160. 15.25 56. 14. 13. 30.34
1106 DIVERSION TO 20251 1731. 16.17 888. 228. 220. 31.76
1107 DIVERSION TO 01256 119. 13.42 23. 6. 6. .34
1108 DIVERSION TO 01259 19. 12.25 1- O. O. .12
1109 DIVERSION TO 01261 O. .08 O. O. O. .50
1110 DIVERSION TO 01262 1955. 13.67 630. 158. 152. 17.54
1111 DIVERSION TO 01263 1024. 13.83 356. 90. 87. 18.57
1112 DIVERSION TO 01264 77. 14.00 24. 6. 6. 28.84
1113 DIVERSION TO DI265A 3. 14.58 1. O. O. 33.84ie 1114 DIVERSION TO 10266 276. 14.58 48. 12. 12. 33.84

\ "15 DIVERSION TO 20266 1948. 16.50 1264. 346. 333. 35.76
1116 DIVERSION TO 01267 415. 16.83 309. 91. 88. 36.26
1117 DIVERSION TO DI271A 211. 13.00 62. 16. 15. .90
1118 DIVERSION TO 01272 122. 12.25 12. 3. 3. .12
1119 DIVERSION TO 01277 98. 13.17 22. 5. 5. .91
1120 DIVERSION TO 10278 676. 13.83 256. 64. 62. 18.57



RUNOFF StMoIARY
FLOW IN CUBIC FEET PER SECOND 225

TIME IN HOURS, AREA IN SQUARE MILES
PEAK TIME OF AVERAGE FLOW FOR MAXIMUM PERIOD BASIN MAXI!'U'1 TIME OF

• OPERATION STATION FLOW PEAK AREA STAGE MAX STAGE
6-HOUR 24-HOUR 72-HOUR

1121 DIVERSION TO 20278 731. 14.08 297. 76. 73. 19.07
1122 DIVERSION TO 01280 55. 14.00 20. , 5. 5. 35.86
1123 DIVERSION TO 01283 236. 16.75 153. 43. 42. 36.09
1124 DIVERSION TO 01284 1285. 16.92 973. 284. 273. 37.09
1125 DIVERSION TO 01289 887. 13.75 287. 78. 75. 2.57
1126 DIVERSION TO 01291 186. 12.92 16. 4. 4. .55
1127 DIVERSION TO 01292 979. 12.92 278. 71. 68. 2.83
1128 DIVERSION TO 20292 682. 13.17 178. 45. 43. 4.40
1129 DIVERSION TO 10293 90. 12.67 17. 4. 4. 4.51
1130 DIVERSION TO 20293 89. 13.00 28. 7. 7. 4.77
1131 DIVERSION TO 30293 583. 13.25 279. 78. ·75. 24.25
1132 DIVERSION TO 10294 31. 12.25 3. 1. 1. 24.27
1133 DIVERSION TO 20294 45. 12.SO 8. 2. 2. 24.32
1134 DIVERSION TO 10294A 10. 12.25 2. O. O. 24.32
1135 DIVERSION TO 2D294A 67. 12.58 12. 3. 3. 24.42
1136 DIVERSION TO 30294A 738. 15.67 433. 133. 128. 36.14
1137 DIVERSION TO 01297 220. 17.83 153. SO. 48. 36.31
1138 DIVERSION TO 10297A 246. 17.83 238. 94. 91- 37.89
1139 DIVERSION TO 2D297A 274. 18.08 195. 52. SO. 37.93
1140 DIVERSION TO 01302 14. 20.58 13. 4. 4. 1. 74
1141 DIVERSION TO 10303 23.,. 12.17 3. 1. 1. .02
1142 DIVERSION TO 20303 24. 12.00 2. O. O. .05
1143 DIVERSION TO 30303 24. 12.25 5. 1. 1. .08
1144 DIVERSION TO 40303 23. 12.25 5. 1. 1. :13i. 1145 DIVERSION TO 50303 45. 12.33 11. 3. 3. .28
1146 DIVERSION TO 60303 33. 12.SO 12. 3. 3. .38
1147 DIVERSION TO 70303 47. 12.SO 26. 7. 6. .68
1148 DIVERSION TO 1D303A 282. 12.83 42. 11. 10. 1.00·
1149 DIVERSION TO Dl64A 117. 13.67 33. 8. 8. 7.68
1149 DIVERSION TO 2D303A 10. 12.17 1. O•. O. 1.01
l1SO DIVERSION TO 30303A 23. 12.17 5. 1. 1- 1.06
1151 DIVERSION TO 10306 894. 13.25 300. 78. 75. 5.36
1152 DIVERSION TO 20306 140. 14.17 65. 17. 17. 26.05
1153 DIVERSION TO 01320 O. •08 O. O• O. 1.89
1154 DIVERSION TO 01321 122. 12.58 45. 11. 11. 2.73
1155 DIVERSION TO DI338A O. •08 O. O• O. 2.53
1156 DIVERSION TO DI346C 1273. 13.50 880. 384. 370. 48.59
1157 DIVERSION TO 01347 O. •08 O. O• O. .34
1158 DIVERSION TO 01350 100. 14.92 39. 11. 10. 4.46
1159 DIVERSION TO 01360 315. 14.25 210. 86. 83. 38.58
1160 DIVERSION TO 01363 1782. 20.92 1458. 547. 527. 96.77
1161 DIVERSION TO DIGILA 470. 21.17 405. 167. 161. 97.93
1162 DIVERSION TO 01367 , 373. 13.SO 335. 103. 99. 2.34
1163 DIVERSION TO 01371 1681. 19.42 1302. 492. 474. 61.07
1164 DIVERSION TO 01379 63. 19.42 36. 10. 10. 61.07
11 65 ROUTED TO SRWT3 O. •08 O. O. O• 20.48 1197.48 17.58
1166 ROUTED TO SR16 O. •08 O. O. O• 1.13 1215.39 24.92
11 67 ROUTED TO SR20 O. •08 O. O• O. 1.07 1456.94 24.92
1168 ROUTED TO SR21 191. 13.25 40. 12. 11- 3.46 1347.09 14.67

• 1169 ROUTED TO SR23 O. •08 O. O. O• 3.62 1279.06 24.92
(, 1170 ROUTED TO SR24 O. .08 O. O• O. .14 1217.43 13.25

1171 ROUTED TO SR25 1374. 12.SO 146. 37. 36. 5.29 1214.98 12.SO
1172 ROUTED TO SR27 1642. 12.SO 205. 52. SO. 2.16 1214.44 12.50
1173 ROUTED TO SR29 O. •08 O. O• O. ;22 1168.31 13.17
1174 ROUTED TO SR38 3220. 12.50 357. 93. 90. 4.64 1300.13 12.50
1176 ROUTED TO SR41A1 23. 12.17 3. 1. 1. .02 1135.75 12.17



RUNOFF SlMIARY
FLOW IN cuaIC FEET PER SECOND 226

TIME IN HOURS, AREA IN SQUARE MILES
PEAK TIME OF AVERAGE FLOW FOR MAXIMUM PERIOD BASIN MAXIMUM TIME OF

• OPERATION STATION FLQ./ PEAK AREA STAGE MAX STAGE
6-HOUR 24-HOUR 72-HOUR

1177 ROUTED TO SR41A2 60; 12.00 3. 1. 1. .05 1135.66 12.08
1178 ROUTED TO SR41A3 24. 12.25 5. 1. 1. .08 1131.18 12.25
1179 ROUTED TO SR41A 23. 12.25 5. 1. 1. .13 1126.26 12.25
1180 ROUTED TO SR41-1 148. 12.33 14. 3. 3. .28 1116.03 12.33
1181 ROUTED TO SR41-2 33. 12.50 12. 3. 3. .38 1101.42 12.42
1182 ROUTED TO SR41 531. 12.50 64. 16. 16. .68 1100.02 12.58
1183 ROUTED TO SR42 6601. 12.75 797. 205. 198. 14.56 1102.23 12.83
1184 ROUTED TO SR43-1 282. 12.83 42. 11. 10. 1.00 1094.94 12.83
1185 ROUTED TO SR43-2 10. 12.17 1. O. O. 1.01 1093.36 12.17
1186 ROUTED TO SR43-3 23. 12.17 5. 1- 1. 1.06 1093.79 12.17
1187 ROUTED TO SR43-4 21. 12.17 3. 1- 1. 1.09 1094.17 12.17
1188 ROUTED TO SR43-5 19. 12.17 2. 1. 1. 1.11 1091.68 12.17
1189 ROUTED TO SR43-6 6. 12.17 2. 1. 1. 1.13 1089.99 12.17
1190 ROUTED TO SR43-7 20. 12.08 2. 1. 1. 1.15 1089.50 12.08
1191 ROUTED TO SR43-S 12. 12.08 1. O. O. 1.16 1086.51 12.08
1192 ROUTED TO SR43 5S03. 12.92 799. 206. 198. 13.90 1092.87 13.00
1193 ROUTED TO SR45-1 1428. 13.00 90. 22. 22. 13.98 1086.77 13.08
1194 ROUTED TO SR45 815. 13.17 101. 25. 24. 14.36 1084.85 13.25
1195 ROUTED TO SR46-1 118. 13.42 33. 8. 8. 14.51 1080.94 12.50
'196 ROUTED TO SR46 1705. 12.75 259. 65. 63. 17.43 1070.76 12.75
1197 ROUTED TO RS47 O. •08 O• O. O. 18.57 1040.07 24.92
1198 ROUTED TO SRl38 1327. 15.75 812. 261. 252. 24.02 1048.81 15.75.
1199 ROUTED TO . SR139 835. 13.92 428. 118. 114. 7.22 1047.83 14.00
1200 ROUTED TO SR1S8A 304. 13.75 78. 20. 20. 1.14 1115.42 13.83(e 1201 ROUTED TO SR212 1337. 15.58 626. 161. 155. 36.88 1080.12 15.67

" 1202 ROUTED TO SR221A 271. 14.25 95. 24. 23. .80 1079.02 14.33
1203 ROUTED TO SR225 84. 13.42 81. 47. 45. .80 1063.81 13.50
1204 ROUTED TO SR226 534. 13.08 493. 225. 217. 53.41 1077.10 18.50
1205 ROUTED TO SR241 4245. 17.08 2888. 1083. 1043. 78.75 1048.40 17.08
1206 ROUTED TO SR253 4102. 17.75 2881. 1101. 1061. 84. SO 1026.53 17.75
1207 ROUTED TO SR258 O. .08 O. O. O. .38 969.35 13.67
1208 ROUTED TO SR259 O. .08 O. O. O. .32 1010.21 14.08
1209 ROUTED TO SR268 4695. 18.00 3267. 1242. 1196. 86.28 1012.11 18.08
1210 ROUTED TO SR269 36. 16.75 17. 5. 5. 1.25 1011.90 24.58
1211 ROUTED TO SR270 468. 12.42 85. 22. 21. 3.09 1012.77 12.42
1212 ROUTED TO SR271 904. 13.75 290. '79. 76. 2.57 1014.73 13.83
1213 ROUTED TO SR271 A 284. 13.42 86. 22. 21. .59 1018.30 13.42
1214 ROUTED TO SR271C 69. 17.42 26. 6. 6. .79 1011.57 17.75
1215 ROUTED TO SR272 O. .08 . O. O. O• 1.19 977.27 24.00
1216 ROUTED TO SR273 1398. 12.92 323. 82. 79. 2.83 1057.40 13.00
1217 ROUTED TO SR274 682. 13.17 178. 45. 43. 4.40 1045.57 13.25
1218 ROUTED TO SR275 90. 12.67 17. 4. 4. 4.51 1039.57 12.67
1219 ROUTED TO SR276 186. 13.00 38. 9. 9. 4.77 1036.06 13.00
1220 ROUTED TO SR277 583. 13.25 279. 78. 75. 24.25 1025.94 13.25
1221 ROUTED TO SR279A 67. 12.58 12. 3. 3. 24.42 1015.68 12.58
1222 ROUTED TO SR279B 47. 12.25 4. 1. 1. 24.32 1020.09 12.25
1223 ROUTED TO SR279C 45. 12.50 B. 2. 2. 24.32 1021.39 12.50
1224 ROUTED TO SR279D 32. 12.25 3. 1- 1. 24.27 1023.59 12.25
1225 ROUTED TO SR279 1634. 15.67 788. 224. 216. 36.14 1015.15 15.75

, 1226 ROUTED TO SR280A 583. 17.67 385. 108•. 104. 43.83 1008.92 17.75
t,e 1227 ROUTED TO SR280 594. 16.83 390. 117. 112. 43.77 1009.52 16.92

1228 ROUTED TO SR281 732. 14.00 259. 66. 64. 35.86 1008.53 14.00
1229 ROUTED TO SR282 562. 14.58 252. 65•. 63. 35.98 1002.91 14.58
1230 ROUTED TO SR284 1259. 17.67 959. 282. 271. 37.61 1011.20 17.75
1231 ROUTED TO SR285A 1259. 17.83 958. 283. 273. 37.89 1006.58 17.83
1232 ROUTED TO SR285B 225. 17.75 154. SO. 48. 36.31 1009.07 17.92



RUNOFF SlJ+lARY
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TIME IN HOURS, AREA IN SQUARE MILES
PEAK TIME OF AVERAGE FLOW FOR MAXIM PERIOD BASIN MAXltul TIME OF(e OP~RATION STATION FLOW PEAK AREA STAGE MAX STAGE

6-HOUR. 24-HOUR 72-HOUR
1233 ROUTED TO SR285 1007. 18.08 719. 190. 183. 37.93 1003.61 18.08
1234 ROUTED TO SR287' 4450. 19.58 3604. 1346. 1296. 88.27 994.06 19.67
1235 ROUTED TO SR287A 55. 14.00 55. 27. 26. 2.42 980.87 16.58
1236 ROUTED TO SR287B 65. lB.75 61. 25. 24. 2.78 979.95 19.67
1237 ROUTED TO SR287C 376. 19.17 340. 125. 120. 7.10 978.78 19.58
1238 ROUTED TO SR287D 67. 24.92 62. 25. 24. 7.83 981.50 24.92
1239 ROUTED TO SR287E 14. 20.58 13. 4. 4. 1. 74 985.23 20.25
1240 ROUTED TO SR290 319. 12.92 64. 16. 15. .55 996.51 12.92
1241 ROUTED TO SR291 128. 14.33 115. 32. 31. 1.54 982.80 " 14.33
1242 ROUTED TO SR293 1394. 13.58 683. 181. 174. 25.98 1007.92 13.67
1243 ROUTED TO SR293A 1360. 14.17 641. 171. 165. 26.05 1006.10 14.25
1244 ROUTED TO SR294 O. .08 O. O. O. 24.50 977.26 18.17
1245 ROUTED TO SR294A 729. 15.92 439. 142. 137. 36.40 1008.08 16.00
1246 ROUTED TO SR297 O. .08 O. O. O. 36.69 956.46 24.92
1247 ROUTED TO SR298 4443. 19.92 3600. 1338. 1289. 89.11 980.27 19.92
1248 ROUTED TO SR302 39. 12.58 21. 9. 9. 1.89 975.84 12.58
1249 ROUTED TO SR305 615. 13.17 132. 33. 32. .92 1003.66 13.17
1250 ROUTED TO SR306 973. 13.50 414. 107. 103. 26.54 . 1005.48 13.00
1251 ROUTED TO SR320 51. 13.25 45. 21. 20. 2.53 959.87 13.17
1252 ROUTED TO SR321 931. 12.75 224. 58. 56. 4.60 1001.17 12.75
1253 ROUTED TO SR323 1578. 12.58 219. 55. 53. 2.73 1001.91 12.58
1254 ROUTED TO SR336 4897. 20.83 4012. 1515. 1459. 96.25 934.34 20.83
1255 ROUTED TO SR3368 101. 12.17 9. 2. 2. .08 923.48 12.17
1256 ROUTED TO SR337 373. 13.50 335. 103. 99. 2.34 958.33 13.50I.e 1257 ROUTED TO SR338A 646. 12.50 86. 24. 23. 3.30 943.54 12.50
1258 ROUTED TO SR346B 1271. 14.25 879. 367. 353. 38.58 908.81 14.33
1259 ROUTED TO SR346C 1220. 14.25 871. 360. 347. 38.31 910.03 14.25
1260 ROUTED TO SR347 611. 13.17 300. 88. 84. 52.98 908.16 13.17
1261 ROUTED TO SR348 280. 12.83 49. 12. 12. .34 908.40 12.83
1262 ROUTED TO SR3488 645. 13.58 253. 67. 65. 1.88 914.58 13.67
1263 ROUTED TO SR349 1416. 13.92 514. 141. 136. 6.87 895.06 14.00
1264 ROUTED TO SR350 1374. 14.42 503. 143. 138. 8.79 889.29 14.42
1265 ROUTED TO SR351 1003. '14.08 386. 103. 99. 4.33 894.17 14.25
1266 ROUTED TO SR352 1144. 14.67 461. 121. 117. 3.60 892.88 14.67
1267 ROUTED TO SR352A 897. 14.92 354. 95. 91. 4.46 891.48 15.00
1268 ROUTED TO SR353 1288. 13.92 478. 124. 120. 3.42 898.37 16.67
1269 ROUTED TO SR354 539. 14.17 206. 52. 51. 1.44 895.18 14.25
1270 ROUTED TO SR355 1824. 15.25 1365. 544. 524. 48.68 895.16 15.33
1271 ROUTED TO SR355A O. .08 O. O. O. .04 892.56 13.92
1272 ROUTED TO SR356 1775. 14.17 1069. 355. 342. 30.94 899.68 14.17
1273 ROUTED TO SR358 860. 20.92 791. 219. 211. 41.02 895.47 21.33
1274 ROUTED TO SR359 803. 15.33 655. 271. 261. 40.58 901.91 15.50
1275 ROUTED TO SR360 940. 16.25 841- 323. 311. 40.83 895.21 16.42
1276 ROUTED TO SR361 O. .08 O. O. O• .21 896.66 16.58
1277 ROUTED TO SR362 4363. 22.50 3557. 1250. 1204. 119.10 902.86 22.67
1278 ROUTED TO SR364 3110. 21.17 2554. 961. 926. 97.93 912.34 21.25
1279 ROUTED TO SR368 221. 14.25 133. 39. 37. 1.27 917.77 14.25
1280 ROUTED TO SR377 O. .08 O. O. O. .30 892.51 13.83
1281 ROUTED TO SR379 1769. 21.83 1408. 538. 518. 65.96 861.15 22.17e 1282 ROUTED TO SR381 78. 13.58 16. 4. 4. .21 866.93 13.67

{ 1283 ROUTED TO SR38lA O. •08 O. O. O. .10 865.43 14.50



• The following is a listing of the various versions of aerial recution curves.
Case 1: Depth-area reduction curves from Table 2.2 and 2.1 a of the 1995 Edition of the Hydrology Manual for the 6- and 24-hour storms, respectively.
Case 2: The 6-hour depth-area reduction curve was recreated from Figure 2.14 of the 1995 Edition of the Hydrology Manual. Data shown was taken from the Figure 2.14 and then smoothed Visually

to match the curve. The 24-hour depth-area curve was recreated from NWS Hydro-40 plot. The data shown for the 24-hour duration was taken from that publication and then smoothed
visually to match the curve.

Case 3: Data taken directly from NWS Hydro-40 figures.
Case 4: Data suggested by Tom Loomis PE, RLS at the FCDMC. The 6-hour curve was unchanged from the 1995 Edition of the Hydrology Manual excepth for the addition of data points at the rainfall

distribution pattern points. The 24-hour curve is based on a similar plotting and smoothing effort as was done for Case 2 (see correspondence Attachments 1 and 2).
Case 5: 6- and 24-hour depth-area reductions curves combined into a single curve from the data of Case 2. A set of regression equations is fit to the smoothed and combined data (actually just the 2L

hour data).
Those equations are:

1. 7.29167E-8 * Area4
- 7.70833E-6 * Area3 + 3.30208E-4 * Area2

- 8.60417E-3 * Area + 1.0 (for 0.0 < Area <= 40.0 with ~ = 1.000)

2. 6.36681 E-12 * Area4
- 8.91371 E-9 * Area3 + 4.56903E-6 * Area2

- 1.1213E-3 * Area + 0.914728 (for 40.0< Area <= 500.0 with ~ = 0.9975)

The recommended data set is Case 4

Case 1 Case 2 Case 3 Case 4 Case 5
6-Hour Duration 24-Hour Duration 6-Hour Duration 24-Hour Duration 6-Hour Duration 24·Hour Duration 6-Hour Duration 24-Hour Duration

Ratio to Ratio to Ratio to Ratio to Ratio to Ratio to Ratio to Ratio to Ratio to
Drainage Point Drainage Point Drainage Point Drainage Point Drainage Point Drainage Point Drainage Point Drainage Point Drainage Point

Area Rainfall Area Rainfall Area Rainfall Area Rainfall Area Rainfall Area Rainfall Area Rainfall Area Rainfall Area Rainfall
sq. miles sq. miles sq. miles Sq. miles Sq. miles sq. miles sq. miles Sq. miles Sq. miles

0 1 0 1 0 1 0 1 0 1 0 1.000 0 1.000 0.0 1.000
1 0.987 10 0.94 0.5 0.992 10 0.94 12.5 0.94 0.5 0.994 10 0.950 0.5 0.996-e 5 0.96 20 0.91 1 0.987 20 0.91 25 0.91 1 0.987 20 0.918 1.0 0.992

10 0.94 30 0.9 2.8 0.9725 30 0.89 50 0.88 - 30 0.900 2.8 0.978
20 0.91 40 0.88 5 0.96 40 0.8775 100 0.85 5 0.960 40 0.887 5.0 0.964
30 0.89 50 0.87 10 0.94 50 0.868 150 0.83 10 0.940 50 0.877 10.0 0.940
40 0.87 60 0.86 16 0.92 100 0.84 200 0.82 60 0.870 16.0 0.920
50 0.86 70 0.856 20 0.909 150 0.8225 250 0.8125 20 0.910 70 0.863 20.0 0.910

100 0.8 80 0.855 30 0.889 200 0.8125 500 0.7875 30 0.890 80 0.857 30.0 0.890
200 0.72 90 0.846 40 0.8725 300 0.8 40 0.870 90 0.852 40.0 0.877
300 0.66 100 0.842 90 0.81 400 0.79 100 0.848 50.0 0.869
400 0.61 110 0.838 100 0.8 500 0.78 100 0.800 110 0.845 90.0 0.845
500 0.57 120 0.834 200 0.72 120 0.841 100.0 0.840

130 0.833 300 0.66 130 0.838
140 0.829 400 0.61 140 0.835
150 0.825 500 0.57 150 0.832
200 0.817 200 0.820
300 0.8 250 0.812
400 0.79 300 0.806
500 0.78 400 0.796

500 0.783

•



Column 5:

Column 4:

Column 6:
Column 7:

•

•

•

The following is a listing of the various versions of the 2-hour precipitation mass curve.
Column 1: Time increment in minutes
Column 2: Mass curve from Table 2.3 of the 1995 Edition of the Hydrology Manual
Column 3: 5-min. mass curve developed from HEC-1 output for a hypothetical distribution. The input

the the hypothetical distribution was derived from point precipitation data for Phoenix Sky
Harbor International Airport as shown in the original George V. Sabol Consulting
Engineers Hydrology Manual documentation notebooks.
Mass curve recreated from Figure 2.15 of the 1995 Edition of the Hydrology Manual.
Data shown was taken from the Figure 2.15 and then smoothed visually to match the
curve.
Same as (3) except HEC-1 input determined independantly by Tom Loomis, PE, RLS at
the FCDMC (see correspondance, Attachment 3).
Time increment in minutes
Same as (5) except time increment of 2 minutes (see correspondence, Attachment 3).

Recommended data is is shown in green.

Manual Hypothetical Manual Hypothetical Hypothetical
1995 Distribution 1995 Distribution Distribution

Time Table 2.3 Output Figure 2.15 Output Time Output
minutes minutes

1 2 3 4 6 5
0.0 0.0 0.0 0.0 0.0
1.1 0.7 1.1 2.0 0.3
1.8 1.5 2.0 4.0 0.7
2.3 2.2 2.5 6.0 1.0
2.8 2.9 3.1 8.0 1.4
3.2 3.6 3.8 10.0 1.7
4.6 4.7 5.1 12.0 2.1
7.1 7.3 7.2 14.0 2.4
10.0 10.2 10.0 16.0 2.8
13.7 13.8 13.7 18.0 3.1
17.6 19.3 17.9 20.0 3.5
23.2 26.2 23.2 22.0 3.8
32.7 41.5 32.7 24.0 4.2
60.1 68.7 48.0 26.0 4.5
74.3 79.3 76.0 28.0 4.9
86.3 85.1 86.5 30.0 5.2
90.1 89.1 91.5 32.0 6.3
93.0 92.4 94.5 34.0 7.3
95.4 95.3 96.3 36.0 8.4
96.2 96.4 97.5 38.0 9.4
97.0 97.1 98.2 40.0 10.8
97.7 97.8 98.8 42.0 12.2
98.2 98.5 99.3 44.0 13.6
99.2 99.3 99.7 46.0 15.3
100.0 100.0 100.0 48.0 17.4

50.0 19.9
52.0 22.3
54.0 25.8
56.0 30.3
58.0 36.6
60.0 47.4
62.0 58.2
64.0 66.9



The following is a listing of the various versions of the 2-hour precipitation mass curve.

•
Column 1:
Column 2:
Column 3:

Column 4:

Column 5:

Column 6:
Column 7:

Time increment in minutes
Mass curve from Table 2.3 of the 1995 Edition of the Hydrology Manual
5-min. mass curve developed from HEC-1 output for a hypothetical distribution. The input
the the hypothetical distribution was derived from point precipitation data for Phoenix Sky
Harbor International Airport as shown in the original George V. Sabol Consulting
Engineers Hydrology Manual documentation notebooks.
Mass curve recreated from Figure 2.15 of the 1995 Edition of the Hydrology Manual.
Data shown was taken from the Figure 2.15 and then smoothed visually to match the
curve.
Same as (3) except HEC-1 input determined independantly by Tom Loomis, PE, RLS at
the FCDMC (see correspondance, Attachment 3).
Time increment in minutes
Same as (5) except time increment of 2 minutes (see correspondence, Attachment 3).

Recommended data is is shown in green.

•

•

Time
minutes

(1 )

Manual
1995

Table 2.3

(2)

Hypothetical
Distribution

Output

(3)

Manual
1995

Figure 2.15

(4)

Hypothetical
Distribution

Output

(5)

Time
minutes

(6)
66.0
68.0
70.0
72.0
74.0
76.0
78.0
80.0
82.0
84.0
86.0
88.0
90.0
92.0
94.0
96.0
98.0
100.0
102.0
104.0
106.0
108.0
110.0
112.0
114.0
116.0
118.0
120.0

Hypothetical
Distribution

Output

(5)
72.5
76.7
79.4
81.9
84.0
86.1
87.5
88.9
90.2
91.6
92.7
93.7
94.8
95.1
95.5
95.8
96.2
96.5
96.9
97.2
97.6
97.9
98.3
98.6
99.0
99.3
99.7
100.0



• •
Comparison of 2-hour precipitation mass curve data

•
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•
21 January 2002
File: 82000042

Flood Control District of Maricopa County
2801 W. Durango St.
Phoenix AZ 85009

Tel: 602-506-4767
Fax: 602-506-4601

trl@mail.maricopa.gov

Attention:

Dear Tom:

Mr. Thomas Loomis, PE, RLS

•

•

Reference: Hydrology Manual

Thank you for your input regarding the correlation of data between several of the tables
and figures in the Hydrology Manual. I have reviewed the data that you provided and
have adopted all the recommended data sets with the exception of the aerial reduction
curves.

Prior to your involvement in Manual update, Mr. Joe Rumann suggested that the aerial
reduction curves for the 6- and 24-hour duration storms could be combined into a single
curve. Mr. Rumann's suggestion is based on the fact that there is little difference in the
reduction factors between the two durations in the modeling range for the 6-hour
duration storm (up to 100 sq. miles. In the hope that a single aerial reduction curve
might eliminate confusion, it was agreed that the 24-hour duration storm aerial reduction
curve be used for both storms and that a footnote be added regarding the upper limit of
the 6-hour storm.

From a plot of the 24-hour duration aerial reduction data shown in Table 2.1 a of the
1995 Edition of the Hydrology Manual, it was clear that the data did not plot as a smooth
curve as shown in NWS Hydro-40. At that time, I felt that an equation representing the
aerial reduction curve could be useful for consideration in future DDMSW updates. By
breaking the 24...hour data into two sets I was able to closely fit regression equations to
the data. From this a single table and figure for aerial reduction factors was prepared for
the "2002" Edition of the Hydrology Manual. These equations and the resulting data are
listed in the attached table as Case 5 and plotted in the attached figure. Also shown in
the attached figure and table is the data that you developed. As can be seen from both
the figure and table, these two data sets compar~ very favorably. Based on this
comparison, I simply updated the aerial reduction table in the "2002" Edition of the
Hydrology Manual to include values at each of the 6-hour pattern numbers as you
requested. Please let me know if this is acceptable.



•

•

•

21 January 2002
Mr. Thomas Loomis, PE, RLS
Page 2of2

Reference: Hydrology Manual

With these data discrepancies resolved there are just a few more outstanding issues that
need attention. First is the Rational Method C Coefficient table. During the project
status meeting of 7 February 2000 Mr. Amir Motamedi provided a table of C Coefficients
based on a different break down of land use categories to be considered as a
replacement to the current table. In addition to the use of these new values is the issue
of how to present the data, either as a range or as a single value. Furthermore, can the
land use categories for Rational Method C· Coefficients be related to the land use
categories provided in the Rainfall Losses Chapter.

Second, I understand that there is a desire to model golf courses as having a saturated
antecedent moisture condition (DTHETA =0.0). While this does not have any
procedural implications it does imply a standard of application that should be stated in
the Hydrology Manual or the "Policies and Standards Manual".

Finally, there is the issue of general format and consistency. Currently in the Hydraulics
Manual all equations and variables are shown in italics in a different font than the body
text (Times New Roman for equations and Arial for body text). In the Hydrology Manual
there is a bad mix of italicization and font variations.

Please let me know how you wish us to proceed on these last issues.

Sincerely,

STANTEC CONSULTING INC.

Mike Gerlach, PE
Water Resources
mgerlach@stantec.com



•

•

•

Mr. R. Michael Gerlach, PE
Stantec Consulting Inc.
8211 South 48th Street
Phoenix, AZ 85044

Dear Mike:

The purpose of this letter is to address the questions in your letter to me dated 21 January
2002. I understand your questions to be as follows:

1. Is it acceptable to use the 24-hour aerial reduction curve for both the 6- and 24
hour storms?

2. Is it acceptable to use the two regression equations you developed to reproduce
the 24-hour aerial reduction curve?

3. Should the C-Coefficient table provided by Amir Motamedi, which is based on a
different breakdown of land use categories, be used?

4. Should the C-Coefficients be presented as a range or as single values?

5. Can the land use categories for the Rational Method C-Coefficients be related to
the land use categories provided in the Rainfall Losses Chapter?

6. Is the issue of modeling golf courses using a saturated antecedent moisture
condition better addressed in the Policies and Standards Manual?

7. Should the font style used in the Hydraulics Manual (Times New Roman for
equations, and Arial for body text) be used in the Hydrology Manual, which
currently has a mix of italicization and font variations?

My responses are as follows:

Question 1. We have decided to keep using both the 6-hour and the 24-hour aerial
reduction curves.

Question 2. We would rather use a single equation. There is no rush so we will do this
task in-house.



Questions 3, 4 and 5. I have included an attachment that contains a new table of
C-Coefficients for Chapter 3 (Table 3.2) based on a range of values, and a new table of
lA, RTIMP and Vegetation Cover Density values for Chapter 4 (Table 4.2a). These two
tables are based on a common set of land use categories. Please incorporate these two
tables. Existing Table 4.1 can be eliminated. I will be placing a table of single C
Coefficient values for each land use category in the Policies and Standards Manual.

•
Letter to Stantec Consulting, Inc dated 02/26/2002 continued. Page 2 of2

•

•

Question 6. Yes. I will address this in the Policies and Standards Manual; so do not
revise this in the Hydrology Manual.

Question 7. I have agreed with Frank Thomas not to change the font selections being
used in the Hydraulics Manual. Based on a telephone conversation with you last month,
you said you could make font changes to the Hydrology Manual fairly readily.
Therefore, change the Hydrology Manual to use the same font selection as is used in the
Hydraulics Manual.

Please give me call with any questions.

Sincerely,

Thomas R. Loomis, PE, RLS
Special Projects Branch Manager
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Rational Method

Table 3.2
C Coefficients for Use with the Rational Method

Return Period
Land Use 2-10 Year 25 Year 50 Year 100 Year

Streets and Roads
Paved Roads 0.75-0.85 0.83-0.94 p.90-0.95 0.94-0.95
Gravel Roadways & ShoulderS 0.60-0.70 0.66-0.77 0.72-0.84 0.75-0.88

Jndustrial Areas
Heavy 0.70- 0.80 0.77 -0.88 0.84-0.95 0.88-0.95
Light 0.60-0.70 0.66-0.77 0.72-0.84 0;75-0.88

Business Areas
Downtown 0.75"':0.85 0.83-0.94 0.90-0.95 0.94-0.95
Neiahborhood, 0.55-0.65 0.61 -0.72 0.66-0.78 0.69-0.81

Residential Areas
" Lawns - Flat , 0.10 - 0.25 0.11 - 0.28 0.12-0.30 0.13-0.31

-Steep 0.25~0.40 0.28-0.44 0.30-0.48 0.31 -0.50
Suburban 0.30-0.40 0.33-0.44 0.36-0.48 0.38-0.50
Single Family 0.45- 0.55 0.50-0.61 0.54-0.66 0.56 -0.69
Multi-Unit 0.50-0.60 p.55-0.66 0.60-0.72 0.63 -0.75
Apartments 0.60-0.70 0.66-0.77 0.72-0.84 0.75-0.88

Parks/Cemetaries 0.10 -0.25 0.1'1 - 0.28 0.12 -0.30 0.13-0.31
PlaVQrounds 0.40 - 0.50 0.44-0.55 0.48-0.60 0.50-0.63
Agricultural Areas 0.10 - 0.20 0.11-0.22 0.12-0.24: 0.13-0.25
Bare Ground 0.20-0.30 0.22-0.33 0.24-0.36 0.25-0.38
Undeveloped Desert 0.30-0.40 0.33-0.44 0~36 -0.48 0.38-0.50
Mountain Terrain (Slopes> 10%) 0:60-0.80- 0.66-0.88 0.72-0.95 0.75-0.95 '

Note: Values of C for 25, 50 and 100 Year were derived using frequency adjustment
factors of 1.10,'1.20, and 1.25, respectively, with an upper limit of 0.95 for C for
the~Vearvalues. , '
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• Table 3-2

C Coefficients for Use with the Rational Method

Return Period
Land Use 2 -10 Year 25 Year 50 Year 100 Year

Residential Areas
Lawns - Flat
Lawns - Steep
Roff Tops and Driveways
Desert Landscaping

1 Dwelling Unit per Acre (20% Impervious Area)!

2 Dwelling Unit per Acre (25% Impervious Area)!

3 Dwelling Unit per Acre (30% Impervious Area)!

4 Dwelling Unit per Acre (38% Impervious Area)l

8 Dwelling Unit per Acre (65% Impervious Area)l
Multifamily Residential Zoning
Apartments

0.10 - 0.25
0.25 - 0.40
0.75·0.85
0.30-0.40

0.39 - 0.49

0.41-0.51

0.44-0.54

0.47-0.57

0.59 - 0.69
0.62- 0.72
0.66 - 0.76

0.11 - 0.28
0.28 - 0.44
0.83 - 0.94
0.33 - 0.44

0.43 - 0.54

0.46 - 0.57

0.48 - 0.59

0.52 - 0.63

0.66 - 0.77
0.68- 0.79
0.73 - 0:84

0.12 - 0.30
0.30 - 0.48
0.90 - 0.95
0.36 - 0.48

0.47 - 0.57

0.50 - 0.60

0.52 - 0.62

0.57 - 0.66

0.71-0.79
0.74 - 0.81
0.79 - 0.86

0.13 - 0.31
0.38 - 0.50
0.94 - 0.95
0.38 - 0.50

0.49 - 0.59

0.52 - 0.61

0.55 - 0.64

0.59 - 0.67

0.74 - 0.79
0.77 - 0.82
0.83 - 0.86

•

•

Notes

1Reference: Applied Hydrology, Chow, Maidement and Mays, 1988
- For 1 to 8 dwelling units per acre, the remaining pervious area is considered to be desert landscaping
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Table 3.2

C Coefficients for Use with the Rational Method

•
Ran e of C Coefficient by Storm Frequency1,2

Standard 2-10 Year 25 Year 50 Year 100 Year
Land Use Abrevlatlon Description min max min max min max min max

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11)

Very Low Density Residential VLDR 40,000 sf and greater lot size3 0.33 0.42 0.36 0.46 0.40 0.50 0.41 0.53
Low Densitv Residential LOR 12,000-40,000 sf lot size3 0.42 0.48 0.46 0.53 0.50 0.58 0.53 0.60
Medium Density Residential MDR 6,000-12,000 sf lot size3 0.48 0.65 0.53 0.72 0.58 0.78 0.60 0.82
Multiole Familv Residential MFR 1,000-6000 sf lot size3 0.65 0.75 0.72 0.83 0-78 0.90 0.82 0.94
Industrial 1 11 Liaht and Garden3 0.60'/ 0.70v- 0.66 0.77 0.72 0.84 0.75 0.88
Industrial 2 12 General and Heavy' 0.70"'/ 0.80 v 0.77 0.88 0.84 0.95 0.88 0.95
Commercial 1 C1 Liaht, Neiahborhood, Residentiaf 0.55 0.65 0.61 0.72 0.66 0.78 0.69 0.81
Commercial 2 C2 Central, General, Office, Intermediate3 0.75 0.85 0.83 0.94 0.90 0.95 0.94 0.95
Pavement and Rooftops P Asphalt and concrete, sloped rooftops 0.75 ....... 0.85 .... 0.83 0.94 0.90 0.95 0.94 0.95
Gravel Roadways &Shoulders GR Graded and comoacted, treated and untreated 0.60"" 0.70 ,/ 0.66 0.77 0.72 0.84 0.75 0.88
Aaricultural AG Tilled fields, irrigated pastures, slopes<1 % 0.10 ..... 0.20.-' 0.11 0.22 0.12 0.24 0.13 0.25
Lawn&Pa~&Cememries1 LPC1 Over 80% maintained lawn, sI00e<5% 0.10.....- 0.25/ 0.11 0.28 0.12 0.30 0.13 0.31
Lawn&Pa~&Cemetaries 2 LPC2 Over 80% maintained lawn, sI00e>5% 0.25/ 0.40/ 0.28 0.44 0.30 0.48 0.31 0.50
Desert Landscaoe 1 OL1 Landscapina with imoervious under treatment 0.55 0.85 0.61 0.94 0.66 0.95 0.69 0.95.
Desert Landscape 2 DL2 Landscaping w/o impervious under treatment 0.30 0.40 0.33 0.44 0.36 0.48 0.38 0.50
Undeveloped Desert and Ranaeland NOR Little toooaraphic relief, sI00es<5% 0.25 0.40 0.28 0.44 0.30 0.48 0.31 0.50
Hillslooes, Sonoran Desert NHS Moderatetoooaraohic relief, slopes>5% 0.40 0.55 0.44 0.61 0.48 0.66 0.50 0.69
Mountain Terrain NMT High topographic relief, slopes>10% (0.55) 0.80 0..61 0.88 0.66 0.95 0.69 0.95

.V7 /00
1Values of C for 25, 50 and 100 Year frequencies were derived using adjustment factors of 1.10, 1.20 and 1.25, respectively, applied to th~'W6'#Yearvalues,

with an upper limit of 0.95.
2 The ranges of C Coefficient shown for urban land uses are derived from the maximum lot coverage requirements from zoning densities for most communities in Maricopa County.

Refer to the adopted policies and standards for specific requirements by each community. The ranges of C Coefficient for other land uses are derivedUSi~
3 C Coefficients shown for urban land uses are for lot coverage only, and do not include the adjacent street and right-of-way, or alleys.
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Table ?? For Policies and Standards Manual

C Coefficients for Use with the Rational Method

•
Standard 2-10 Year 25 Year 50 Year 100 Year

Land Use Abreviation Description . .... ~ ~ .~

(1) (2) (3) (4) (6) (8) (10)
Very Low Density Residential VLDR 40,000 sf and greater lot size 0.35 0.39 0.42 0.44
Low Density Residential LOR 12,000-40,000 sf lot size 0.45 0.50 0.54 0.56
Medium Density Residential MDR 6,000~12,000 sf lot size 0.54 0.59 0.65 0.68
Multiple Family Residential MFR 1,000-6000 sf lot size 0.70 0.77 0.84 0.88
Industrial 1 11 Lioht and Garden 0.65 0.72 0.78 0.81
Industrial 2 12 General and HeavY 0.75 0.83 0.90 0.94
Commercial 1 C1 Lioht, Neiohborhood, Residential 0.60 0.66 0.72 0.75
Commercial 2 C2 Central, General, Office, Intermediate 0.80 0.88 0.95 0.95
Pavement and Rooftops P Asphalt and concrete, sloped rooftops 0.80 0.88 0.95 0.95
Gravel Roadways & Shoulders GR Graded and compacted, treated and untreated 0.65 0.72 0.78 0.81
Aoricultural AG Tilled fields, irrioated pastures, slopes<1 % 0.15 0.17 0.18 0.19
Lawns/Parks/Cemetaries 1 LPC1 Over 80% maintained lawn, slope<5% 0.18 0.19 0.21 0.22
Lawns/Parks/Cemetaries 2 LPC2 Over 80% maintained lawn, slope>5% 0.33 0.36 0.39 0.41
Desert Landscape 1 OL1 Landscaping with impervious under treatment 0.70 0.77 0.84 0.88
Desert Landscape 2 DL2 Landscapino w/o impervious under treatment 0.35 0.39 0.42 0.44
Undeveloped Desert and Rangeland NOR Little topooraphic relief, slopes<5% 0.33 0.36 0.39 0.41
Hillslopes, Sonoran Desert NHS Moderate topographic relief, slopes>5% 0.48 0.52 0.57 0.59
Mountain Terrain NMT High topographic relief, slopes>10% 0.68 0.74 0.81 0.84

t
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Table4.2a

lA, RTIMP, and Percent Vegetation Cover for Representative Land Uses in Maricopa County

•
Vegetation

Standard IA2 RTlMp2,3 Cove~,4

Land Use1 Abreviation Description inches % %
(1) (2) (3) (4) (5) (6)

Very Low Density Residential VLDR 40,000 sf and areater lot size 0.30 5 30
Low Density Residential LDR 12,000-40,000 sf lot size 0.30 15 50
Medium Density Residential MDR 6,000-12,000 sf lot size 0.25 30 50
Multiple Family Residential MFR 1,000-6000 sf lot size 0.25 45 50
Industrial 1 11 Liaht and Garden 0.15 55 60
Industrial 2 12 General and Heavy 0.15 55 60
Commercial 1 C1 Light, Neighborhood, Residential 0.10 80 75
Commercial 2 C2 Central, General, Office, Intermediate 0.10 80 75
Pavement and Rooftops P Asphalt and concrete, sloped rooftops 0.05 ( 95:.J 0
Gravel Roadways & Shoulders GR Graded and compacted, treated and untreated 0.10 50 0
Agricultural AG Tilled fields, irrigated pastures, slopes<1 % 0.50 0 85
Lawns/Parks/Cemetaries 1 LPC1 Over 80% maintained lawn, slope<5% 0.20 Varies5 80
Lawns/Parks/Cemetaries 2 LPC2 Over 80% maintained lawn, slope>5% cQi]) Varies5

80
Desert Landscape 1 DL1 Landscaping with impervious under treatment 0.10 95 30
Desert Landscape 2 DL2 Landscapina w/o impervious under treatment 0.20 0 30
Undeveloped Desert and Rangeland NOR Little topographic relief, slopes<5% 0.35 Varies5 Varies6

Hillslopes, Sonoran Desert NHS Moderate topographic relief, slopes>5% 0.15 Varies5 Varies6

Mountain NMT High topographic relief, slopes>10% 0.25 Varies:> Varies!)
.t ~

1 Other land use or zoning classifications,such as Planned Area DevelopmentstjShould be evaluated on a case by case basis.

2 These values have been selected to fit many typical settings in Maricopa Cou~ty; however, the engineerlhydrologist should always evaluate
the specific circumstances in any particular watershed for hydrologic variations from these typical values.

3 RTIMP = Percent Effective Impervious Area, including right-of-way. Effective means that all impervious areas are assumed hydraulically connecte(
The RTIMP values may need to be adjusted based on an evaluation of hydraulic connectivity.

4 Vegetation Cover =Percent vegetation cover for pervious areas only.

5 RTIMP yalues should estimated on a case by case basis.
6 Vegetation Cover values should estimated on a case by case basis.
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1.0 INTRODUCTION

This is an internal memorandum created to document research done in regards to the Rational Method .
runoff coefficient, C, and proposed revisions to the Drainage Design Manual for Maricopa County, AZ,
Volume I, Hydrology (Hydrology Manual). The Hydrology Manual is currently in the 'process of revision,
with the majority of the proposed revisions being done by a consultant, Stantec Consulting, Inc., with a
focus on rainfall-runoff methods for the more frequent 2-, 5-, and 1a-year storms. In the process of
review of the existing manual, one of the changes proposed involved creation of a consistentsetof land
use classifications between the application of the unit hydrograph method and the Rational Method (see

. Table 1). As a result of creating this consistent set of land uses, and conversations with the District Reg
ulatory Division, it became apparent that the existing table of C values would need to be revised as w~lI.

C is the variable of the Rational Method with the greatest degree of uncertainty; and there is little empiri
cal data available for assigning C values to the desired land use categories. Therefore, this research
was undertaken to provide the best-available basis for assigning C values. The goal was to develop a
range of C values for each land use category that provide consistency in results with modeling done
using the unit hydrograph method.

TABLE 1: Standard land use categories for the Rational and Unit Hydrograph methods

Lana use lOategory ::>tanaard Description
Abbreviation

very Low DensIty Keslaentlal VLIJK .4U,UUU st ana greater lot size
Low Density Residential LOR 12,000-40,000 Sf lot size
Medium Density Residential MDR 6,000-12,000 sf lot size
Multiple Family Residential MFR 1,000-6000 sf lot size
Industnal1 11 Light and Garden
Industnal2 12 General and Heavy
Commercial 1 C1 Light, Neighborhood, Residential
Commercial 2 C2 Central, General, Office, Intermediate
Pavement and Rooftops P Asphalt and concrete, sloped rooftops
Gravel Roadways & Shoulders GR Graded and compacted, treated and untreated
Agricultural AG Tilled fields, irrrgated pastures, slopes<1 %
Lawns/Parks/Cemetanes 1 LPC1 Over 80% maintained lawn, slope<5%
Lawns/Parks/Cemetaries 2 LPC2 Over 80% maintained lawn, slope>5%
Desert Landscape 1 DL1 Landscaping with impervious under treatment
Desert Landscape 2 DL2 Landscaping w/o Impervious under treatment
Undeveloped Desert/Rangeland NOR Little topographic relief, slopes<5%
Hillslopes, Sonoran Desert NHS Moderate topographic relief, slopes>5%
Mountain Terrain NMT High topographic relief, slopes>10%

2.0 BASIS FOR C COEFFICIENTS

The current set of C values is based on a table of general land use categories modified from the Ameri
can Societyof Civil Engineers (ASCE, 1969), and included in the Hydrology Manual as Table 3.2. The·
range of C values from ASCE (1969) are described as being applicable for storms of 5- to 10-year fre
quency. The values in Table 3.2 for the 25-, 50- and 100-year frequencies are determined·based on fre
quency adjustment factors of 1.10, 1.20 and 1.25, respectively, applied to the values shown for storms of
2- through 10-year frequency. Table 3.2 is included herein as Figure 1.

June 17, 2002 .
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C is defined by Rossmiller (1981) to be ''that fraction of rainfall (expressed as a dimensionless decimal)
which appears as surface runoff from the contributing drainage area". According to Rossmiller, "Precipi
tation is included in the Rational formula by using the average rainfall intensity over a period oftime. By
default, all other portions of the hydrologic cycle must be contained in the runoff coefficient, C. There
fore, l;.iffutllltfes- i1]tercelJt1'QfJ, iJepte.ssLen sfb.:liige,jlnfilftafio-n,,,e,¥~p-l)r~tib6~Yfn.d; glol;JJ1tJfMalei:""IG.w. The
1latifil5lff$'·f1Jie.€Ied to e;sJima.ff? G$htiD/ci inc/fkie sol! type,'/an't/'use., deg/;,~~:o~jfr:I'/5>E!.Wlo'i1J§rfeS"s;~waterBfiea
s/0{26, surface r9ughn,ess, 'anlace'dent' mofsfufa~comtJitions"/C!{Jf.ation of,'raififall, .arid'tne"':rtflensitYJfff;v:a}J1/
fall as reflff.ctecl.'b9. the recLirrimce interval:" McCuen (1998) states that ''the value of the runoff coefficient
(C) is a function of the land use, cover condition, soil group, and watershed slope." Chow, Maidment and
Mays (1988) substantiate that C is a function of percent imperviousness, slope, ponding character of the
surface, rainfall intensity, proximity of the water table, porosity of the soil, and adds other variables
including degree of soil compaction and ~ege~iQ.lJ. According to Maidment (1993), who is also in con
currence, further states ... "there is considerable evidence that the one set of C values, even with
detailed variations for different conditions, will not apply to regions with different hydrologic regimes or
even uniformly within large regions. Considerable judgment and experience are required in selecting
satisfactory values of G for design, and there is a need to check values against observed flood data in a
given region ... ". This is int~rpreted to mean that C values derived from standard tables in the literature
may not necessarily be appropriate in any given region. C values should be based on flood frequency
data for the area, and initial abstraction, soil characteristics, slope, percent impervious and vegetation
characteristics specific to the watershed in question. It is clear that these C values are valid for estima
tion of peak discharge, but are not valid for estimation of runoff volumes. The current Hydrology Manual .
allows the use of C values for estimation of runoff volumes.

June 17,2002 2
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FIGURE 1: Table 3.2 from Hydrology Manual

3.0 APPROACH

There is very little historical gage data available for the urbanized areas of Maricopa County for-use in
estimating C values for runoff events of record. Because of this, the best available method for estimating
C values that are a function of the variables listed in Section 2 is the unit hydrograph method. The Clark
unit hydrograph method, in combination with the Green & Ampt rainfall loss equation, can be used to
estimate peak discharges from urban watersheds that can in turn be used to estimate C values specific
to Maricopa County. The basic approach used is as follows:

June 17,2002 "3



• 1. Establish physical characteristics for a typical urban watershed sub-basin. For the purposes of
this study, the following were used (refer to Chapter 3 of the Hydrology Manual for definitions):

A: 0.0156 sm (10 acres); 0.125 sm (80 acres), 0.25 sm (160 acres)

L: 0.35 miles, 1860 feet (a relatively short length was used to provide conservative Tc estimates)

Kb: Type A =0.028, Type B =0.054, Type C =0.102, Type 0 =0.143

Sad( 0.5%,26.4 ftlmi; 1%,52.8 ftlmi; 2%, 105.6 ftlmi; 5%,247 ftlmi; 7%, 283 ftlmi; 10%,306 ftlmi
Sadj are the study slopes adjusted per Figure 5.4 of the Hydrology Manual.

Soils: Clay Loam

XKSAT =0.04

Silt

XKSAT =0.10

Loam

XKSAT =0.25

Sandy Loam

XKSAT =0.40

•

•

T~BLE 2: Land use parameters used for HEC-1 modeling

Vegetation . ~urtace

Standard IA RTIMP Cover Roughness
Land Use Category Abbreviation inches % % Type

Very LOW uenslty Kesidential VLDk 0.30 5 ;5U A

Low Density Residential LOR 0.30 15 50 A
Medium Density Residential MDR 0.25 30 50 A
MulHpJe Family Residential MFR 0.25 45 50 A
Industrial 1 11 0.15 55 60 A
Industrial 2 12 0.15 55 60 A
Commercial 1 C1 0.10 80 75 A
Commercial 2 C2 0.10 80 75 A
Pavement and Rooftops P 0.05 95 0 A
Gravel Roadways & Shoulders GR 0.10 50 0 A
Agricultural AG 0.50 0 85 B
Lawns/Parks/Cemetaries 1 LPC1 0.20 20 80 A
Lawns/Parks/Cemetaries 2 LPC2 0.10 20 80 A
Desert Landscape 1 DL1 0.10 95 30 A
Desert Landscape 2 DL2 0.20 0 30 A
Undeveloped DeserURangeland NOR 0.35 0 10 B
Hillslopes, Sonoran Desert NHS 0.15 0 15 C
Mountain NMT 0.25 0 20 0

2. Establish rainfall parameters.

Storm Duration:2-hours. This storm most closely simulates the basis for the Rational Method.

Storm Location:Phoenix metropolitan area. Precipitation data for Sky Harbor Airport was used, as fol
lows:

June 17, 2002 4
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TABLE 3: Precipitation frequencies for Sky Harbor Airport

duration p:lyr poyr _ pluyr p:lbyr pbuyr pl uuyr pbuuyr
5 MIN 0.31 0.43 0.50 0.61 0.69 0.78 0.97
10 MIN 0.47 0.65 0.77 0.93 1.06 1.19 1.48
15 MIN 0.57 0.81 0.97 1.19 1.36 1.52 1.91
30 MIN 0.75 1.08 -1.30 1.60 1.84 2.07 2.60
1 HOUR 0.92 1.34 1.62 2.00 2.29 2.58 3.26
2 HOUR 1.00 1.47 1.78 2.21 2.53 2.86 3.61
3 HOUR 1.06 1.56 1.89 2.35 2.70 3.04 3.84
6 HOUR 1.17 1.73 2.10 2.61 3.00 3.39 4.29
12 HOUR 1.28 1.91 2.33 2.90 3.34 3.77 4.78
24 HOUR 1.39 2.09 2.55 3.18 3.67 4.15 5.26

Ra-infall Distribution: Maricopa County 2-Hour Retention Curve

Storm Frequencies: 2-, 5-, 10-, 25-, 50- and 100-year

Aerial Reduction: None

3. HEC-1 Model preparation. A modified version of MCUHP1, written by Tom Loomis, was used to cre
ate eighteen HEC-1 models, 1 for each of the 3 sub-basin areas, and 1 for each of the 6 selected storm
frequencies. Each HEC-1 model contains 432 sub-basins including 4 soil textures, 6 slopes, and 18
land uses. The HEC-1 input and output files are on the CD-ROM in Appendix A. The nomenclature for
naming each sub-basin is shown in Table 4.

4. Rational Method base condition peak discharges. The base condition peak discharges were cal
culated using the FCDMC Rational.exe computer program. A Ccoefficient of 1.0 was used, and peak
discharges were calculated for the study slopes and for each surface roughness type from Tables 3.1
and 5.1 of the Hydrology Manual (A, B, C, and D). The results are documented in Appendix C and sum
marized in Table 3. The computer program applies a frequency factor to the results for the 25-, 50-, and
1OO-year storms. The values shown in Table 5 reflect removal of the frequency factor.

June 17,2002 5
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TABLE 4: Nomenclature used for sub-basin names in HEC-1 models

Name Nomenclature Descr!ptions
aabcdd aa - Soil Type as follows: CL Clay

Loam
Le.: CLS118 S Silt

L Loam

SL Sandy
Loam

b - Subbasin

c - Slope Type: 1 0.5%

2 1.0%

3 2.0%
4 5.0%

5 7.0%

6 10.0% .

dd - Land Use as follows: 1 VLDR Very Low Density Residential

2 LDR Low Density Residential

3 MDR Medium Density ResIdential

4 MFR Multiple Family Residential

5 11 Industrial 1

6 12 Industrial 2
7 C1 Commercial 1
8 C2 Commercial 2

9 P Pavement and Rooftops

10 GR Gravel Roadways & Shoulders

11 AG Agricultural

12 LPC1 Lawns/Parks/Cemetaries 1

13 LPC2 Lawns/Parks/Cemetaries 2

14 DL1 Desert Landscape 1

15 DL2 Desert Landscape 2
16 NDK Undeveloped Desert and Range-

land
17 NHS H111slopes, Sonoran Desert

18 NMT Mountain

June 17,2002 6
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TABLE 5: Peak discharges using the Rational Method with C=1.00

Type A Surface, 80 acre parcel, Tc Length = 1,848 ft
Recurrence Slope in %

InterVal 0.5 1 2 5 7 10
2-yr 190.0 215.0 242.0 274.0 288.0 301.0
5-yr 265.0 299.0. 334.0 377.0 394.0 409.0
10-yr 317.0 355.0 396.0 452.0 473.0 479.0
25-yr 408.2 456.4 500.0 581.8 566.4 566.4
50-yr 470.0 521.7 574.2 641.7 646.7 646.7
100-yr 543.2 602.4 661.6 731.2 731.2 731.2

Type B Surface, 80 acre parcel, Tc Length = 1,848 n
Recurrence Slope in %

Interval 0.5 1 2 5 7 10
2-yr 147.0 177.0 201.0 235.0 248.0 261.0
5-yr 208.0 246.0 279.0 325.0 342.0 360.0·
10-yr 264.0 295.0 334.0 386.0 406.0 428.0
25-yr ·330.9 380.0 429.1 488.2 510.0 531.8
50-yr 390.8 441.7 491.7 560.8 586.7 612.5
100-yr 454.4 512.0 568.8 647.2 675.2 704.8

Type C SUrface, 80 acre parcel, Tc Length =1,848 ft
Recurrence Slope in %

Interval 0.5 1 2 5 7 10
2-yr 98.0 129.0 161.0 195.0 207.0 220.0
5-yr 151.0 187.0 229.0 271.0 288.0 306.0
10-yr 202.0 242.0 275.0 325.0 344.0 363.0
25-yr 267.3 310.9 352.7 417.3 440.9 -465.5
50-yr 313.3 363.3 413.3 480.0 505.0 532.5
100-yr 362.4 422.4 479.2 555.2 584.0 614.4

Type D :)Urface, 80 acre parcel, Tc Length =1,848 ft
Recurrence Slope in %

Interval 0.5 1 2 5 7 10
2-yr 75.0 104.0 135.0 176.0 187.0 200.0
5-yr 124.0 157.0 194.0 245.0 261.0 278.0
10-yr 172.0 210.0 250.0 294.0 312.0 332.0
25-yr 229.1 276.4 318.2 378.2 401.8 427.3
50-yr 268.3 324.2 372.5 439.2 463.3 ·490.0
100-yr 311.2 374.4 433.6 509.6 536.0 566.4

5. Calculation of C Coefficients. The peak discharge, Q, computed through use of the Rational equa
tion, is linearly proportional to the runoff coefficient, C. Therefore, the peak discharges shown in Table 5
were used as follows:
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• (Eqn 1)

•

•

where: QHEC-1 is the discharge calculated using .HEC-1; and

QRat is the discharge calculated using the Rational.exe computer program, corresponding to the
slope and Tc characteristics used for computation of QHEC-1.

A value of C was computed for each corresponding .QHEC-1.

4.0 RESULTS FOR PEAK DISCHARGE ESTIMATION

The results for the 10-, 80- and 160-acre sub-basin models were compared. The results for the 80-acre
sub-basin models were selected for use because they are a reasonably conservative average for the.
three sub-basin sizes, although the differences between the results for different sub-basin areas is not
extreme. An example using the results for the VLOR land use is shown in Figure 2. The 80-acre sub
basin results, including HEC-1 peak discharges, computed C values, and the ratio of HEC-1 discharge to
the HEC-1 100-year discharge for the 2-,5-,10-,25-, and 50-year storms, are shown in detail-in Appen
dix O. The C value results for a watershed slope of 0.5% are summarized in Tables 6 through 9, and
shown graphically in Figures 3 through 8. Figures 3 through 8 are difficult to read, but are shown to pro
vide visual a sense for the relationships of C values between the various land uses. and soil types'
These figures are not recommended for inclusion in the Hydrology Manual. The LPC1 and LPC2 land
uses were originally intended to provide guidance for slopes less than and greater than 5%. The LPC2
land use will probably be changed to a grass-only land use. The other slope-specific land uses (NOR,
NHS and NMT) will require special consideration in assigning final C values.

There were several items of concern noted and addressed when preparing the following tables and fig
ures. Most notable is the problem of the limitations of the Clark unit hydrograph Tc equation. The equa
tion is not valid when the computed Tc is close to or greater than the duration of rainfall excess. A check
was made in this regard, and the results summarized in Appendix B. The sub-basins where Tc is greater
than 90% of the duration of rainfall excess are identified in Appendix B. Those sub-basins are also iden
tified with yellow shading in Tables 6 through 9, and light grey shading in the tables of Appendix D. Many
of the peak discharges for the natural land uses (NOR, NHS and NMT) were suspect for the 2-year
storm for silt, loam and sandy loam soils. Those peak discharges were adjusted using ratios derived
from the OL2 land use. The adjusted peak discharges are highlighted using a darker grey shading in the
tables of Appendix O.
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FIGURE 2: Comparison of results for VLDR land use by sub-basin size
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TABLE 6: Rational Method C Coefficients for Clay Soils on a 0.5% Slope

TABLE 7: Rational Method C Coefficients for Silty Soils on a 0.5% Slope

June 17, 2002 10
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TABLE 8: Rational Method C Coefficients for Loam Soils on a 0.5% Slope

TABLE 9: Rational Method C Coefficients for Sandy Loam Soils on a 0.5% Slope

June 17,2002 11
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• 5.0 SLOPE ADJUSTMENT FOR C COEFFICIENTS

The C values shown in Tables 6 through 9 and Figures 3 through 8 are for use on slopes up to 0.5%.
Rather than provide additional tables for each slope considered; it was decided to provide curves of
slope adjustment factors that can be applied to the values for 0.5% slopes. The slope adjustmentfac
tors were calculated by dividing the C values for slopes greater than 0.5% by the C value for a slope of
0.5%. Refer to Tables E1 through E4 in Appendix E for the calculated slope adjustment factors. The
peak discharges estimated using HEC-1 do not increase as much with increasing slope as do those esti
mated using the Rational equation with a C of 1.0. For this reason, the C values mostly decrease with
increasing slope for slopes at or above 5%, which resulted in decreasing slope adjustment factors for
most slopes greater than 5%. It was decided to not allow the slope adjustment factors to decrease with
increasing slope. Therefore, the slope adjustment factors were adjusted as shown in the bottom four
rows of Tables E1 through E4.

After examination of the resulting slope adjustment factors, it was decided to perform exponential
regression analyses on the data in order to create eaquations that can be used in the Hydrology Manual
and in the Rational.exe computer program. The data was divided into two categories; urban and natural.
One equation was created for each recurrence interval storm and for each of the four soil types; clay
loam, silt, loam and sandy loam. The values used for the urban regression analyses were the average
of the VLOR, LOR, MOR, and MFR land uses as shown in Tables E1 through E4 in Appendix E. the
values used for the natural regression analyses were all the data for the NOR, NHS and NMT land uses
(surface roughness types B, C and D) as shown in Tables E1 through E4 in Appendix E. The substanti
ating calculations and plots of the data used in the regression analyses are contained in Appendix E,
section E5 for urban and section E6 for natural watersheds. The equation form used in the 'regression
analyses is:• bSF = a +

S

where: SF =
a,b =

S =

calculated slope adjustment factor.

computed constants for each equation.

adjusted watershed slope for use in the Te equation.

(Eqn 2)

Variables a and b are tabulated in Table 10.

Figures 9 through 12 depict the recommended slope adjustment factors for inclusion in the Hydrology
Manual. Figures are used in lieu of tables to account for the full range of possible slopes. The Rational
equation is therefore rewritten for use in the Hydrology Manual as follows:

Q = SFxCxixA (Eqn 3)

•

where: Q

SF

C

A

=

=
=
=
=

discharge in cfs

slope adjustment factor from Figures 9 through 12.

C coefficient from Tables 6 through 9 relating the runoff to rainfall.

rainfall intensity (inches/hour), lasting for a time, Te.

drainage area (acres)
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• 6.0 C COEFFICIENT RESULTS FOR RUNOFF VOLUMES
The current Hydrology Manual recommends the use of a modification of the Rational equation foresti
mation of runoff volumes for retention design purposes. The equation is:

PV=Cx-xA
12

where: V =
C =
p =
A =

calculated runoff volume in acre-feet.

runoff coefficient from Table 3.2 of the Hydrology Manual.

rainfall depth in inches.

drainage area in acres.

(Eqn 4)

•

•

The results of this investigation indicate that the Rational C coefficients is not appropriate to use for this
purpose. The value of C includes the affects of hydrologic factors other than rainfall losses. For this rea
son, the study results were used to estimate appropriate runoff coefficients for the purpose of estimating
runoff volumes from 2-hour duration storms. This was accomplished by extracting the rainfall excess
values for each sub-basin operation from the HEC-1 output files and dividing by the total storm rainfall.
The resulting value is a valid runoff coefficient, designated Cy. The values of Cy recommended for use in
the Hydrology Manual are included in Tables 11 through 14. The new equation is recommended to be
the same as Eqn 4, with C changed to Cy .

TABLE 11: Rational Method runoff volume coefficients, Cy for clay loam soils
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TABLE 12: Rational Method runoff volume coefficients, Cy for silt soils

TABLE 13: Rational Method runoff volume coefficients, Cy for loam soils
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TABLE 14: Rational Method runoff volume coefficients, Cy for sandy loam soils.
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• 7.0 SUMMARY A 0 CONCLUSIONS

7.1 General

The proposed C coefficients for peak discharge estimation are compared with the existing values from
the current Hydrology Manual in Table 15. The proposed Cv coefficients for runoff volume estimation are
compared with the existing C values from the current Hydrology Manual in Table 16. The following
description applies to both Tables 15 and 16. The existing land use categories from the current Hydrol
ogy Manual are in column 1, and the corresponding existing range of C values are in columns 3, 5, 7 and
9 for the 2-10,25-, 50- and 1OO-year storms. The nearest corresponding land use category abbreviation
is shown in column 2. Note that no proposed values are shown for the Light Industrial, Neighborhood
Business, Lawn, and Playground categories. No corresponding values were calculated for these land
uses in this study. The mountain natural land use is not shown because the intent of the table is to com
pare values that are appropriate for relatively flat watersheds. The proposed range of C values for the
various disign storms are shown in columns 4, 6, 8 and 10. The proposed ranges of C values are the
lowest and highest values for the four soil types for a 0.5% slope. The current manual provides no guid
ance for selection of a value in the listed range. The proposed revision would provide a specific value for
each situation based on surface and land use characteristics, soil type, recurrence interval, and water
shed slope (except for Cv, Table 16). The only other major parameter that affects C is the length, L, used
in the Tc equation. A short estimate of L was used for estimation of the base Rational equation peak dis
charges (C=1) and in the HEC-1 models. The C values in Table 15 calculated using this assumption
should be conservative for most small watersheds. .

• 7.2 Effects of the Proposed Method on Peak Discharge Estimation

The proposed C values that are significantly higher than existing, particularly at the low end of the range
(loam and sandy loam soils) are highlighted in yellow. The proposed values will produce higher design
peak discharges for most residential urban landuses for the less frequent storms, assuming flat slopes.
They will produce comparable, or lower, design peak discharges for the more frequent storms. In the
steeper foothill areas, application of the slope adjustment factor will produce even higher design peak
discharges for the less frequent storms, with a corresponding effect on the more frequent storms. Use of
the existing C value table has typically been producing lower peak discharges than would be estimated
using the Maricopa County unit hydrograph method, particularly for the less frequent design storms and
for areas where silts and clays are the dominate soil type. The existing method appears to produce ade
quate results for industrial and business land uses for all design storm frequencies considered.

7.3 Effects of the Proposed Method on Volume Estimation

•

The proposed Cv values that are significantly higher than existing, particularly at the low end of the range
(loam and sandy loam soils) are highlighted in yellow. The proposed values will produce higher design
retention volumes for most urban landuses, except for Industrial, Business and Multi-unit land uses, for
the less frequent storms, assuming flat slopes. They will produce comparable, or lower, design peak dis
charges for the more frequent storms. Use of the existing C value tablefor retention volume estimation
has typically been producing lower design volumes than would be estimated using the Maricopa County
Green &Ampt method, particularly for the 1OO-year design storm and for areas where silts and clays are
the dominate soil type. The existing method appears to produce adequate results for industrial, busi
ness and apartment land uses for all design storm frequencies considered.
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7.4 Recommended efinements Before Revising the Hydrology Manual

This study is based on use of the current RTIMP values specified in the Hydrology Manual for urban land
uses and the unit hydrograph method. The land use categories are simplified to include similar zoning
lassifications, which is good, but zoning requirements for many of the various municipalities have
changed in the last 10-years. The next step recommended is to perform a study of the current zoning·
requireme.nts for all the municipalities in Maricopa County. This study should compile all the various zon
ing classifications and the maximum buildable area under each classification. The study should further
identify the typical hydraulically-connected impervious area added under each classification for drive
ways and porches. Any maximum clearing Iimitsfor each classification should be documented. The land
use table for the unit hydrograph method should then be revised as necessary. It is suggested that the
following categories be considered for addition to the table:

1. Grass, well-maintained and irrigated (the LPC2 slot could be replaced with this, RTIMP=O)

2. Industrial, heavy (the 11 category in this study)

3. Industrial, light (the 12 category in this study)

4. Commercial, neighborhood (the C2 category in this study)

5. Commercial, downtown (the C1 category in this study)

No distinction was made between 11 and 12 and C1 and C2 for this study in terms of RTIMP, because no
data was immediately available. The zoning research will dictate the need for two categories for indus
trial and commercial. Julie Cox is currently preparing the necessary modeling to develop C values for
grass, as an off-shoot of this study.

The tables need to be revised for the natural land uses to address slope issues. The NOR land use is
normally associated with slopes less than 5%. The NHS land use is normally associated with slopes
between 5% and 10%. The NMT land use is normally associated with slopes greater than 10%. The
tables and figures need to be adjusted accordingly. No slope adjustement is necessary for the agricul
turalland use. .It should be made clear in the Hydrology Manual that the values for the agricultural land
use are slopes of 0.5% or less.
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• APPENDIX A HEC-l Input/Output Files

HEC-1 input and output files on CD-ROM for: 2-, 5-, 10-, 25-, 50-, and 1aO-year 2-hour
storms, and 10-, 80- and 160-acre sub-basin areas

APPENDIX B. HEC-l Tc Check Tables

B1 2-year 2-hour Storm

B2 5-year 2-hour Storm

B3 1O-year 2-hour Storm

B4 25-year 2-hour Storm

B5 50-year 2-hour Storm

B6 1OO-year 2-hour Storm

APPENDIX C Rational Method Calculation Sheets

•
C1

C2

C3

C4

10-acre Subbasins, L =660 ft

80-acre Subbasin, L =1848 ft

160-acre Subbasin, L =2640 ft

10-acre Subbasin, L =934.6 ft

•

APPENDIX D HEC-l and C Coefficient Summary Tables
01 Clay Loam Soils

02 Silt Soils

03 Loam Soils

04 Sandy Loam Soils

APPENDIX E C Coefficient Slope Adjustment Calculations

E1 C Coefficient Slope Ratios for Clay Loam Soils

E2 C Coefficient Slope Ratios for Silt Soils

E3 C Coefficient Slope Ratios for Loam Soils

E4 C Coefficient Slope Ratios for Sandy Loam Soils

E5 Slope Adjustment Regression Calculations for Urban Watersheds

E6 Slope Adjustment Regression Calculations for Natural Watersheds
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March 8, 2002

Mr. Thomas Loomis
Flood Control District of Maricopa County
2801 W Durango St
Phoenix, AZ 85009-6399

File: 2890004201/02

Dear Tom:

Re: Drainage Design Manual - Hydraulics

We have reviewed Flood Control's comments pertaining to the Hydraulics Manual and
have incorporated the majority of them into the latest version (see attached
document). We appreciate the commitment you have made to better this document.
The following comments have not been addressed explicitly for the reasons cited
below. Comments are in italic font with our response immediately below the comment
in regular font. We stand ready to discuss these further with you at your convenience
if needed.

•

Chapter
and
Section

1. 5.3.2

2. 5.3.2

3. 5.4.3

Page

5-3

5-10

5-65

Comment

others suggest 2 feet per second
The Debo and Reese citation of 2.5 feet per second
minimum velocity for partial flows through a culvert is
identified as a guideline. Design criteria for each
jurisdictional entity is to be addressed in their own
Policies and Standards Manual.
Clogging & ineffective area needs to be considered.
Design criteria for each jurisdictional entity is to be
addressed in their own Policies and Standards Manual.
The minimum dso size shall be 8-inches.
Design criteria for each jurisdictional entity is to be
addressed in their own Policies and Standards Manual.



• 4. 6.4.4 6-26 grouted riprap,
Lengthy discussions with FCD and COP concluded that
rock embedded concrete lined channels were acceptable
but grouted rip-rap lined channels were not due to the
typically poor construction methods employed.....grouted
rip-rap channels simply do not stand up over time and
therefore do not perform as originally designed. The
concensus at that time was to shy away from endorsing
grouted rip-rap.

5. 6.5.3 6-29 a) for preliminary design purposes only,
b) The tractive shear stress approach shall be used to
confirm the stability of the unlined channel for design
purposes (USDOT, FHWA, HEC-11).
Further discussion between FCD and Stantec eliminated
the tractive shear stress approach from inclusion into the
manual

6. 6.5.3 6-30 expected during the 1DO-year event, or a series of
annualized events over a 60-year period.
Design criteria for each jurisdictional entity is to be
addressed in their own Policies and Standards Manual.

7. 6.6.6 6-57 I would like to see an example using tractive force to
check on unlined channel.
Further discussion between FCD and Stantec eliminated
the tractive shear stress approach from inclusion into the

• manual
8. 7.6.1 7-73 Has this been discussed with Bing? He is suppose to be

developing a program.
Yes, it was agreed that the discussion on side channel
spillways would· be used as a place holder for revision
upon conclusion of Bing's work.

Further questions should be directed to me (602) 438-2200.

Sincerely,

Frank W. Thomas, P.H., P.E.
Project Manager

•
cc: Ralph Goodall, P.E. (w/out attachment)

City of Phoenix

FWT:cjm

P:\28900042\Correspondence\Letlers\tloomis, fcdmc, 030802.doc
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FILE: 82000042
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Place/Time:

Next Meeting:

Attendees:

9 April 2002

Stantec/11 :30 AM

FCDMC
Stantec

Tom Loomis, Amir Motamedi, Joe Rumann
George Sabol, Mike Gerlach

Distribution: Attendees/Absentees

•

•

Item: Multiple Frequency Modeling Procedures

The results of testing that was conducted in regard to the use of ratios as a means of
estimating runoff hydrographs for the 10-, 5- and 2-year return periods were
presented. The watersheds selected for testing are:

• Agua Fria River Tributary at Youngtown - a gaged, urban watershed with a
drainage area of approximately 0.13 sq. miles, relatively long time of
concentration flow path and very mild slope.

• Salt River Tributary at South Mountain Park - a gaged, natural watershed with a
drainage area of approximately 1.75 sq. miles with steep mountainous slopes.

• Tucson Arroyo at Vine Avenue (Tucson) - a gaged, urban watershed with a
drainage area of approximately 8.6 sq. miles.

• Cave Creek above Carefree Highway - a gaged watershed that is predominately
undeveloped with a drainage area of approximately 124 sq. miles.

• Hartman Wash at US 60, near Wickenburg - a gaged, natural watershed with a
drainage area of approximately 5.5 sq. miles.

HEC-1 models for each test watershed for the 100-, 50-, 25-, 10-, 5- and 2-year
return periods were developed in accordance with the current procedures in the
Hydrology Manual. Ratios of the 10-, 5-and 2-year peak discharges to the 100-year
peak discharge were computed for each watershed. Those ratios were compared to
ratios based on USGS LP3 peak discharge estimates for each test watersheds as
well as to the average ratios developed from USGS LP3 peak discharge estimates
from a sampling of gages throughout the State of Arizona. A summary of the HEC-1
model results and the USGS LP3 peak discharge estimates are provided in the
following table. The average ratios developed from the USGS data range from 9 to
12, 21 to 25 and 34 to 37 percent for the 2-, 5- and 1O-year return periods,
respectively, for natural watersheds and 15, 28 and 40 for the 2-, 5- and 10-year
return periods, respectively, for urbanized watersheds.



MEETING NOTES
2000
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• Reference: Drainage Design Manual

Summary of HEC-1 results compared to USGS data

Return USGS HEC-1

Period Discharge Ratio Discharge Ratio

cfs % cfs %

Agua Fria River 100-Year 190 103
Tributary at

50-Year 126 81
Youngtown1

25-Year 83 60

10.:.Year 48 25.2 39 37.6

5-Year 31 16.3 26 25.2

2-Year 16 8.4 13 12.6

Salt River 100-Year 2,260 2,868
Tributary at

50-Year 1,500 2,349
South Mountain

Park 25-Year 925 1,827

10-Year 420 18.6 1,192 41.6

• 5-Year 191 8.5 779 27.2

2-Year 37 1.6 319 11.1

Tucson Arroyo 100-Year 4,890 7,520
at Vine Avenue 50-Year 3,920 6,260

in Tucson2

25-Year 3,090 4,790

10-Year 2,150 44.0 3,180 42.3

5-Year 1,540 31.5 2,240 29.8

2-Year 842 17.2 1,130 15.0

Cave Creek 100-Year 21,500 33,771
above Carefree 50-Year 16,400 28,229

Highwai
25-Year 12,000 23,242

10-Year 7,360 34.2 17,132 50.7

5-Year 4,580 21.3 12.847 38.0

2-Year 1,780 8.3 6,615 19.6

Hartman Wash 100-Year 7,100 4,712
at US 60 near 50-Year 4,910 3,872

Stantec Wickenburg4

25-Year 3,230 2,593

10-Year 1,660 23.4 1,601 34.0

• 5-Year 869 12.2 790 16.8

2-Year 239 3.4 70 1.5
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2000
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Reference: Drainage Design Manual

Notes:

1. The time of concentration for the 10-, 5- and 2-year return periods is longer
than the duration of rainfall excess. The 2-year time of concentration
defaulted to 90 minutes. .

2. The 2-year time of concentration defaulted to 90 minutes.

3. This is the only multiple basin model of the test cases. Coding the average
ratios on the SA record of each subbasin results in discharges of 10,444,
7,063 and 2,165 cfs for the 10-, 5- and 2-year return periods, respectively.

4. The desert/rangeland s-graph was used for this subbasin because the time of
concentration for the Clark unit hydrograph defaulted to 90 minutes starting at
the 1O-year return period.

These results as well as the need for a different approach for modeling of the more
frequent events were discussed in consideration of the following points:

• The purpose/intended use of watershed models for the more frequent storm
events.

• The limitations of the current modeling techniques that are often encountered for
the more frequent events, particularly the assumptions of the design rainfall
procedures and the limitations of the Papadakis and Kazan Tcequation.

• What the sensitive parameters were and how those parameters were related to
the results.

• The accuracy of the ratio method results in comparison to the current modeling
methodology.

• The practicality/reproducibility of the ratio method.

The results of these discussions were that the ratio method should be presented as
an alternative to the current modeling methodology. Ratios of 35, 25 and 10 percent
were selected for the 10-, 5- and 2-year return periods, respectively.

A discussion will be provided in the manual on the use, suggested applications and
potential limitations of using ratios of the 100-year model discharges for the 10-, 5
and 2-year return periods. That will include a general graphic relation of watershed
area versus ratio for selected return periods.

Tom Loomis requested that additional analysis be conducted in regard to potential
differences in runoff volume between the current modeling method and ratios as well
as potential problems with diversion operations.

The foregoing is considered to be a true and accurate record of all items discussed.
If any discrepancies or inconsistencies are noted, please contact the writer
immediately. STANTEC CONSULTING INC.
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Reference: Drainage Design Manual

Mike Gerlach, PE
Project Engineer
mg p:\28900042\correspondence\meetings\sddm, mm 050302.doc
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Stantec Consulting !nc
8211 South 48th Street
Phoenix AZ 85044
Tel: (602) 438-2200 Fax: (602) 431-9'iG2

stantec.com

Stantec

30 April 2002
File: 82000042

Mr. Thomas R. Loomis, P.E., R.L.S.
Flood Control District of Maricopa County
2901 W Durango St
Phoenix, AZ 85009

Reference: Hydrology Manual Status

FILE COpy

•

•

Dear Tom:

The following is a detailed listing, by chapter, of the changes to the Hydrology Manual.

Chapter 1 - The Executive Summary has been inserted into this chapter as Section 1.1.,
Overview. A brief discussion of the contents of each chapter has been added. At this
time, only minor formatting issues need to be addressed before final conversion to
FrameMaker.

Chapter 2 - The table identifying the design rainfall criteria has been removed for
inclusion in the future Policies and Standards Manual for Maricopa County. The
isopluvial maps have been updated to include corporate boundaries and major roadway
alignments. The isopluvial lines were extended slightly beyond the County boundary.
These figures have been moved to an appendix and are plotted in color. The aerial
reduction curve data (both the 6- and 24-hour duration) as well as the 100-year, 2-hour
precipitation mass curve were modified so that the tabular data and figure match. A
table and figure representing the SCS Type II rainfall distribution was added. All other
figures were scanned and edited or recreated. All procedures were moved to a single
section and expanded where appropriate. A new section was added providing
information regarding common issues, problems and limitations on the implementation of
the procedures. A new detailed, hand written, example has also been provided. At this
time, only formatting issues need to be addressed before final conversion to
FrameMaker.

Chapter 3 - The Runoff Coefficient (C) table was completely revised. The new table is
more explicitly tied to land use classifications for Maricopa County. The I-D-F graph for
the City of Phoenix has been moved to an appendix. Use of this method for estimating
rainfall intensity is optional. A new discussion has been added for the use of the
PREFRE Statistics in developing rainfall intensities. A minimum reasonable time of
concentration of 10-minutes is discussed in the application section and may need to be
provided as a standard in the Policies and Standards Manual for Maricopa County. A
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30 April 2002
Mr. Thomas R. Loomis, P.E., R.L.S.
Page 2

new section for a multiple basin study area has been added along with a section
providing information regarding common issues, problems and limitations on the
implementation of the procedures. Also, a new detailed, hand written, example was
added. At this time, some editorial issues must be resolved before conversion to
FrameMaker.

Chapter 4 - The rainfall loss characteristics table for land uses has been completely
revised. The new table is more explicitly tied to land use classifications in Maricopa
County. Table 4.1, Surface Retention Loss for Various Land Surfaces in Maricopa
County was incorporated into the new rainfall loss characteristics table. All figures were
scanned and edited or recreated. The procedures were expanded where appropriate. A
new section was added proViding information regarding common issues, problems and
limitations on the implementation of the procedures. A new detailed, hand written,
example was added that builds on the example from Chapter 2. At this time, only minor
formatting issues need to be addressed before conversion to FrameMaker.

Chapter 5 - The example demonstrating the translation of rainfall excess to a runoff
hydrograph was expanded. A new table for adjusting the slope for steep watercourse
was added and the corresponding figure was revised. All figures were scanned and
edited or recreated. The procedures were expanded where appropriate. A new section
was added providing information regarding common issues, problems and limitations on
the implementation of the procedures. A new detailed, hand written, example was
added that builds on the examples from Chapters 2 and 4. At this time, only minor
formatting issues need to be addressed prior to conversion to FrameMaker.

Chapter 6 - This is an entirely new chapter that has been added to provide an
alternative method for estimating runoff magnitudes for the 10-, 5- and 2-year events.
The first draft of this chapter is in process now.

Chapter 7 - The order of the routing procedures were revised, as well as the text, to
reflect the preferred order of the various procedures. A new section was added
providing information regarding common issues, problems and limitations on the
implementation of the procedures. At this time, only minor formatting issues need to be
addressed before conversion to FrameMaker.

Chapter 8 - This is an entirely new chapter that has been added for the verification of
peak discharges by indirect methods. Information in the chapter is adapted from a
similar chapter in the Arizona Department of Transportation Hydrology Manual. All
figures were recreated for specific use in Maricopa County.

Additional Changes:

•
Stantec • The existing Chapter 7, Application has been eliminated. The contents of this

chapter have been moved to the User Notes section of the appropriate chapter.
• References - new references are added.
• Appendix A - This appendix corresponds to Chapter 2 and contains three sections.

Section 1 is the isopluvial maps. Section 2 is the precipitation depth duration
diagram, formerly Appendix F. Section 3 is the PREFRE Users Manual.
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30 April 2002
Mr. Thomas R. Loomis, P.E., R.L.S.
Page 3

• Appendix B - This appendix corresponds to Chapter 3 and contains the City of
Phoenix I-D-F graph and a blank I-D-F graph.

• Appendix C - This appendix corresponds to Chapter 4 and contains five sections.
Section 1 is the assumptions and criteria used in developing the XKSAT tables in
Sections 2 through 4. Sections 2 through 4 are the XKSAT tables for the three Soil
Survey reports currently covered in Appendices A through C. Section 5 is the texture
classification diagram.

• Appendix D - This appendix corresponds to Chapter 5 and contains two Sections.
Section 1 is the Tc and R worksheet. Section 2 is the Kn values for various rainfall
runoff events.

• Appendix E is reserved for the DDMSW Users Manual.

The majority of the effort remaining is word processing and editing. It is anticipated that
a final draft version of all the chapters can be completed by 31 May 2002. Assuming
three weeks for review by Flood Control District of Maricopa County Staff, the final copy
could be delivered by 30 June 2002.

Sincerely,

STANTEe CONSULTING INC.

~~~~
Michael Gerlac!1:P1
Engineer, Water Resources
mgerlach@stantec.com

MCG/cjm

e:128900042\correspondence~etters\tloomis. manual status 043002 b.doc



Stantec Consulting Inc.
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Phoenix AZ 85044
Tel: (602) 438·2200 Fax: (602) 431-9562

stantec.com

08 May 2002
File: 82000042

Mr. Thomas R. Loomis, P.E., R.L.S.
Flood Control District of Maricopa County
2901 W Durango 8t
Phoenix, AZ 85009

Dear Tom:

fILE COpy

During the 9 April 2002 Hydrology Manual meeting, you requested a comparison of the
runoff volumes computed for 2-, 5- and 1O-year recurrence intervals using the current
procedures (changing rainfall depths and recomputing Tc) and the proposed ratio
procequre. This comparison is provided for the five test watersheds used in the
evaluation of the ratio procedure. The results of this comparison are summarized in the
following table.

Runoff Volume, in acre-feet

Current Procedure Ratio Procedure

Watershed 100-Yr 10-Yr 5-Yr 2-Yr 10-Yr 5-Yr 2-Yr

Agua Fria River Trib. 14 7 6 3 5 3 1

Buildings Salt River Trib. 204 104 77 44 71 51 21

Tucson Arroyo 944 533 416 269 329 234 95

Environment Hartman Wash 394 142 80 6 139 98 38 ~'.:>

Cave Creek
industrial

HEC-1 10 S310 227 126 100 61 80 57 23

Transportillioll HEC-1 10 S350 22 13 11 8 8 6 2

HEC-1 10 C390L 377 228 189 135 131 93 36
Urban tami HEC-1 10 C410 9,825 5,293 3,985 2,120 3,286 2,295 836

•
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06 May 2002
Mr. Thomas R. Loomis, P.E., R.L.S.
Page 2 of 2

As can be seen from this table, there is a significant difference in the computed runoff
volume between the two procedures. Attached are some figures that illustrate the
differences in volume. Intuitively, I expected that the ratio of the 1OO-year runoff (ratio
procedure) would produce a greater runoff volume than computing rainfall excess using
the same rainfall loss function as the 1OO-year and the lower rainfall intensity of the 2-,5
and 1O-year events (current procedure). Instead, these results are exactly opposite of
what was expected. In fact, the ratio of the computed runoff volume for the 2-, 5- and
10-yearto the 100-year is greaterthan the discharge ratio except for Hartman Wash. I
believe that this is due to the estimation of percent impervious or perhaps the drainage
area that actually contributes runoff for more frequent events. All the watersheds shown
(including the individual subareas shown for Cave Creek) have some percentage of
impervious area exceptfor Hartman Wash. Percent impervious is difficult to estimate,
particularly in regard to hydraulic conductivity to the basin outlet. For less frequent .
storms it is likely that this parameter is being overestimated, even for urban areas. To
use my house as an example, for more frequent events I am certain that little or no
runoff ever leaves my backyard. Based on this, the ratio procedure seems to make
more sense both in terms of peak discharge and runoff volume.

Also requested was a check that the ratio procedure was compatible with a model
containing diversions. A portion of the Maryvale ADMS modelwas used for this
purpose. This is a complex model incorporating numerous hydrograph diversion and
retrieval operations. The results of the 10-year ratio model were compared to the 10
year model prepared by the original study contractors for a small portion of the overall
model. The 10-year ratio model ran without error producing results similar to those of
the original 10-year model. .

Sincerely,

STANTEC CONSULTING INC.

Michael Gerlach, PE
Engineer, Water Resources
mgerlach@stantec.com

\\phxserv06\wrproj\28900042\correspondence~etlers\tloomis.fodmc 043002.doc
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Comparison of results for the Agua Fria River Tributary watershed
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• CHAPTER 3

RIPRAP PROTECTION

(3-1 )(
6W. )1/3D - %

% - Tty.

drag force on a rounded stone is less than on angular,
cubical stones. As rounded stone interlock is less than
that of equal-sized angular stones, the rounded stone
mass is more likely to be eroded by channel flow. If
used, therounded stone should be placed on flatter side
slopes than angular stone and should be about 25
percent larger in diameter. The following shape limita
tions should be specified for riprap obtained from quarry
operations:

4. No stone should have a ratio of 0/c greater
than 3.5.

2. Not more than 30 percent of the stones dis
tributedthroughout the gradation should have a ratio of
~/~grea.terthan 2.5.
"'-7"~" Mf}t. 1" !:rfltr!-·j, . .pf fl. . ... .

( . .vh1\ {).{- 'jfVfje f?;.r--f~/ Ti.'> at! V'7;'
. 3. Notmor'e than 15 percent of the stones dis-

tributed throughout the gradation should have a ratio of
a/c greater than 3.0.

1. The stone shall be predominantly angular in
shape.

To determine stone dimensions a and c, consider that the
stone has a long axis, an intermediate axis, and a short
axis, each being perpendicular to the other. Dimension
a is the maximum length of the stone, which defines the
long axis of the stone. The intermediate axis is defined
by the maximum width of the stone. The remaining axis
is the short axis. Dimension cis the maximum dimension
parallel to the short axis. Thes~ limitations apply only to
the stone within the required riprap gradation and not
to quarry spoils and waste that may be allowed.

B. Relation between Stone Size and
Weight. The ability of riprap revetment to resist ero
sion is related to the size and weight of stones. Design
guidance is often expressed in terms of the stone size D%,
where % denotes the percentage of the total weight of
the graded material (total weight including quarry wastes
and spoils) that contains stones of less weight. The
relation between size and weight of stone is described
herein using a spherical shape by the equation:

3·1. GENERAL.

A. Stone Shape. Riprap should be blocky in
pe rather than elongated, as more nearly cubical

nes II nest
ll

together best and are more resistant to
vement. The stone should have sharp, angular, clean
.es at the intersections of relatively flat faces. Stream
.nded stone is less resistant to movement, although the

. SECTION I
INTRODUCTION

The guidance presented herein applies to riprap
design for the following conditions: open channels not
immediately downstream of stilling basins or other highly
turbulent areas (for stilling basin riprap, use HDC 712-1),
and channel slopes less than 2 percent. The ability of
riprap slope protection to resist the erosive forces of
channel flow depends on the interrelation of the follow
ing factors: stone shape, size, weight, and durability;
riprap gradation and layer thickness; and channel align
ment, cross-section, gradient, and velocity distribution.
the bed material and local scour characteristics deter

ine the design of toe protection which is essential for
riprap revetment stability. The bank material and ground
water conditions affect the need for filters between the
riprap and underlying material. Construction quality
control of both stone production and riprap placement
is essential for successful bank protection. Riprap protec
tion for flood control channels and appurtenantstruc
tures should be designed so that any flood that could
reasonably be expected to occur during the service life
of the channel or structure would not cause damage
exceeding nominal maintenance or replacement (see ER
1110-2-1150). While the procedures presented herein
yield definite stone sizes, results should be used for
guidance purposes and revised as deemed necessary to
provide a practical protection design for the specific
project conditions.

3"2. RIPRAP CHARACTERISTICS.

. The following provides guidance on stone shape,
Tze/w~ight relationship, unit weight, gradation, and
·... Qyer thIckness. Reference EM 1110-2-2302 for addi
ianal guidance on riprap material characteristics and
onstruction.
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FLOW CONTROL STRUCTURES

)

I•.. ·.·
i·

A flow control structure is defined here as a structure, either within or outside

a channel that. acts as a countermeasure by control~if.lg. the· direction, velocity, or

depth of flowing water. Structures within thi-s c.ategory are sometimes called "river

training works". Among the most important properties of a flow control structure is

its degree of pl~rmeabmty. An impermeable structure may deflect a current

entirely, whereas 'a permeable structure may serve mainly to reduce water velocity.

As used here, the term "permeable" means that a structure has definite openings

through which water is intended to pass, such as openings between adjacent boards

or pilings, or the meshes of wire. Structures made of riprap, or filled with riprap,

have some degree of permeability, but these are classed as impermeable because

theY act essentially as impermeable barriers to a rapidly moving current of water.

Types of flow control structures are distinguished on Fig. 5.4.1
j

,~/'~

EMBANKMENT 
SPURS -

\

Fig. 5.4.1 Placement of flow control structures relative to channel banks,
crossing, and flood plain. Spurs, retards, dikes, and jack fields may
be either upstream or downstream from the bridge. (From Brice et
a1., 1978)
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5.4.1 Spurs

A spur is a structure or embankment projected into a stream from the bank at

some angle and for a short distance to' deflect flowing water away from critical

zones, to prevent erosion of the bank, and to establish a more desirable channel

alignment or width. By deflecting the current from the bank and causing sediment

deposits behind them, a spur or a series of spurs may protect the stream bank more

effectively and; at less cost than riprapping the bank. Also, by moving the location

of any scour away from the bank, failure of the riprap on the spur can often be

repaired before damage is done to structures along and across the rivers.

Conversely, failure of riprap on the bank may immediately endanger structures.

Spurs are used to protect highway embankments that form the approaches to a

bridge crossing. Often these highway embankments cut off the overbank flood flows

causing these flows to run parallel to the embankment enroute to the bridge

opening. Spurs constructed perpendicular to the highway embankment keep the

po~entially erosive current away from the embankment, thus protecting it. Spurs as

used in this report encompass the terms dikes, jetties, groins, and spur dikes which

are also used to describe these structures.

Spurs are also used to channelize a wide, poorly defined stream into a

well-defined channel that ,neither aggrades nor degrades, thus maintaining its

location from year to year. Spurs on streams with suspended sediment discharge can

cause deposition to estabiish and maintain the new alignment. The use of spurs in

this instance may decrease the length necessary for the bridge opening and may

make a more suitable, stable channel approach to the bridge. This decreases the

cost of the bridge structure.

The following major recommendations from Brown (1985) are organized by

design component for easy reference.

• Extent of Channelbank Protection

• A common mistake in streambank protection is to provide

protection too far upstream and not far enough downstream.

• The extent of bank protection should be evaluated using a variety of

techniques, inclUding: empirical methods, field reconnaissance,

evaluation of flow traces for various flow stage conditions, and

review of flow and erosion forces for various flow stage conditions.

Information from these approaches should then be combined with

personal judgment and a knowledge of the flow processes occurring

at the local site to establish the appropriate limits of protection.
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Spur Length

• As the spur length is increased:

the scour depth at the spur tip increases,

the magnitude of flow concentration at the spur tip increases,

the severity of flow deflection increases, and

the length of channel bank protection increases.

• The projected length of impermeable spurs should be held to less

than 15 percent of the channel width at bank-full stage.

• The projected length of permeable spurs should be held to less than

25 percent of the channel width. However, this criterion depends on

the magnitude of the spur,'s permeability. Spurs having

permeabilitLes less than 35 pel'cent should be limited to projected

lengths not to exceed 15 percent of the channel's flow width. Spurs

having permeabilitiesof 80 percent can have projected lengths up to

25 percent of the channei's bank-full flow width. Between these

two limits, a linear relationship between the spur permeability and

spur length should be used.

Spur Spacing

• The spacing of spurs in a bank -protection scheme is a function of

the spur's length, angle, and permeability, as well as the channel

bend's degree of curvature.

... The direction and orientation of the channel's flow thalweg plays a

major role in determining an acceptable spacing between individual

spurs in a bank-stabilization scheme.

• Reducing the spacing between individual spurs below the minimum

required to prevent bank erosion between the spurs results in a

reduction of the magnitude of flow concentration and local scour at

the spur tip.

o Reducing the spacing between spurs in a bank -stabilization scheme

causes the flow thalweg to stabilize further away from the concave

bank towards the center..of the channel.

• A spacing criteria based on the projection of a tangent to the flow

thalweg, projected off the spur tip, as presented in the above

discus9ions, should be used.
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Spur Angle/Orientation

• The primary criterion for establishing an appropriate spur

orientation for the spurs within a given spur scheme is to provide a

scheme that efficiently and economically guides the flow through

the channel bend, while protecting the channel bank and minimizing

the adverse impacts to the channel system.

• , ~purs angled downstream produce a less severe .constriction of flows

than those angled upstream or normal to flow.

• The greater an individual spur's angle in the downstream direction,

the smaller the magnitude of flow concentration and local scour at

the spur tip. Also, the greater the angle, the less severe the

magnitude of flow defledion towards the opposite channel bank.

• Impermeable spurs create a greater change in local scour depth and

flow concentration over a given range of spur angles than do

permeable spurs.. This indicates that impermeable spurs Cire much

more sensitive to these parameters than are permeable spurs.

• Spur orientation does not in itself result in a change in the length of

channel bank protected for a spur of given projected length. It is

the greater spur length parallel to the channelbank associated with

spurs oriented at steeper angles that results in the greater length of

channel bank protected.

• Retardance spurs should be designed perpendicular to the primary

flow diredion.

• Retardance/diverter and diverter spurs should be designed to

provide a gradual flow training around the bend. This is

accomplished by maximizing the flow efficiency within the bend

while minimizing any negative impacts on the channel geometry.

• The smatler the spur angle" the greater the magnitude of flow

control as represented by ·a greater shift of the flaw thalweg away

from the concave (outside) channel bank.

• It is recommended that spurs within a retardance/diverter or

diverter spur scheme be set with the upstream-most spur at

approximately 150 degrees to the main flow current at the spur tip,

and with subsequent spurs having incrementally smaller angles

approaching a minimum angle of 90 degrees at the downstream end

of the scheme.

tte

r·~' ..

F
t'
r

t.•~
{~:/

-. ..-

l
t.

F
L
L
r
llo>



•

I·

f.~ . .

L.

j
! .

, '.

r·

•

•

•

V-53

Spur Height

• The spur height should be sufficient to protect the regions of the

channel bank impacted by the erosion processes active at the

particular site~

• If the design flow stage is lower than the channel bank height, spurs'

should be designed to a height '"!O more than three feet lower than

i:.t}e design flow stage.

• If the design flow stage is higher than the channel bank height, spurs

should be designed to bank height.

• Permeable spurs should be designed to a height that will permit the

passage of heavy debris over the spur crest and not cause structural
damage.

• When possible, impermeable spurs should be designed to be

submerged by approximately three feet under their worst design

flow condition, thus minimizing the impacts of local scour and flow

concentration at the spur tip and the magnitude of flow deflection.

Spur Crest Profile

• Permeable spurs should be designed with level crests unless bank

height or other special conditions dictate the use of a sloping crest
design.

• Impermeable spurs should be designed with a slight fall towards the

spur head, thus allowing different amounts of flow constriction with

stage (particularly important in narrow-width channels), and the

accomodation of changes in meander trace with stage.

Channel bed and Channel banI< Contact

I" • Careful consideration must be given to designing a spur that will

maintain contact with the channel bed and channel bank so that it

will not be undermined or outflanked.

•
• Spur Head Form

• A simple straight spur head form is recommended.

• The spur head or tip should be as smooth and rounded as possible.

Smooth, well-rounded spur tips help minimize local scour, flow

concentration, and flow deflection.
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5.4.2 Hardpoiots

Hardpaints are an erosion control technique consisting of stone fills spaced

along an eroding bank line (Fig. 5.4.2). The structures protrude only short distances

into the river channel and are supplemented with a root section ext.ending landward

into the bank to preclude flanking, should excessive erosioh persist. The majority of

the structure cannot oe seen as the lower part consists of rock placed underwater,

and the upper P!3.rt is covered with topsoil and seeded with native vegetation. The

structures are especially adaptable in long, straight reaches not subject to direct
attack.
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5.4.3 Retards

Retards are devices placed parallel to embankments and river banks to decrease

the stream velocities and prevent erosion.

• Pile retards can be made of concrete, steel or timber. The design of

timber pile retards is essenti~lly the same as timber pile dikes shown in

Fig. 5.4.5. They may be used in combination with bank protection works

such .<;is riprap. The retard then serves to reduce the velocities'
, ,

sufficie'ntly s.o that either smaller riprap can be used, or riprap can be

eliminated.

Fig. 5.4.3 Retard.

• Timber or concrete cribs - Timber and concrete cribs are sometimes used

for bulkheads and retaining walls to hold highway embankments, particularly where

lateral encroachment into the river must be limited. Cribs are made up by

interlocking pieces together in the manner shown in Fig. 5.4.4. The crib may be

slanted or vertical depending on height and the crib is filled with rock or earth.

Reinforced concrete retaining walls are alternatives to timber cribs which can be

considered. However, concrete retaining walls are expensive and are generally only

used in special confined locations where space precludes other methods of bank
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protection. In constructing concrete retaining walls drainage holes (weep holes)

must be provided. The foundation of these walls should be placed below expected

scour depths.

Reinforeed Concrete
or Timber
~bers

Fig. 5.4.4 Concrete or timber cribs.

5.4.4 Dikes

There are two principal types of dikes, permeable and impermeable. Permeable

dikes are those which permit flow through the dike but at reduced velocities,

thereby preventing further erosion of the banks and causing deposition of suspended

sediment from the flow.

• Timber or steel pile dikes - Pile dikes (also retards) may consist of

closely-spaced single, doubie, or multiple rows. There are a number of variations to

this scheme. For example, wire fence may be used in conjunction with pile dikes to

collect debris and thereby cause effective reduction of velocity. Double rows of

piles can be placed together to form cribs, ~nd rocks may be used to fill the space

between the piles. Pile dikes are vulnerable to failure through scour. This can be

overcome if the piles can be driven to a large depth to achieve safety from scour, or

the base of the piles can be protected from scour with dumped rock in sufficient

quantities. The various forms of pile dikes are illustrated in Fig. 5.4.5.
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(c) Pile clusters

Fig. 5.4.5. Pile dikes (retards would be similar).

The arrangement of piles depends upon the velocity of flow, quantity of

suspended sediment transport, and depth and width of the river. !f the velocity of

flow is large, pile dikes are not likely to be very effective. Stabilization of the bank

by other methods should be considered. On the other hand, in moderate flow

velocities with high concentrations of suspended sediments, these dikes can be quite

effective. Deposition of suspended sediments in the pile dike field is a necessary

consequence of reduced velocities. If there is not sufficient concentration of

suspended sediment in the flow, or the velocities in the dike fields
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are too large rOr deposit.ion, the permea/:)le pile dikes will only partially be effective

in training the river and protecting the bends.

The length of each dike depends on channel width, position relative to other

dikes, flow depth and available pile lengths. Generally, pile dikes are not used in

large rivers where depths are great, although timber pile dikes have been used in the

Columbia River. On the oth~r hand, banks of wide shallow rivers can be successfully

protected with'd,ikes. The spacing between dikes varies from 3 to 20 times the

length of the upstream dike,with closer spacing favored for best results.

• Stone-fill dIkes - Stone-fill dikes are classed as impermeable dikes and do

not depend on deposition of sediment between dikes nearly as ml.:lch as permeable

dikes. The principal function is to deflect the flow away from the bank and the

dikes must be long enOugh to accompli$h this purpose. The dikes may be angled

downstream, angled upstream, or constructed normal to the bank. Variations such

as a sloping qike, with declining top elevation away from the bank, L or T head

dikes, and curved dikes have been used. Stone-fill dikes are illustrated in Fig. 5.4.6.

The spacing between dikes may vary from three or four dike lengths to 10 or 12

dike lengths depending upon velocity and depth. Short dikes with long spacing are

generally not useful for bank protection unless jacks or rip rap are used to protect

. the bank between them.

The ends of the dikes are subjected to local scour and appropriate allowance

should be made for loss ot dike material into the sCOur hole. The size of rock to be

used ror the dike depends on availability of material. large rocks are generally used

to cover the surface, while the internal section may be constructed with smaller

rocks or earthfill. Side slopes of 1.5:1 and 2:1 are cQmmon.
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• Vane Dikes are low-elevation structures designed to guide the flow away

from an eroding bank line CF ig. 5.4.7). The structures can be constructed of rock or

other erosion-resistant material, the tops of which are constructed below the design

water surface elevation and would not connect to the high bank. Water would be

free to pass over or around the structure with the main thread of flow directed away

from the eroding bank,. The~tructures will discourage high erosive velo~ities next

to an unprotecte~. bank line, encourage diversity of various channel depths, and

protect existing natural bottomland characteristics. The findings from a model

investigation of these structures include the effects of various vane dike

orientation, vane dike length, and gap length CU. S. Army Corps of Engineers,1981).

Fig. 5.4.7 Vane dike model, ground walnut shell bed, during low stage portion
of test run, elevation 1.482 ft CU. S. Army Corps of Engineers, 1981).

5.4.5 Jetties

The purpose of a jetty field is to add roughness to a channel or overbank area to

train the main stream along a selected path. The added roughness along the bank

reduces the velocity and protects the bank from erosion. Jetty fields are usually

made up of steel jacks tied together with cables. Both lateral and longitudinal rows

of jacks are used to make up the jetty field as shown in Fig. 5.4.8.

The lateral rbWs are usually angled about 45 to 70 degrees downstream from the

bank. The spacing varies, depending ~on the debris and sediment content in the

stream, and may be 50 to 250 feet apart. Jetty fields are effective only if there is

a significant amount of debris carried by the stream and the suspended sediment
concentration is high.



V -60

When jetty fields are used to stabilize meandering rJvers, i~ may b.e necessary

to use jetty fields on both sides of the river channel because in flood stage the river

may otherwise develop' a chute channel across the point bar. A typical layout is

shown in Fig. 5.4.8.
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be deposition behind the retard. Various forms of steel jacks may be assembled.

Two types are shown in Fig. 5.4.9. Tiebacks should be spaced every 100 feet and

space between jacks should not be greater than their width.

Fig. 5.4.9 Steel jacks.
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5.4.6 Fencing

Fencing can be used as a low-cost bank protection technique on small to

medium size streams. Special structural design considerations are required in areas

subject to ice and floating debris. Both longitudinal (parallel to stream) fence

retards and transverse (perpendicular to stream) fences have been used in the

prototype with varying degrees of success. A model investigation and literature

review of longitl"l~inal fence retards with tiebacks were conducted to identify the

following importa~'t design considerations:

(1) Channel gradient must be stable and not be steep (tranquil flow);

. (2) Toe scour protection can be provided by extending the support posts well

below the maximum scour expected or by placing loose rock at the base of

the fence to launch downward if scour occurs at the toe;

(3) Tiebacks to the bank are important to prevent flanking of the fence and

to promote deposition behind the fence;

(4) Fence retards generally reduce attack on the bank so that vegetation can

establish; and

(5) Metal or concrete fences are preferred due to ice damage and fire loss of

wooden fences.

5.4.7 Guidebanks

Guide banks are Dlaced at or near the ends of aporoach embankments to guide

the stream through the bridge opening. Constructed properly, flow disturbances,

such as eddies and cross - flow, will be minimized to make a more efficient waterway

under the bridge. ,They are also used to protect the highway embankment and

reduce Of' eliminate local SCOUf at the embankment and adjacent piers. The

effectiveness of guidebanks is a function of river geometry, quantity of flow on the

floodplain, and size of bridge opening. A typical guidebank at the end of an

embankment is shown in Fig. 5.4.10.

The recommended shape of a guidebank is a quarter ellipse with a major to·

minor axis ratio of 2.5. The major axis should be approximately parallel t.o the main

flow direction. For bridge crossings normal to the river, the major axis would be

normal to the highway embankment. However, for skewed crossings, the guidebank

should be placed at an angle with respect to the embankment with the view of

streamlining the flow through the bridge opening. An illustration of guidebanks for

a skewed crossing is shown in Fig. 5.4.11 and design dimensions recommended by

Karaki are shown in Fig. 5.4.12.



v - 62

Fig. 5.4.10 Guidebank.

Fig. 5.4.11 Guidebank at skewed highway crossing.
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The length of the spur dike, L , required depends upon quantity of flow on thes .
floodplain, width of bridge opening and skewness of the highway crossing. Shorter

spur dikes' may be used where floodplain flow is small or scour potential at piers and

embankment ends are small.

The upstream and downstream lengths for straight guidebanks are as follows:

the upstream length = 0.75 to 1.5 times the width of the opening; and the

downstream length =0.1 to 0.25 times the width of the opening. It is not necessary

that both gUidebanks on the upstream side be the same length. For some flow

conditions a short curved guidebank on one side and a long straight bank on the other

may be the best solution.
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The crest elevation should be 1 ft higher than the elevation of t.he desiljn flood

taking into consideration the effect of the contraction of the flow; this is because

the design flow should not overtop the guidebank.

Beside erosion protection, guidebanks provide a more efficient (less head toss)

flow of water through a bridge opening. They also decrease scour depth and move
the scour energy away from the abutments.
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5.4.8 Drop Structures

Drop structures are useful to reduce the siopeof a channel. Concrete,

sOH-cement, gabion sheet pile or t.imber crib drop structures can be designed

considering the stability of the structure and the depth of the scour hole at the toe

of the structure. A riprap blanket upstream of the structure is also quite effective

as shown in Fig. 5.4. 13 for a soil cement drop structure. Definition sketches for a

verticai wall and. sloping silldrop structure are shown in Figs. 5.4.14 and 5.4.15. The

design of vertical wall or sloping sill structures are given in texts by Peterson

(1986), Simons, Li and Associates (1982).
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CHANNEL AND SHORE PROTECTION 

EROSION CONTROL
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873.1 Introduction

No attempt will be made here to describe in detail all ofthe various devices that have been used to
protect embanlanents against scour. Methods and devices not described may be used when justified
by economical analysis. Not all publicized treatments are necessarily suited to existing conditions for
a specific project.

A set ofplans and specifications must be prepared to define and describe the protection that the
design engineer has in mind. These plans should show controlling factors and an end product in such
detail that there will be no dispute between the construction engineer and contractor. To serve the
dual objectives of adequacy and economy, plans and specifications should be precise in defining
materials to be incorporated in the work, and flexible in describing methods of construction or
conformance of the end product to working lines and grades.

Recommendations on channel lining, slope protection, and erosion control materials can be requested
from the District Hydraulics Engineer, the District Materials Branch and the Erosion Control and
Geosynthetics Branch of the Engineering Service Center. The Office of Landscape Architecture can
be of assistance in selecting the best practices for temporary and permanent erosion and sediment
control measures. The Caltrans Joint Bank Protection Committee is available on request to provide
expert advise on extraordinary situations or problems. See Index 802.3 for further information on the
organization and functions of the Committee

Combinations of armor-type protection can be used, the slope revetment being of one type and the
foundation treatment of another. The use ofrigid, non-flexible slope revetment may require a
flexible, self-adjusting foundation for example: grouted rock on the slope with heavy rock foundation
below, or PCC slope paving with a steel sheet-pile cutoffwall for foundation.

Bank protection may be damaged while serving its primary purpose. Cheap replaceable facilities may
be more economical than expensive permanent structures. However, an expensive structure may be
economically warranted for highways carrying large volumes of traffic or for which no detour is
available.

Cost of stone is extremely sensitive to location. Variables are length ofhaul, efficiency ofthe quarry
in producing acceptable sizes, royalty to quarry and, necessity for stockpiling and rehandling. On
some projects the stone is available in roadway excavation.

Cost of stone is not very sensitive to size. Quarrying produces a wide range of sizes. If only a light
riprap is specified, the large stones have to be broken by spot blasting. If heavy riprap is required, the
run of the quarry may be usable without reblasting. With Method A placement, one 8 tonne stone can
be set quicker than two 4 tonne stones.

873.2 Design High Water and Hydraulics

The most important, and often the most perplexing obligation, in the design ofbank and shore

http://www.amtrakcalifomia.com/hq/oppd/hdm/chapters/t873.htm 8/31/00
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protection features is the determination of the appropriate design high water elevation to be used. The
design flood stage elevation should be chosen that best satisfies site conditions and level of risk
associated with the encroachment. The basis for determining the design frequency, velocity,
backwater, and other limiting factors should include an evaluation of the consequences of failure on
the highway facility and adjacent property. Stream stability and sediment transport of a watercourse
are critical factors in the evaluation process that should be carefully weighted and documented.
Designs should not be based on an arbitrary storm or flood frequency. Such designs imply that
limiting factors and related risks have been adequately evaluated which is seldom, if ever, the case.

A suggested starting point of reference for the determination of the design high water level is that the
protection withstand high water levels caused by meteorological conditions having a recurrence
interval of one-half the service life of the protected facility. For example, a modem highway
embankment can reasonably be expected to have a service life of 100 years or more. It would
therefore be appropriate to base the preliminary evaluation on a high water elevation resulting from a
storm or flood with a 2 percent probability of exceedance (50 year frequency ofrecurrence). The first
evaluation may have to be adjusted, either up or down, to conform with a subsequent analysis which
considers the importance of the encroachment and level of related risks.

There is always some risk associated with the design ofprotection features. Special attention must be
given to life threatening risks such as those associated with floodplain encroachments. Significant
floodplain risks are classified as those having probability of:

• Catastrophic failure with loss oflife.
• Disruption of fire and ambulance services or closing of the only evacuation route available to a

community.

Refer to Topic 804, Floodplain Encroachments, for further discussion on evaluation of risks and
impacts.

(1) Streambank Locations. The velocity along the banks ofwatercourses with smooth or
uniformly rough tangent reaches may only be a small percentage of the average stream
velocity. However, local irregularities ofthe bank and streambed may cause turbulence that can
result in the bank velocity being greater than that of the central thread ofthe stream. The
location of these irregularities is not always permanent as they may be caused by local scour,
deposition ofrock and sand, or stranding of drift during high water changes. It is rarely
economical to protect against all possibilities and therefore some damage should always be
anticipated during high water stages.

Essential to the design of streambank protection is sufficient information on the characteristics
ofthe watercourse under consideration. For proper analysis, information on the following types
of watercourse characteristics must be developed or obtained:

o Design Discharge
o Design High Water Level
o Flow Types
o Channel Geometry
o Flow Resistance
o Sediment Transport

Refer to Chapter 810, Hydrology, for a general discussion on hydrologic analysis and
specifically to Topic 817, Flood Magnitudes; Topic 818, Flood Probability and Frequency; and
Topic 819, Estimating Design Discharge. For a detailed discussion on the fundamentals of
alluvial channel flow, refer to Chapter III, "Highways in the River Environment", and to HEC
20, Stream Stability at Highway Structures, for further information on sediment transport.

http://www.amtrakcalifomia.com/hq/oppd/hdm/chapters/t873.htm 8/31/00
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(2) Ocean & Lake Shore Locations. Infonnation needed to design shore protection is:

o Design High Water Level
o Design Wave Height

(a) Design High Water Level. The flood stage elevation on a lake or reservoir is usually
the result of inflow from upland runoff. Ifthe water stored in a reservoir is used for
power generation, flood control, or irrigation, the design high water elevation should be
based on the owners schedule of operation.

Except for inland tidal basins affected by wind tides, floods and seiches, the static or
still-water level used for design of shore protection is the highest tide. In tide tables, this
is the stage of the highest tide above "tide-table datum" at MLLW. To convert this to
MSL datum there must be subtracted a datum equation (0.8 to 1.2 m) factor. Ifdatum
differs from MSL datum, a further correction is necessary. These steps should be
undertaken with care and independently checked. Common errors are:

• Ignoring the datum equation.
• Adding the factor instead of subtracting it.
• Using half the diurnal range as the stage of high water.

To clarify the detennination ofdesign high-water, Fig. 873.2A shows the Highest Tide in
its relation to an extreme-tide cycle and to a hypothetical average-tide cycle, together
with nomenclature pertinent to three definitions of tidal range. Note that the cycles have
two highs and two lows. The average of all the higher highs for a long period (preferably
in multiples ofthe 19-yr. metonic cycle) is MHHW, and of all the lower lows, MLLW.
The vertical difference between them is the diurnal range.

Particularly on the Pacific coast where MLLW is datum for tide tables, the stage of
MHHW is numerically equal to diurnal range.

The average of all highs (indicated graphically as the mean ofhigher high and lower
high) is the MHW, and of all the lows, MLW. Vertical difference between these two
stages is the mean range.

See Index 814.5, Tides and Waves, for infonnation on where tide and wave data maybe
obtained.

(b) Design Wave Heights.

(1) General. Even for the simplest ofcases, the estimation ofwater levels caused
by meteorological conditions is complex. Elaborate numerical models requiring
the use of a computer are available, but simplified techniques may be used to
predict acceptable wind wave heights for the design ofhighway protection
facilities along the shores of embayments, inland lakes, and reservoirs. It is
recommended that for ocean shore protection designs the assistance of the U.S.
Anny Corp ofEngineers be requested.

Shore protection structures are generally designed to withstand the wave that
induces the highest forces on the structure over its economic service life. The
design wave is analogous to the design stonn considerations for detennining return
frequency. A starting point of reference for shore protection design is the
maximum significant wave height that can occur once in about 20-years.

http://www.amtrakcalifomia.com/hq/oppd/hdm/chapters/t873.htm 8/31/00
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Economic and risk considerations involved in selecting the design wave for a
specific project are basically the same as those used in the analysis of other
highway drainage structures.

,
(2) Wave Distribution Predictions. Wave prediction is called hindcasting when
based on past meteorological conditions and forecasting when based on predicted
conditions. The same procedures are used for hindcasting and forecasting. The
only difference is the source of the meteorological data. Reference is made to the
Army Corps of Engineers, Shore Protection Manual, Volume 1, Chapter 3, for
more complete information on the theory of wave generation and predicting
techniques.

The prediction of wave heights from boat generated waves must be estimated from
observations.

The surface of any large body ofwater will contain many waves differing in
height, period, and direction ofpropagation. A representative wave height used in
the design ofbank and shore protection is the significant wave height, Hs. The
significant wave height is the average height of the highest one-third of all the
waves in a wave train for the time interval (return frequency) under consideration.
Thus, the design wave height generally used is the significant wave height, Hs, for
a 20-year return period.

Other design wave heights can also be designated, such as HIO and HI. The HIO
design wave is the average of the highest 10 percent of all waves, and the HI
design wave is the average ofthe highest 1 percent of all waves. The relationship
ofHIO and HI to Hs can be approximated as follows:

HIO = 1.27 Hs and HI = 1.67 Hs

Economics and risk of catastrophic failure are the primary considerations in
designating the design wave average height.

(3) Wave Characteristics. Wave height estimates are based on wave characteristics
that may be derived from an analysis of the following data:

• Wave gage records
• Visual observations
• Published wave hindcasts
• Wave forecasts
• Maximum breaking wave at the site

(4) Predicting Wind Generated Waves. The height ofwind generated waves is a
function of fetch length, windspeed, wind duration, and the depth of the water.

(a) Hindcasting -- The U.S. Army Corp ofEngineers has historical records
of onshore and offshore weather and wave observations for most of the
California coastline. Design wave height predictions for coastal shore
protection facilities should be made using this information and hindcasting
methods. Deep-water ocean wave characteristics derived from offshore data
analysis may need to be transformed to the project site by refraction and
diffraction techniques. As mentioned previously, it is strongly advised that
the Corps technical expertise be obtained so that the data are properly
interpreted and used.

http://www.amtrakcalifornia.com/hq/oppd/hdm/chapters/t873.htm 8/31/00
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(b) Forecasting -- Simplified wind wave prediction techniques may be used
to establish probable wave conditions for the design ofhighway protection
on bays, lakes and other inland bodies of water. Wind data for use in
determining design wind velocities and durations is usually available from
weather stations, airports, and major dams and reservoirs.

The following assumptions pertain to these simplified methods:

• The fetch is short, 120 km or less
• The wind is uniform and constant over the fetch.

It should be recognized that these conditions are rarely met and wind fields
are not usually estimated accurately. The designer should therefore not
assume that the results are more accurate than warranted by the accuracy of
the input and simplicity of the method. Good, unbiased estimates of all wind
generated wave parameters should be sought and the cumulative results
conservatively interpreted. The individual input parameters should not each
be estimated conservatively, since this may bias the result.

The applicability of a wave forecasting method depends on the available
wind data, water depth, and overland topography. Water depth affects wave
generation and for a given set ofwind and fetch conditions, wave heights
will be smaller and wave periods shorter ifthe wave generation takes place
in transitional or shallow water rather than in deep water.

The height ofwind generated waves may also be fetch-limited or duration
limited. Selection of an appropriate design wave may require a
maximization procedure considering depth of water, wind direction, wind
duration, windspeed, and fetch length.

Procedures for predicting wind generated waves are complex and our
understanding and ability to describe wave phenomena, especially in the
region of the coastal zone, is limited. Many aspects of physics and fluid
mechanics ofwave energy have only minor influence on the design of shore
protection for highway purposes. Designers interested in a more complete
discussion on the rudiments ofwave mechanics should consult the U.S.
Army Corps ofEngineers' Shore Protection Manual (SPM), Volume I, 1984.

There is no single theory for the forecasting ofwind generated waves for
relatively shallow water. Until further research results are available the
interim SPM method for wave forecasting in shallow-water represented in
Figures 3-27 through 3-36 in the SPM is recommended. This method uses
deepwater forecasting relationships and is based on successive
approximations in which wave energy is added due to wind stress and
subtracted due to bottom friction and percolation.

An initial estimate ofwind generated significant wave heights can be made
by using Figure 873.2B. If the estimated wave height from the nomogram is
greater than 0.6 m, the procedure may need to be refined. It is recommended
that advice from the Army Corps ofEngineers be obtained to refine
significant wave heights, Hs, greater than 0.6 m.

(5) Breaking Waves. Wave heights derived fronihindcasts or any forecasting
method should be checked against the maximum breaking wave that the design

http://www.amtrakcalifomia.comlhq/oppdlhdmlchapters/t873.htm 8/31/00



HDM - Topic 873 - Design Concepts Page 6 of29

•

•

•

stillwater level depth and nearshore bottom slope can support. The design wave
height will be the smaller of either the maximum breaker height or the forecasted
or hindcasted wave height.

The relationship of the maximum height ofbreaker which will expend its energy
upon the protection, Hb, and the depth ofwater at the slope protection, ds, which
the wave must pass over are illustrated in Figure 873.2C.

The following diagram, with some specific references to the SPM, summarizes an
overly simplified procedure that may be used for highway purposes to estimate
wind generated waves and establish a design wave height for shore protection.

Determining Design Wave

WAVE FORECASTINC

CAl». NEEDS
• Wind S""..d
• Wind DUl'Zltion
• F..i:oh

ADJUST ..... IND SPEED
• SPM ~... $·24thru$·$$

ADJUSTMENTS
• SPM FIg... $·$6 th ru $. 71
• F..oth
• W1!lY<> Grcwth
• W1!lY<> D~c 1!ly

BREll.KINGWAVE
Height. Hb (Figu .... S73.2B)

(6) Wave Run-up. An estimate ofwave run-up, in addition to design wave height,
may also be necessary to establish the top elevation ofhighway slope protection.

Wave run-up is a function of the design wave height, the wave period, bank angle,
and the roughness of the embankment protection material. For wave heights of 0.6
m or less wave run-up can be estimated by using Figure 873.2D and appropriate
correction factor. The wave run-up height given on the chart is for smooth
concrete pavement. Correction factors for reducing the height of run-up for other
armor revetment materials are provided in the table. This simple method of
estimating wave runup is adequate for most highwayprojects. The application of
more detailed procedures is rarely justified, but if needed they are provided in the

http://www.amtrakcalifomia.com/hq/oppd/hdm/chapters/t873.htm 8/31/00
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U.S. Army Corps ofEngineers manual, Design of Coastal Revetments, Seawalls,
and Bulkheads.

(c) Littoral Processes. Littoral processes result from the interaction of winds, waves,
currents, tides, and the availability of sediment. The rates at which sediment is supplied
to and removed from the shore may cause excessive accretion or erosion that can effect
the structural integrity of shore protection structures or functional usefulness of a beach.
The aim ofgood shore protection design is to maintain a stable shoreline where the
volume of sediment supplied to the shore balances that which is removed.

Designers interested in a more complete discussion on littoral processes should consult
the U.S. Army Corps ofEngineers' Shore Protection Manual (SPM), Volume I, Chapter
4.

873.3 Armor Protection

(1) General. Annor is the artificial surfacing ofbed, banks, shore or embankment to resist
erosion or scour. Armor devices can be flexible (self adjusting) or rigid.

(a) Flexible TyPes.

• Rock slope protection (Standard Plan B 13-2).
• Broken concrete slope protection (Standard Plan B 13-2).
• Broken concrete, uncoursed.
• Gabions.
• Precast concrete articulated blocks.
• Various reticulated revetment systems.

(b) Rigid Types.

• PCC grouted rock slope protection (Standard Plan B 13-2).
• Sacked concrete slope protection (Standard Plan B 13-1).
• Concrete slope protection (Standard Plan B 13-1).
• Fabric-formed slope protection.
• Air-blown mortar (Standard Plan B 13-1).
• Soil cement slope protection.
• Precast concrete cells -- filled.

(c) Other Annor types:

(1) Channel Liners and Vegetation. Temporary channel lining can be used to
promote vegetative growth in a drainage way or as protection prior to the
placement ofpermanent armoring. This type of lining is used where an ordinary
seeding and mulch application would not be expected to withstand the force ofthe
channel flow. In addition to the following, other suitable products ofnatural or
synthetic materials are available that may be used as temporary or permanent
channel liners.

• Excelsior
• Jute
• Paper mats
• Fiberglass roving
• Geosynthetic mats or cells
• Pre-cast concrete blocks or cells

http://www;amtrakcalifornia.com/hq/oppd/hdm/chapters/t873.htm 8/31/00
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• Brush layering
• Rock riprap in smaller stone sizes

(2) Bulkheads. The bulkhead types are steep or vertical structures, like retaining
walls, that support natural slopes or constructed embankments which include the
following:

• Gravity or pile supported concrete or masonry walls.
• Crib walls
• Sheet piling
• Sea Walls

(d) General Design Criteria. In selecting the type of flexible or rigid armor protection to
use the following characteristics are important design considerations.

(1) The lower limit of armor should be below anticipated scour or on bedrock. If
for any reason this is not economically feasible, a reasonable degree of security
can be obtained by placement of additional quantities ofheavy rock at the toe
which can settle vertically as scour occurs.

(2) In the case of slope paving or any expensive revetment which might be
seriouslydamaged by overtopping and subsequent erosion of underlying
embankment, extension above design high water may be warranted. The usual
limit of extension for streambank protection above design high water is 0.3 to 0.6
min unconstricted reaches and 0.6 to 1.0 m in constricted reaches.

(3) The upstream tenninal can be determined best by observation of existing
conditions and/or by measuring velocities along the bank.

The terminal should be located to conform to outcroppings of erosion-resistant
materials, trees, shrubs or other indications of stability.

In general, the upstream terminal on bends in the stream will be some distance
upstream from the point of impingement or the beginning ofcurve where the effect
of erosion is no longer damaging.

(4) When possible the downstream terminal should be made downstream from the
end of the curve and against outcroppings, erosion-resistant materials, or returned
securely into the bank so as to prevent erosion by eddy currents and velocity
changes occurring in the transition length.

(5) The encroachment of embankment into the stream channel must be considered
with respect to its effect on the conveyance of the stream and possible damaging
effect on properties upstream due to backwater and downstream due to increased
stream velocity or redirected stream flow.

(6) A smooth surface will accelerate velocity along the bank, requiring additional
protection at the downstream tenninal. Rougher surfaces tend to keep the thread of
the stream toward the center of the channel.

(7) Heavy-duty armor used in exposures along the ocean shore may be influenced
or dictated by economics, or the feasibility ofhandling heavy individual units.

(2) Flexible Revetments.
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(a) Streambank Rock Slope Protection.

(1) General Features. This kind ofprotection, commonly called riprap, consists of
rock courses placed upon the embankment or the natural slope along a stream.
Rock, as a slope protection material, has a number of desireable features which
have led to its widespread application.

It is usually the most economical type of revetment where stones of sufficient size
and quality are available, it also has the following advantages:

• It is flexible and is not impaired nor weakened by slight movement of the
embankment resulting from settlement or other minor adjustments.

• Local damage or loss is easily repaired by the addition of rock where .
required.

• Construction is not complicated and no special equipment or construction
practices are necessary.

• Appearance is natural, and usually acceptable in recreational areas.
• If exposed to fresh water, vegetation may be induced to grow through the

rocks adding structural value to the embankment material and restoring
natural roughness.

• Additional thickness can be provided at the toe to offset possible scour when
it is not feasible to found it upon bedrock or below anticipated scour.

• Wave run-up is less than with smooth types (See Figure 873.2D).
• It is salvageable, may be stockpiled and reused ifnecessary.

In designing the rock slope protection for a given embankment the following
determinations are to be made for the typical section.

• Size ofstone (may vary between top and bottom).
• Depth at which the stones are founded (bottom of toe trench).
• Elevation at the top ofprotection.
• Thickness ofprotection.
• Need for geotextile and backing material.
• Face slope.

(a) Placement -- Two different methods ofplacement for rock slope
protection are allowed under Section 72 of the Standard Specifications:
Placement under Method A requires considerable care,judgment, and
precision and is consequently more expensive than Method B. Method A
should be specified for heavy duty installations.

Under some circumstances the costs ofplacing rock slope protection with
refinement are not justified and Method B placement can be specified. To
compensate for a partial loss and assure stability and a reasonably secure
protection, the thickness is increased over the more precise Method A.

(b) Foundation Treatment -- The foundation excavation must afford a stable
base on bedrock or extend below anticipated scour.

Terminals ofrevetments are often destroyed by eddy currents and other
turbulence because of nonconformance with natural banks. Terminals should
be secured by transitions to stable bank formations, or the end ofthe
revetment should be reinforced by returns of thickened edges.
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(c) Embankment Considerations -- Embankment material is not normally
carried out over the rock slope protection so that the rock becomes part of
the fill. With this type of construction fill material can filter down through
the voids of the large stones and that portion of the fill above the rocks could
be lost. If it is necessary to carry embankment material out over the rock
slope protection a geotextile is required to prevent the loses of fill material.

The embankment fill slope is usually determined from other considerations
such as the angle of repose for embankment material, or the normal 1:2
specified for high-standard roads. If the necessary size ofrock for the given
exposure is not locally available, consideration should be given to flattening
of the embankment slope to allow a smaller size stone, or substitution of
other types ofprotection. On high embankments, alternate sections on
several slopes should be compared, practically and economically; flatter
slopes require smaller stones in thinner sections, but at the expense oflonger
slopes, a lower toe elevation, increased embankment, and perhaps additional
right ofway.

(d) Rock Slope Protection Fabric and Rock Backing -- Rock Slope
protection fabric and/or rock backing can be used directly on the slope to
prevent the erosion of the underlying embankment material or native
material through the voids of the rock slope protection. They may be
warranted where embankment material is not cohesive, or where the slope
protection is subject to wave action. They may not be necessary if the slope
protection is graded from fine to coarse from embankment to water exposure
as is generally the case with Method B placement. With Method B
placement, most of the finer material will naturally settle to the bottom and
coarser stones will work to the outside. Consult the District Hydraulics
Engineer and/or the District Materials Branch on the need for fabric or rock
backing.

When fabric is used with rock slope protection classes 1/2 T or larger, a
layer ofrock backing is needed to anchor the fabric. Backing material must
be sized so that it will not work out through the voids of the large stones
overlaying it. For very large classes ofprotection with severe exposure it
may be appropriate to use a smaller class of rock slope protection to perform
the backing and bedding function. Determining the need for fabric, rock
backing, or multiple layers ofrock slope protection requires sound
engineering judgment in evaluating the character of the embankment or
native material being protected, the slope rate of the embankment, the
relative importance and risk of loss of the protected facility as well as the
cost of the protective works relative to the protected facility.

Rock slope protection and rock backing material stone sizes, gradings and
quality requirements are contained in Section 72-2.02 of the Standard
Specifications.

(2) Streambank Protection Design. In the lower reaches of larger rivers wave
action resulting from navigation or wind blowing over long reaches may be much
more serious than velocity. A 0.6 m wave, for example, is more damaging than
direct impingement of a current flowing at 3 mls.

Well designed streamhank rock slope protection should:
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• Assure stability and compatibility of the protected bank as an integral part of
the channel as a whole. The ideal for stability is a gently curved channel
with its outer bank rougher and tougher than the inner bank.

• Connect to natural bank, bridge abutments or adjoining improvements with
transitions designed to ease differentials in alignment, grade, slope and
roughness of banks.

• Eliminate or ease local embayments and capes so as to streamline the
protected bank.

• Consider the effects ofbackwater above constrictions, superelevations on
bends, as well as tolerance of occasional overtopping.

• Not be placed on a slope steeper than 1:1.5. Flatter slopes (see Figure
873.3A) use lighter stones in a thinner section and encourage overgrowth of
vegetation, but may not be permissible in narrow channels.

• Use stone of adequate mass to resist erosion, derived from Figure 873.3A or
Table 873.3B.

• Prevent loss ofbank materials through interstitial spaces ofthe revetment.
Rock slope protection fabric and multiple layers ofbacking should be used
where appropriate.

• Rest on a good foundation on bedrock or extend below the depth ofprobable
scour. If questionable, use heavy bed stones and provide a wide base section
with a reserve ofmaterial to slough into local scour holes.

• Reinforce critical zones on outer bends subject to impingement attack, using
heavier stones, thicker section, and deeper toe.

(a) Stone Size -- Where current velocity governs, rock size may be estimated
by using the nomogragh, Figure 873.3A, and Table 873.3B.

The nomograph is derived from the following formula:

0.00002 V6 sgr csc3(p -
W= a)

(sgr-1)3
Where:
sgr = specific gravity of

stones.
angle of face slope

a = from the horizontal,
see Figure 873.3B.

p= 700 for broken rock.

Weight ofminimum
W = stone in lbs.; 2/3 of

stones should be
heavier.

V = Velocity ofwater in
ftIsec.

NOTE:
The formula provided
above, and the nomograph
in Figure 873.3A have not
been converted to the Metric
System.
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Where wave action is dominant, design of rock slope protection should
proceed as described for shore protection.

(b) Design Height -- The top of rock slope protection along a stream bank
should be carried to the elevation of the design high water. The flood stage
elevation adopted for design may be based on an empirically derived
frequency of recurrence (probability of exceedance) or historic high water
marks. This stage may be exceeded during infrequent floods, but
overtopping seldom damages a well-designed pervious revetment.

Design high water should not be based on an arbitrary storm frequency
alone, but should consider the cost ofcarrying the protection to this height,
the probable duration and damage if overtopped, and the importance of the
facility.

The practice of using an arbitrary height of freeboard as a factor of safety is
not logical. For example, an arbitrary 0.6 m freeboard may decrease the
probability of overtopping from one that would be caused by a 50-yr flood
to one that would be caused by a 60-yr flood in one case, but from one that
would be caused by a 50-yr flood to one that would be caused by a 1000-yr
flood in another case. Freeboard may be more generous along freeways, on
bottleneck routes, on the outside bends of channels, or around critical
bridges.

Design high water should be adjusted to the site based on sound engineering
judgement.

(b) Rock Slope Shore Protection.

(1) General Features. Rock slope protection when used for shore protection, in
addition to the general advantages listed previously for streambank rock slope
protection, reduces wave runup as compared to smooth types ofprotection.

(a) Method A placement is normally specified for shore protection.

(b) Foundation treatment in shore protection may be controlled by tidal
action as well as excavation difficulties and production will be limited to
only two or three toe or foundation rocks per tide cycle. If toe rocks are not
properly bedded, the subsequent vertical adjustment may be detrimental to
the protection above. Even though rock is self-adjusting, the bearing ofone
rock to another may be lost. It is often necessary to construct the toe or
foundation to an elevation approximating high tide in advance of
embankment construction to prevent erosion of the embankment.

(2) Shore Protection Design.

(a) Stone Size -- For deep-water waves that are shoaling as they approach
the protection the required stone size may be determined by Using Chart B,
Figure 873.3D.

The nomograph is derived from the following formula:
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Where:
maximum depth in feet of

d = water at toe of the rock
S slope protection, see

Figure 873.3C.

sgr = specific gravity of stones

specific gravity of water
sgw = (sea water = 1.0265)

angle of face slope from
a = the horizontal, see Figure

873.3C.

~ = 70° for broken rock

W = minimum weight in tons
of outside stones

NOTE:
The formula provided above,
and the Nomograph in figure
873.3D have not been converted
to the metric system.

In general, ds will be the difference between the elevation ofthe scour line at
the toe and the maximum stillwater level. For ocean shore, ds may be taken
as the distance from the scour line to mean sea level plus one-halfthe
maximum tidal range.

If the deep-water waves reach the protection, the stone size may be
determined by using Chart A, Figure 873.3D. The nomograph is derived
from the following formula:

0.00231 Hi sgr csc3 (~ -

W= a)

[(sgrlsgw) - 1 ]3
Where:
H = design wave in feet, (See

d Index 873.2).
NOTE:
The formula provided above,
and the Nomograph in figure
873.3D have not been converted
to the metric system.

If in doubt whether waves generated by fetch and wind velocity will be of
sufficient size to be affected by shoaling, use both charts and adopt the
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smaller value.

(b) Dimensions -- Rock should be founded in a toe trench dug to hard rock
or keyed into soft rock. Ifbedrock is not within reach, the toe should be
carried below the estimated depth of probable scour. Ifthe scour depth is
questionable, additional thickness of rock may be placed at the toe which
will adjust and provide deeper support. In determining the elevation of the
scoured beach line the designer should observe conditions during the winter
season, consult records, or ask persons who have a knowledge ofpast
conditions.

Wave run-up is reduced by the rough surface ofrock slope protection. In
order that the wash will not top the rock, it should be carried up to an
elevation of twice the maximum depth of water (2ds) or to an elevation equal
to the maximum depth ofwater plus the deep-water wave height (ds + Hd),
whichever is the lower. See Figure 873.3C.

Consideration should also be given to protecting the bank above the rock
slope protection from splash and spray.

Thickness of the protection must be sufficient to accommodate the largest
stones. For typical conditions the thickness required for the various sizes are
shown on Table 873.3B. Except for toes on questionable foundation, as
explained above, additional thickness will not compensate for undersized
stones. When properly constructed, the largest stones will be on the outside,
and if the wave forces displace these, additional thickness will only add
slightly to the time of failure. As the lower portion of the slope protection is
subjected to the greater forces, it will usually be economical to specify larger
stones in this portion and somewhat smaller stones in the upper portion. The
important factor in this economy is that a thinner section may be used for the
smaller stones. If the section is tapered from bottom to top, the larger stones
can be selected from a single graded supply.

(c) Broken Concrete Slope Protection. Broken concrete salvaged from
demolished structure or pavement is a suitable material for slope protection.
Method B placement under Section 72 of the Standard Specifications can be
used ifthe size and shape of the broken concrete pieces available
approximate those ofnatural rock. Fairly uniform slabs or other regular
shapes can be hand placed on the slope in horizontal courses to form a
substantial revetment. This method ofplacement is expensive and requires
judgement in selecting sizes and shapes to avoid filling of open spaces
between pieces. Filling ofvoids with small pieces is of no value to the
soundness of the protection. Broken concrete placed in horizontal courses is
not self-adjusting but is considered to be flexible since the individual pieces
are not bonded together. Details of coursed broken concrete slope protection
are shown on Standard Plan B13-2.

A good foundation on bedrock, or that extends below the depth ofprobable
scour, is essential to stability regardless of the placement method.

(d) Gabions. Gabion revetments consist of rectangular wire mesh baskets
filled with stone. Size and grade of stone shall be as designated by the
district materials department or hydraulics department.

Gabions are formed by filling commercially fabricated and preassembled
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wire baskets with rock. There are two types of gabions, wall type and
mattress type. In wall type the empty cells are positioned and filled in place
to form walls in a stepped fashion. Mattress type baskets are positioned on
the slope and filled. Wall type revetment is not fully self adjusting but has
some flexibility. The mattress type is very flexible. For some locations,
gabions may be more aesthetically acceptable than rock riprap. Where larger
stone sizes are not readily available and the flow does not abrade the wire
baskets, they may also be more cost effective. The range ofmaximum
velocities recommended for use of gabions is 3.0 mls for sustained flows
and 4.5 mls for intermittent flows.

Refer to HEC-11, Design ofRiprap Revetment, Section 6.1.2, for further
discussion on the use of gabions for slope protection.

(e) Articulated Precast Concrete. This type ofrevetment consists of pre-cast
concrete blocks which interlock with each other, are attached to each other,
or butted together to form a continuous blanket or mat. A number ofblock
designs are commercially available. They differ in shape and method of
articulation, but share common features of flexibility and rapid installation.
Most provide for establishment ofvegetation within the revetment.

The permeable nature of these revetments permits free draining of the
embankment and their flexibility allows the mat to adjust to minor changes
in bank geometry. Pre-cast concrete block revetments may be economically
justified where suitable rock for slope protection is not readily available.
They are generally more aesthetically pleasing than other types of
revetment, particularly after vegetation has become established.

Individual blocks are commonly joined together with cable or synthetic fiber
rope, to form articulated block mattresses. Pre-assembled in sections to fit
the site, the mattresses can be used on slopes up to 1:1.5 when anchored at
the top of the revetment to secure the system against slippage.

Pre-cast block revetments that are formed by butting individual blocks end
to end, with no physical connection, should not be used on slopes steeper
than 1:3. An engineering fabric is normally used on the slope to prevent the
erosion of the underlying embankment through the voids in the concrete
blocks.

Refer to HEC-11, Design ofRiprap Revetment, Section 6.2, for further
discussion on the use of articulated concrete mattresses.

(3) Rigid Revetments.

(a) PCC Grouted Rock Slope Protection.

(1) General Features. This type of revetment consists ofrock slope protection with
outer voids filled with PCC to form a monolithic armor. A typical section of this
type of installation is shown in Figure 873.3E. It has application in areas where
rock of sufficient size for ordinary rock slope protection is not economically
available, and in other areas to reduce the quantity ofrock. Grouting not only
protects the stones from the full force of high-velocity water but integrates a
greater mass to resist its pressure.

(2) Design Concepts. Grouting will appreciably increase the cost per unit volume
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of stone, but the use of smaller stones in PCC grouted rock slope protection than in
an equivalent protection using ungrouted stones permits a lesser thickness of
protection, which offsets to some extent the cost ofPCC.

As this type ofprotection is rigid without high strength, support by the
embankment must be maintained. Slopes steeper than the angle of repose of the
embankment are risky, but with rocks grouted in place, little is to be gained with
slopes flatter than 1:1.5. Precautions to prevent undermining of embankment are
particularly important. The PCC grouted rock must be founded on solid rock or
below the depth ofpossible scour. Ends should be protected by tying into solid
rock or forming smooth transitions with embankment subjected to lower
velocities. As a precaution, cutoff stubs may be provided as are used with sacked
PCC slope protection. If the embankment material is exposed at the top, freeboard
is warranted to prevent overtopping.

The volume ofconcrete required will be that necessary to fill voids. This usually
amounts to from 0.25 to 0.33 times the volume of the stone to be grouted.

(3) Specifications. Quality specifications for rock used in PCC grouted rock slope
protection are usually the same as for rock used in ordinary rock slope protection.
However, as the rocks are protected by the concrete which surrounds them,
specifications for specific gravity and hardness may be lowered ifnecessary. The
concrete used to fill the voids is normally 25 mm maximum size aggregate, class B
or minor concrete. Except for freeze-thaw testing of aggregates, which may be
waived in the contract special provisions, the concrete should conform to the
provisions of Standard Specifications section 90, "Portland Cement Concrete."

Size and grading of stone and PCC penetration depth are provided in Standard
Specification 72-5.

(b) Sacked-Concrete Slope Protection. This method ofprotection consists of facing the
embankment with sacks filled with concrete. It is an expensive but much used type of
revetment. Much hand labor is required but it is simple to construct and adaptable to
almost any embankment contour. Economic justification for this type of revetment often
depends upon the use of local pit-run material for aggregate, which need not conform to
that ordinarily associated with structural concrete. Details of sacked concrete slope
protection are shown on Standard Plan B13-1.

Tensile strength is low and as there is no flexibility, the installation must depend almost
entirely upon the stability of the embankment for support and therefore should not be
placed on face slopes much steeper than the angle ofrepose of the embankment material.
Slopes steeper than 1:1 are rare; 1:1.5 is common. The flatter the slope, the less is the
area ofbond between sacks. From a construction standpoint it is not practical to increase
the area ofbond between sacks; therefore for slopes as flat as 1:2 all sacks should be laid
as headers rather than stretchers.

Integrity ofthe revetment can be increased by embedding dowels in adjoining sacks to
reinforce intersack bond. A No. 10 deformed bar driven through a top sack into the
underlying sack while the concrete is still fresh is effective. At cold joints, the first
course of sacks should be impaled on projecting bars that were driven into the last
previously placed course. The extra strength may only be needed at the perimeter of the
revetment.

Almost all failures of sacked concrete are a result of stream water eroding the
embankment material from the bottom, the ends, or the top.
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The bottom should be founded on bedrock or below the depth ofpossible scour. In the
case where streambed sands have normal specific gravity a depth of 1.5 m below the
flow line of the stream is common practice.

If the ends are not tied into rock or other nonerosive material, cutoff returns are to be
provided and if the protection is long, cutoff stubs are built at 10m intervals, in order to
prevent or retard a progressive failure.

Protection should be high enough to preclude overtopping. If the roadway grade is
subject to flooding and the shoulder material does not contain sufficient rock to prevent
erosion from the top, then pavement should be carried over the top ofthe slope
protection in order to prevent water entering from this direction

For good appearance, it is essential that the sacks be placed in horizontal courses. If the
foundation is irregular, corrective work such as placement of entrenched concrete or
sacked concrete is necessary to level up the foundation. Refer to "Highways in the River
Environment", Section 5.3.4, for further discussion on the use of sacked concrete slope
protection.

(c) Concrete Slope Paving.

(1) General Features. This method ofprotection consists ofpaving the
embankment with portland cement concrete. Details of concrete slope protection
are shown on Standard Plan B13-1. Slope paving is used only where flow is
controlled and will not over-top the protection.

It is particularly adaptable to locations where high-velocity flow is not detrimental
but desirable and the hydraulic efficiency of smooth surfaces is important. It has
been used very little in shore protection. On a cubic meter basis the cost is high but
as the thickness is generally only 75 to 150 mm, the cost on a basis of area covered
will usually be less than for sacked-concrete slope protection. This is especially so
when sufficiently large quantities are involved and alignment is such as to warrant
the use ofmass production equipment such as slip-form pavers.

Due to the rigidity ofPCC slope paving, its foundation must be good and the
embankment stable. Although reinforcement will enable it to bridge small
settlements of the embankment face, even moderate movements could be
disastrous. The toe must be on bedrock or extend below possible scour. When this
is not feasible without costly underwater construction, rock or PCC grouted RSP
have been used as a foundation. A better but much more expensive solution is to
place the toe on a PCC wall or piles.

Every precaution must be taken to exclude stream water from pervious zones
behind the slope paving. The light slabs will be lifted by comparatively small
hydrostatic pressures, opening joints or cracks at other points in a series of
progressive failures leading to extensive or complete failure.

Considering the severity of failure from bank erosion or hydrostatic pressure after
overtopping, 0.3 to 0.6 m of freeboard above design high water is recommended
for this type of revetment. Refer to HEC-ll, Design ofRiprap Revetment, Section
6.4, for further discussion on the use ofconcrete slope paving.

(d) Fabric Formed Protection. This method ofprotection uses sectionalized fabric
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mattresses filled with a fine aggregate concrete as facing for embankment, river bank,
and lake shore. Fabric formed slope paving is a relatively new and cost effective
alternative to conventional slope paving methods.

A double-layered envelope of nylon, polypropylene or other suitable synthetic fabric is
laid on the area to be protected then filled. Filling consists ofpumping a fine aggregate
concrete into the inplace fabric mat. Fabric mattresses are made in 50 to 300 rnrn
thickness and in a variety ofblock sizes and configurations.

Hydrostatic uplift pressure is relieved through filter points or plastic weep tubes inserted
in the mats. A filter fabric is used under the mat when reliefof hydrostatic pressure is
necessary.

A major advantage of this type revetment is the ease ofplacement. It may be placed in
the dry or underwater. The fabric weave is such that it will restrain cement loss while
permitting the release of excess mixing water which improves the quality ofthe concrete.

A secondary advantage is that sufficient silt and soil is often deposited in the mattress
indentations to support vegetation. As a result, the root systems that develop help anchor
the mattress.

Three most common types of fabric formed mattress configurations are shown in Figure
873.3G.

(e) Soil Cement Slope Protection. This kind of slope protection consists of constructing
the outer limit ofhighway embankments with compacted cement treated material.
Standard highway construction equipment may be used to place and compact soil cement
slope protection on 1:1.5 to 1:4 slopes. Where rock riprap material is not readily
available, soil cement slope protection may be the most economical alternative type
revetment. Soil cement is also well suited for use in median ditches or other wide
drainage areas that cannot be vegetated.

A wide variety of selected on site soils or local borrow can be used to make durable soil
cement slope protection. Any good sandy soil is generally acceptable and depending on
the quality ofthe soil, the percent cement will vary from 7% to 14%. The actual
percentage must be determined by laboratory tests. If requested, the District Materials
Engineer can provide information on the quality of soil available and recommended
cement content.

Either plant mixed or mixed in-place methods may be used. Placed and compacted in
horizontal layers, each layer 150 to 200 mm thick and wide enough to be placed with
standard highway construction equipment, will result in a stair-step outer face.

Thickness of soil cement slope protection is measured normal to the slope. A 0.3 m
thickness is considered adequate for flow velocities up to 3.5 mls and is a practical
minimum thickness where standard methods of constructing highway embankments are
used. With variations in design or construction procedures, any desired thickness can be
obtained. One such variation is to simultaneously place and compact the horizontal
layers of soil cement facing with the embankment. The relationship of facing thickness,
t, layer width, w, layer thickness and embankment slope is shown in Figure 873.3H.

Soil cement slope protection is to be founded on nonerodible material or below the depth
ofpossible scour to ensure against undermining of the toe. Consideration should be made
to providing cutoff stubs at the ends of the installation to prevent undercutting by waves
or current.
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In addition to economy, the following are some of the other advantages to using soil
cement revetments:

• Slight settlement or other minor movement of the highway embankment does not
impair its stability.

• It presents a pleasing appearance, usually acceptable in recreational and
environmentally sensitive areas.

• No unusual design considerations are required.
• No unusual construction practices or special equipment are required.
• Properly designed and constructed it is virtually maintenance free.

Refer to "Highways in the River Environment", Section 5.3.10, for further discussion on
the use of soil cement slope protection.

(4) Bulkheads. A bulkhead is a steep or vertical structure supporting a natural slope or
constructed embankment. As bank and shore protection structures, bulkheads serve to secure
the bank against erosion as well as retaining it against sliding. As a slope protection structure,
revetment design principles are used, the only essential difference being the steepness of the
face slope. As a retaining structure, conventional design methods for retaining walls, cribs and
laterally loaded piles are used.

Bulkheads are usually expensive, but may be economically justified in special cases where
valuable riparian property or improvements are involved and foundation conditions are not
satisfactory for less expensive types of slope protection. They may be used for toe protection in
combination with other revetment types of slope protection. Some other considerations that
may justify the use ofbulkheads include:

o Encroachment on a channel cannot be tolerated.
o Retreat ofhighway alignment is not viable.
o Right of Way is restricted.
o The force and direction of the stream can best be redirected by a vertical structure.

The foundation for bulkheads must be positive and all terminals secure against erosive forces.
The length ofthe structure should be the minimum necessary, with transitions to other less
expensive types of slope protection when possible. Eddy currents can be extremely damaging
at the terminals and transitions. If overtopping of the bulkheads is anticipated, suitable
protection should be provided.

Along a stream bank, using a bulkhead presumes a channel section so constricted as to prohibit
use of a cheaper device on a natural slope. Velocity will be unnaturally high along the face of
the bulkhead,.which must have a fairly smooth surface to avoid compounding the restriction.
The high velocity will increase the threat of scour at the toe and erosion at the downstream end.
Allowance must be made for these threats in selecting the type of foundation, grade of footing,
penetration ofpiling, transition, and anchorage at downstream end. Transitions at both ends
may appropriately taper the width of channel and slope of the ban1e Transition in roughness is
desirable if attainable. Refer to "Highways in the River Environment", Section 5.3.11, for
further discussion on the use ofbulkheads to prevent streambank erosion or failure.

Along a shore, use of a bulkhead presumes a steep lake or sea bed profile, such that revetment
·on a 1:1.5 or flatter slope would project into prohibitively deep water or permit intolerable
wave runup. Such shores are generally rocky, offering good foundation on residual reefs, but
historic destruction of the overlying formation attests to the hydraulic power of the sea to be
resisted by an artificial replacement. The face of such a bulkhead must be designed to absorb or
dissipate as much as practical the shock of these forces. Designers should consult Volume II,
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u.s. Anny Corps ofEngineers' Shore Protection Manual, Chapter 6, for more complete
information and details on the use ofbulkheads, seawalls, and revetments along a shore.

(a) Concrete ·or Masonry Walls. The expertise and coordination of several engineering
disciplines is required to accomplish the development ofPS&E for concrete walls
serving the dual purpose of slope protection and support. The Division of Structures is
responsible for the structural integrity of all retaining walls, including bulkheads.

(b) Crib walls. Timber and concrete cribs can be used for bulkheads in locations where
some flexibility is desirable or permissible. Metal cribs are limited to support of
embankment and are not recommended for use as protection because ofvulnerability to
corrosion and abrasion.

The design ofcrib walls is essentially a determination of line, foundation grade, and
height with special attention given to potential scour and possible loss of backfill at the
base and along the toe. Design details for concrete crib walls are shown on Standard
Plans C7A through C7G. Concrete crib walls used as bulkheads and exposed to salt
water require special provisions specifying the use of coated rebars and special high
density concrete. Recommendations from METS should be requested.

Design details for timber crib walls ofdimensioned lumber are shown on Standard Plans
C9A and C9B. Timber cribs oflogs, notched to interlock at the contacts, may also be
used. All dimensioned lumber should be treated to resist decay.

(c) Sheet Piling. Timber, concrete and steel sheet piling are used for bulkheads that
depend on deep penetration of foundation materials for all or part of their stability. High
bulkheads are usually counterforted at upper levels with batter piles or tie back systems
to deadrnen. Any of the three materials is adaptable to sheet piling or a sheathed system
ofpost or column piles.

Excluding structural requirements, design ofpile bulkheads is essentially as follows:

• Recognition of foundation conditions suitable to or demanding deep penetration.
Penetration of at least 4.5 m below scour level, or into soft rock, should be
assured.

• Choice of material. Timber is suitable for very dry or very wet climates, for other
situations economic comparison ofpreliminary designs and alternative materials
should be made.

• Determination of line and grade. Fairly smooth transitions with protection to high
water level should be provided.

(5) Vegetation. Vegetation is the most natural method for stabilization of embankments and
channel bank protection. It is relatively easy to maintain, visually attractive and
environmentally more desirable. The root system forms a binding network that helps hold the
soil. Grass and woody plants above ground provide resistance to the near bank water flow
causing it to lose much of its erosive energy.

Erosion control and revegetation mats are flexible three-dimensional mats or nets ofnatural or
synthetic material that protect soil and seeds against water erosion. They permit vegetation
growth through the web of the mat material and are used as channel linings where ordinary
seeding and mulching techniques will not withstand erosive flow velocities. The designer
should recognize that flow velocity estimates and a particular soils resistance to erosion are
parameters that must be based on specific site conditions. Using arbitrarily selected values for
design ofvegetative slope protection without consultation and verification from the Office of
Landscape Architecture is not recommended. However, a suggested starting point ofreference
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is Table 862.2 in which the resistance ofvarious unprotected soil classifications to flow
velocities are given. Under near ideal conditions, ordinary seeding and mulching methods
cannot reasonably be expected to withstand sustained flow velocities above 1.2 mls. If
velocities are in excess of 1.2 mis, a lining maybe needed (See Table 873.31).

Temporary channel liners are used to establish vegetative growth in a drainage way or as slope
protection prior to the placement of a permanent armoring. Some typical temporary channel
liners are:

o Straw
o Excelsior
o Jute
o Woven paper

Vegetative and temporary channel liners are suitable for conditions of uniform flow and
moderate shear stresses.

Permanent soil reinforcing mats and rock riprap may serve the dual purpose of temporary and
permanent channel liner. Some typical permanent channel liners are:

o Gravel or cobble size riprap
o Fiberglass roving
o Geosynthetic mats
o Polyethelene cells or grids
o Gabion Mattresses

Composite designs are often used where there are sustained low flows ofhigh to moderate
velocities and intermediate high water flows oflow to moderate velocities. Brush layering is a
permanent type of erosion control technique that may also have application for channel
protection, particularly as a composite design. Further information on brush layering and
fiberglass roving methods and techniques are available from METS.

Design procedures for determining suitable maximum conditions for vegetation, temporary and
permanent channel liners are given in Chapter IV, HEC-15, Design ofRoadside Channels and
Flexible Linings.

873.4 Training Systems

(1) General. Training systems are structures, usually within a channel, that act as
countermeasures to control the direction, velocity, or depth of flowing water. As shore
protection, they control shoaling and scour by deflecting the strength ofcurrents and waves.

The degree ofpermeability is among the most important properties of control structures. An
impermeable structure may deflect a current entirely, whereas a permeable structure may serve
mainly to reduce the strength of water velocity, currents or waves.

Training systems ofthe retard and permeable jetty types are similar in that they are usually
extensive or multi-unit open structures like; piling, fencing, and unit frames. They are
dissimilar in function and alignment, retards being parallel and groins oblique to the banks. The
retard is a milder remedy than jetty construction.

(a) Retard Types. A retard is a bank protection structure designed to check riparian
velocity and induce silting and accretion. They are usually placed parallel to the highway
embankment or erodible banks of channels on stable gradients. Retards typically take the
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Retards are applicable primarily on streams which meander to some extent within a
mature valley. Typical uses include the following:

• Protection at the toe ofhighway embankments that encroach on a stream channel.
• Train.ing and control to inhibit erosion upstream and downstream from stream

crossmgs.
• Control of erosion redeposition of material where progressive embayments are

creating a problem.

(1) Fence Type. Fence-type structures are used as retards, permeable or
impermeable jetties, and as baffles. These structures can be constructed ofvarious
materials.

Fence type retards may be effective on smaller streams and areas subject to
infrequent attack, such as overflow areas. Single and double rows of various types
of fencing have been used. The principal difference between fence retards and
ordinary wire fences is that the posts ofretards must be driven sufficiently deep to
avoid loss by scour.

Permeability can be varied in the design to fit the requirements of the location for
single fences, the factor most readily varied is the pattern of the wire mesh. For
multiple fences, the mesh pattern can be varied or the space between fences can be
filled to any desired height. Making optimum use of local materials, this fill may
be brush ballasted by rock, or rock alone.

(2) Piles and Palisades. Retards and jetties may be of single, double, or triple rows
ofpiles with the outside or upstream row faced with wire mesh fencing material,
boards or polymeric straps interwoven into a high-strength net. The facing adds to
the retarding effect and may trap light brush or debris to supplement its purpose.
This type retard is particularly adapted to larger streams where the piles will
remain in the water. The number ofpile rows and amount of facing may be varied
to control the deposition ofmaterial. In leveed rivers it is often desirable to
discourage accretion so as to not constrict the channel but provide sufficient
retarding effect to prevent loss of a light bank protection such as vegetation or
light rock facing.

Typical design considerations include:

• If the stream carries heavy debris, the elevation of the top of the pile should
be well below the high-water level in order that heavy objects such as logs
will pass over the top during normal floods.

• Piles must have sufficient penetration to prevent loss from scour or impact
by floating debris or both. This is especially important for the piles at the
outer end ofjetties. If scour is a problem, the pile may be protected by a
layer of rock placed on the streambed. Piles should be long enough to
penetrate below probable scour, with penetration of a least 4.5 m in streams
with sandy beds and velocities of3.0 to 4.5 mls.

• Ends of the system should be joined to the bank in order to prevent parallel
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high-velocity flow between the retard and the bank. Ifthe installation is
long, additional bank connections may be placed at intervals.

• Facing material should be fastened to the upstream or channel side ofthe
piling in order that the force of the water and impact ofdebris will not be
entirely on the fasteners.

(3) Jacks and Tetrahedrons. Jacks and tetrahedrons are skeletal frames that can be
used as retards or permeable jetties. Cables can be used to tie a number ofsimilar
units together in longitudinal alignment and for anchorage ofkey units to
deadmen. Struts and wires are added to the basic frames to increase impedance to
flow ofwater directly by their own resistance and indirectly by the debris they
collect.

Both devices serve best in meandering streams which carry considerable bed load
during flood stages. Impedance of the stream along the string ofunits will cause
deposit of alluvium, especially at the crest and during the falling stage. Beds of
such streams often scour on the rising stage, undercutting the units and causing
their subsidence, often accompanied by rotation when one leg or side is undercut
more than the other. Deposition of the falling stage usually restores the former
bed, partially or completely burying the units. In that lowered and rotated poition,
they may still be completely effective in future floods.

Retards may be used alone or in combination with other types of slope protection.
In combination with a lighter type ofarmor they may be more economical than a
heavier type ofprotection. They can be used as toe protection for other types of
slope protection where a good foundation is impractical because ofhigh water or
extreme depth ofpoor material.

Where new embankment is placed behind the retard consideration should be given
to protecting the slope to inhibit erosion until the retard has had an opportunity to
function. The slope protection used should promote the establishment of a natural
cover, such as discussed under Index 873.3(5), Vegetation.

Retards on tangent reaches ofnarrow channels may, by slowing the velocity on
one side, cause an increase in velocity, on the other. On wider reaches of a
meandering stream they may, by slowing a rebounding high velocity thread, have
a beneficial effect on the opposite bank. Where the prime purpose of the retard
system is to reduce stream bank velocity to encourage deposition ofmaterial
intended to alter the channel alignment the effect on adjacent property must be
assessed. Where deposition ofmaterial is the primary function, the service life of
the installation is dependent on the deposition rate and the ultimate establishment
of a natural retard.

The length of a retard system should extend from a secure anchorage on the
upstream end to anchorage on the downstream end beyond the area under direct
attack. Since erosion often progresses downstream, this possibility should be
considered in determining the planned length.

The top of a retard need not extend to the elevation of design high water. In major
rivers and streams where drift is large and heavy it is essential that the retard be
low enough to pass debris over the top during stages ofhigh flow.

For further information on retards refer to Section 5.4.3, "Highways in the River
Environment" .
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(b) Jetty Types. A jetty is an elongated artificial obstruction projecting into a stream or
the sea from bank or shore to control shoaling and scour by deflection or redirection of
currents and waves.

This classification may be subdivided with respect to permeability. Impermeable jetties
being used to deflect the stream and permeable jetties being used not only to deflect the
stream but to permit some flow through the structure to minimize the formation of eddies
immediately downstream. Most jetty installations are permeable structures. .

Permeable jetties typically take the following forms of construction:

• Palisades -- piles and netting.
• Single and double rows of timber-braced piling.
• Steel or timber jacks.
• Precast concrete, interlocking shapes or hollow blocks.

Impermeable jetties typically take the following forms of construction:

• Guide and spur dikes, earth or rock.
• PCC grouted riprap dikes.
• Single and double lines of sheeting or sheet piling (steel, timber or concrete,

framed and braced or on piling).
• Double fence, filled.
• Log or timber cribs, filled.

Impermeable jetties in the form of filled fences and cribs have been used with only
limited success. Characteristic performance ofthese is the development of an eddy
current immediately downstream which attacks the bank and often requires secondary
protective measures.

Basic principles for permeable jetties are much the same as for retards, the important
difference being that they deflect the flow in addition to encouraging deposition. The
preceding comment on retards should be considered as related and applicable to jetties
when qualified by this basic difference.

Permeable jetties are placed at an angle with the embankment and are more applicable in
meandering streams for the purpose ofdirecting or forcing the current away from the
embankment. When the purpose is to deposit material and promote growth, the jetties are
considered to have fulfilled their function and are expendable when this occurs.

They also encourage deposition ofbed material and growth ofvegetation. Retards build
a narrow strip in front of the embankment, where as permeable jetties cover a wider area
roughly limited by the envelope of the outer ends.

The relation between length and spacing ofjetties should approximate unity as a general
rule to assure complete entrapment and retention of material. The spacing can be
increased if the resulting scalloped effect is not detrimental to the desired result.

(c) Guide Dikes/Banks. Guide banks are appendages to the highway embankment at
bridge abutments (Figure 873.4A). They are smooth extensions of the fill slope on the
upstream side. Approach embankments are frequently planned to project into wide
floodplains, to attain an economic length ofbridge. At these locations high water flows
can cause damaging eddy currents that scour away abutment foundations and erode
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approach embankments. The purose of guide dikes is twofold. The first is to align flow
from a wide floodplain toward the bridge opening. The second is to move the damaging
eddy currents from the approach roadway embankment to the upstream end ofthe dike.

Guide banks are usually earthen embankment faced with rock slope protection. Optimum
shape and length of guide dikes will be different for each site. Field experience has
shown that an elliptical shape with a major to minor axis ratio of 2.5: I is effective in
reducing turbulence. The length is dependant on the ratio of flow diverted from the flood
plain to flow in the first 30 m ofwaterway under the bridge. Ifthe use of another shape
dike, such as a straight dike, is required for practical reasons more scour should be
expected at the upstream end of the dike. The bridge end will generally not be
immediately threatened should a failure occur at the upstream end of a guide dike.

Toe dikes are sometimes needed downstream ofthe bridge end to guide flow away from
the structure so that redistribution in the flood plain will not cause erosion damage to the
embankment due to eddy currents. The shape of toe dikes is of less importance than it is
with upstream guide banks.

For further information on spur dike and guide bank design procedures refer to Section
5.4, "Highways in the River Environment". General design considerations and guidance
for evaluating scour and stream stability at highway bridges is contained in HEC-I8 and
HEC-20.

(d) Groins. A groin is a relatively slender barrier structure usually aligned to the primary
motion ofwater designed to trap littoral drift, retard bank or shore erosion, or control
movement ofbed load.

These devices are usually solid; however, upon occasion to control the elevation of
sediments they may be constructed with openings. Groins typically take the following
forms of construction:

• Rock mound.
• PCC grouted rock dike.
• Sand filled plastic coated nylon bags.
• Single or double lines of sheet piling.

The primary use of groins is for ocean shore protection. When used as stream channel
protection to retard bank erosion and to control the movement of streambed material they
are normally of lighter construction than that required for shore installation.

In its simplest or basic form, a groin is a spur structure extending outward from the shore
over beach and shoal. A typical layout of a shore protection groin installation is shown in
Figure 873.4B.

Assistance from the U.S. Army Corp of Engineers is necessary to adequately design a
slope protection groin installation. Designers should consult Volume II, Chapter 6,
Section VI, ofthe Corps' Shore Protection Manual for a more complete discussion on
groins. Preliminary studies can be made by using basic information and data available
from USGS quadrangle sheets, USC & GS navigation charts, hydrographic charts on
currents for the Northeast Pacific Ocean and aerial photos of the area.

For a groin to function satisfactorily, there must be littoral drift to supply and replenish
the beach between groins. The groins detain rather than retain the drift and soon will be
ineffective unless there is a steady source of replenishment. A new groin installation will
starve the downcoast beach, temporarily at least, and permanently if the supply of drift is
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meager. Reference is made to the Army Corps of Engineers' Shore Protection Manual,
Volume 1, Chapter 4, for more detailed information on the littoral process.

Factors pertinent to design include:

(1) Alignment. Factors which influence alignment are effectiveness in detaining
littoral drift, and self-protection of the groin against damage by wave action.

A field of groins acts as a series of headlands, with beaches between each pair
aligned in echelon, that is, extending from outer end of the downdrift groin to an
intermediate point on the updrift groin (Figure 873.4C) The offset in beach line at
each groin is a function of spacing of groins, volume oflittoral drift, slope of sea
bed and strength of the sea, varying measurably with the season. Length and
spacing must be complementary to assure continuity of beach in front of a
highway embankment.

A series ofparallel spurs normal to the beach extending seaward would be correct
for a littoral drift alternating upcoast and downcoast in equal measure. However, if
drift is predominantly in one direction the median attack by waves contributes
materially to the longshore current because of oblique approach. In that case the
groin should be more effective ifbuilt oblique to the same degree. Such an
alignment will warrant shortening of the groin in proportion to the cosine ofthe
obliquity (Fig. 873.4C).

Conformity ofgroin to direction of approach of the median sea provides an
optimum ratio of groin length to spacing, and the groin is least vulnerable to storm
damage. Attack on the groin will be longitudinal during a median sea and oblique
on either side in other seas.

(2) Grade. The top of groins should be parallel to the existing beach grade. Sand
may pass over a low barrier. The top of the groin should be established higher than
the existing beach, say 0.6 m as a minimum for moderate exposure combined with
an abundance of littoral drift, to 1.5 m for severe exposure and deficiency of
littoral drift.

The shore end should be tapered upward to prevent attack ofhighway
embankment by rip currents, and the seaward end should be tapered downward to
match the side slope of the groin in order to diffuse the direct attack of the sea on
the end of the groin.

(3) Length and Spacing. The length of groin should equal or exceed the sum ofthe
offset in shoreline at each groin plus the width ofthe beach from low water (LW)
to high water (HW) line (Figure 873.4C). The offset is approximately the product
of the groin spacing and the obliquity (in radians) of the entrapped beach. The
width ofbeach is the product ofthe slope factor and the range in stage. The
relation can be formulated:

L =ab + rh, where

L =Length of groin, (m)

a = obliquity of entrapped beach in radians,

b = beach width between groins, (m)
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For example, with groins 120 m apart, obliquity up to 20 degrees, on a beach
sloping 1:10 with a tidal rage of3 m,

L =.35 x 120 + 10 x 3 = 72 m

The same fonnula would have required L = 118 m for 250 m spacing, reducing the
aggregate length of groins but increasing the depth ofwater at the outer ends and
the average cost per meter. For some combination oflength and spacing the total
cost will be a minimum, which should be sought for economical design.

If groins are too short, the attack of the sea will still reach the highway
embankment with only some reduction of energy. Some sites may justify a
combination of short groins with light revetment to accommodate this remaining
energy.

(4) Section. The typical section ofa groin is shown in Figure 873.4D. The stone
may be specified as a single class, or by designating classes to be used as bed,
core, face and cap stones.

Face stone may be chosen one class below the requirement for revetment by Chart
A or B (Figure 873.3D). Full mass stone should be specified for bed stones, for the
front face at the outer end of the groin, and for cap stones exposed to overrun.
Core stones in wide groins may be smaller.

Width of groin at top should be at least 1.5 times the diameter of cap stones, or
wider if necessary for operation of equipment. Side slopes should be 1: 1.5 for
optimum economy and ordinary stability. If this slope demands heavier stone than
is available, side slope can be flattened or the cap and face stones bound together
with grout as shown in Figure 873.3E.

(e) Baffle. A baffle is a pier, vane, sill, fence, wall or mound built on the bed of a stream
to control, deflect, check or disturb the flow or to float on the surface to dampen wave
action.

Baffles typically take the following fonns of construction:

• Single or multiple lines of fence.
• Drop Structures (gabions, rock, concrete, etc.).
• Dikes of earth or rock.
• Floating boom.

These devices may vary in magnitude from a check dam on a small stream to a system of
training dikes or penneable jetties for deflecting or directing flow. When using fences,
palisades, or dikes as deflectors along the more mature valleys or meandering streams,
the potential erosion to previously unexposed areas, threat to adjacent property, eddy
currents and possibility of scour should all be assessed. When used as a collecting
system to control and direct the flow to new or existing drainage facilities or to bridge
openings, the alignment of the installation should be developed as a series of curves and
intervening tangents guiding the stream through transitions to maintain smooth and
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steady flow. The surface and curvature of the training device should be governed by the
natural or modified velocity.

Drop structures or check dams are an effective means of gradient control. They may be
constructed of rock, gabions, concrete, timber, sacked concrete, filled fences, sheet piling
or combinations of any of the above. They are most suited to locations where bed
materials are relatively impervious otherwise underflow must be prevented by cutoffs.
Refer to "Highways in the River Environment", Section 5.4.8, for further discussion on
the use of drop structures.

Floating booms are effective protection against the smaller wave actions common to
lakes and tidal basins. Anchorage is the prime structural consideration.

873.5 Design Check List

The designer should anticipate the more significant problems that are likely to occur during the
construction and maintenance of channel and shore protection facilities. So far as possible, the design
should be adjusted to eliminate or minimize those potential problems.

The logistics ofthe construction activity such as access to the site, on-site storage of construction
materials, time ofyear restrictions, environmental concerns, and sequence ofconstruction should be
carefully considered during the project design. The stream and shoreline morphology and their
response to construction activities are an integral part ofthe planning process. Communication
between the designer and those responsible for construction administration as well as maintenance
are important.

Channel and shore protection facilities require periodic maintenance inspection and repair. Where
practicable, provisions should be made in the facility design to provide access for inspection and
maintenance.

The following check list has been prepared for both the designer and reviewer. It will help assure that
all necessary information is included in the plans and specifications. It is a comprehensive list for all
types of protection. Items pertinent to any particular type can be selected readily and the rest ignored.

1. Location of the planned work with respect to:

o The highway.
o The stream or shore.
o Right of way.

2. Datum control of the work, and relation ofthat datum to gage datum on streams, and both
MSL and MLLW on the shore.

3. A typical cross section indicating dimensions, slopes, arrangement and connections.

4. Quantity ofmaterials (per meter, per protection unit, or per job).

5. Relation of the foundation treatment with respect to the existing ground.

6. Relation of the top of the proposed protection to design high water (historic, with date; or
predicted, with frequency).

7. The limits of excavation and backfill as they may affect measurement and payment.
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8. Construction details such as weep holes, rock slope protection fabrics, geocomposite drains
and associated materials.

9. Location and details of construction joints, cut-off stubs and end returns.

10. Restrictions to the placement of reinforcement.

11. Connections and bracing for framing of timber or steel.

12. Splicing details for timber, pipe, rails and structural shapes.

13. Anchorage details, particularly size, type, location, and method of connection.

14. Size, shape, and special requirements of units such as precast concrete shapes and other
manufactured items.

15. Number and arrangement ofcables and details of fastening devices.

16. Size, mass per unit area, mesh spacing and fastening details for wire-fabric or geosynthetic
materials.

17. On timber pile construction the number ofpiles per bent, number ofbents, length ofpiling,
driving requirements, cut-off elevations, and framing details.

18. On fence-type construction the number oflines or rows offence, spacing oflines,
dimensions ofposts, details ofbracing and anchorage ties, details of ties at end.

19. The details of gabions and the filling material.

20. The size of articulated blocks, the placement of steel, and construction details relating to
fabrication.

21. The corrosion considerations that may dictate specialty concretes, coated reinforcing, or
other special requirements.

Table of PrevIOus INext Chapter II Index
IContents Chapter --

II Topic Index IIPrevious Topicll Next Topic II
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CHAP'I'ER 1. 0

INTROOUC'I'ICN

1.1 TITLE

These technical review guidelines together with all future amendments
shall be known as "Technical Review Guidelines for Gravel Mining Acti
vities Within or Adjacent to lOO-year Floodplains" (hereafter called
"Guidelines") .

1.2 JURISDICTION

These Guidelines shall apply to all proposed gravel mining operations I

or any other excavation below the normal water level of the lOO-year
floodplain, or wi thin 500 feet of the low flow c~el if outside the
lOO-year floodplain of the South Platte River and its tributaries
within the Urban Drainage & Flood Control District (hereinafter called
the "District").

1.3 ~SE

Presented in these Guidelines are the minimum requi rements proposed
for gravel mininq operations located in or adjacent to lOO-year flood
plain within the District. It is the intent of these Guidelines to
help protect property owners adjacent to rivers and streams from un
reasonable hazard resul tinq frem river or stream instabili ties. These
Guidelines were oriqinally designed to protect South Platte River and
related properties and infrastructure from adverse impacts resulting
frc:. the extraction of qravel in or near the river by providing guide
lines tor 8intaininq its stability and protecting overbank areas from
catastrophic failure. As a result these Guidelines are directly ap
plicable to operations alonq the South Platte River. However, they

•

•
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should also provide initial guidance for operations along its tribu
taries, but _y require modifications on a case-by-case basis to rec
ognize differences in hydrology and site conditions. These Guidelines
are also intended to provide a consistent bases for Oistrict review
and action in matters dealing with gravel mining within or adjacent to
100-year floodplains.

1 •4 ENAC'IMEN'I' Atn'HORI'I"{

These Guidelines are adopted by the Urban Drainage & rlood Control
District's Board of Directors as District's review 9Uid~lines. These
Guidelines are not intended to supersede the Rules and Regulations for
Mining Operations in the State of Colorado as adopted by the Colorado
Mined Land Reclamation Soard (34-32-108, CRS) but rather 'to supplement
them. All referrals by all general purpose governments and special
districts within the Oistrict will be reviewed using these Guidelines
as the basis for comment and, if necessary, action before the Colorado

. .

Mlnediane ReclamatIon Board Where existing Or proposed mining activi-
ties threaten the long-term stability of the South Platte River.

1 •5 DEFINITIOO OF TE:!U1S AND ASBREVIATIOO

1.5.1 Definitions. As used in these Guidelines, the following defin
itions shall apply:

•

Adjacent Within 400 feet when used in reference to
the South Platte River . The 400 foot
distance shall be measured from the top
of the river bank to the top of the
gravel pit bank or from the Master Plan
alignment boundary to the top of the
gravel pit bank, whichever is greater.

UD&FCD GRAVEL GUIDELINES 12,117/87
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Berms

County

District

Floodplain

Flood Profile

E'loodway

Areas of native material or fill material

s~parating a river or stream from the

overbank gravel pits or one overbank

gravel pit from another overbank gravel
pit.

A county totally or partially within
District's boundaries.

Urban Drainage & Flood Control District

A Flood Hazard Area Delineation report
prepared by District.

~d adjacent to a watercourse which is

subject to flooding as a resul t of the

occurrence of the lOO-year or 1 percent

frequency flood of a watercourse.

A graph or a longitudinal profile showing

the relationship of the water . surface

elevation of a flood event to location

along a stream or river.

That area of the floodplain required for

a reasonable passage or conveYance of the

lOO-year flood and which will convey the

flood flows wi th nQt JllQre than 0.5 foot

rise in the water surface elevation based

on the assumption that there will be an

equal degree of encroachment onto the

overbank conveyances on both sides of the
floodplain.

•

•
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Guidelines

Guidelines for Vegetation

High Water Line

Hydraulic Radius

Instream Mining

Interior Banks

Invert

Technical Review Guidelines for gravel
mining activi ties wi thin or adjacent to
lOO-year floodplains.

Godi, Donald H., and Associates, ItGuide

lines for oevelopment and Maintenance

of Natural vegetation" for Urban Drainage

& Flood Control District, Denver, Colo
rado, July, 1984.

'!he elevation used to determine the

volume of overbank gravel pi ts. 'l'he high

water line elevation shall be the spill

way elevation when only one spillway is

used or the average of bOth spillways
when two are used.

'Ihe area of flow divided by the length of

the section exposed to water.

Mines located in the channel of the South

Platte River or any of its tributaries,
or gravel mines which were originally out

of the channel if it is proposed to relo

cate the river or stream through those

gravel mines in the future.

Banks which face the interior portion of
gravel pits.

The lowest point in the river or stream
channel.

tJt)&FCO GW\vu. GUIDELINES 12/17/87
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Jetties (Groins)

Lateral Berms

Local Government

Low Flow Channel

Master Plan

Pitside Banks

Bank stabilization technique involving
the placement of strips of stabilized
fill projecting into the river channel
from the banks.

Berms constructed or left in place be

tween pits which are perpendicular to the
general direction of flow of a river or a
stream.

Any general purpose government or a
special district totally or partially
within District boundaries.

That portion of the channel which is sub
jected to continuous flow or frequent
flows and where the flows are concen
trated.

The South Platte River Major Drainageway
Planning from Chatfield Dam to Baseline
Road Phase B report prepared in June of
1985 or any other Major DrainagewayPlan
prepared by the District.

The interior bank of a gravel pit located
adjacent to a river or a stream.

A hydraulic engin~ring te~ to describe
longitudinal segments of a stream or
river.

•

•

UO&FCD GMVEL GUIDELINES 12;1.7/87 •

1-5



•

•

•

Riprap

1tive r Banks

Riverside Berms

Rubble

Safety Factor

Setback

Thalweg

Urban Storm Drainage
Criteria Mariual

Broken stone or boulders placed compactly
or irregularly on earth or gravel sur
faces to protect against the erosive
action of water.

'Ihe banks of a river or a stream.

Berms immediately adjacent to a river or
a stream (see berms).

Inert materials such as concrete blocks,

broken concrete, or concrete pavement
with a specific gravity of 2.3 or greater
which can be used in lieu of rock riprap
for erosion protection.

The ratio of forces resisting movement to
those attempting to iniHate movement.
(abbreviated SF).

The distance bet.....een any property line
and the wall or support of structure.
setbacks are not applicable to fences
except where specifically indicated.

The lowest portion of a river or a stream
channel.

(Abbreviated USDCM) The latest version of
the Criteria of the Urban Drainage and
Flood Control District.
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1.5.2 Abbreviations

As used in these Guidelines, the following abbreviations shall
apply:

•
A

p

B

UN

L

n

Area of gravel pit at the high water
line, in square feet.

Bottom width of channel, in feet.

Median riprap particle size, in feet.

River or stream invert (i.e., thalweg).

Length of the channel crossing between
two curves, in feet.

Horizontal spacing betwen jetties, in
feet. •

Meander length of two consecutive bends
and crossings, in ~eet.

Length of side channel spillway crest, in
feet.

Length of lateral be~ spillway, in feet.

Minimum

Stability Factor

Normal water level

UD&FCD GMVEL GUIDELINES 12;17/87 •
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R

S

SF

SPR

S.

USDOt

W.S.

•

Hydraulic radius at normal depth of flow
down pitside slope, in feet.

Horizontal radius of the channel center
line, in feet.

race slope of pi tside bank, in feet per
foot.

Safety factor

South Platte River

Specific gravity of riprap particles.

Urban Storm Drainage Criteria Manual.

Water surface

Specific weight of water (equal to 62.4
Ibs/fe ).

Deflection angle of the horizontal curve,
in degrees.

Face slope of pitside bank, in degrees.

Tractive force, in lbs/ft2
•

Angle of repose of pi tside bank construc
tion materials, in degrees.
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CHAPTER 2. 0

orr RIVER GRAVEL MINING

2 .1 'I'YPESOr RIV!:R At,.I~

The c,nterline alignment of the South Platte River, and possibly its

tributaries affects stability. This section describes three claSSifi

cations of river alignment and how each affects the stability of the

South Platte River. This description mayor may not apply to tribu
tary streams.

•

2.1.1 Existing unstable Alignment
!he ali~nt of theSouth,latte IUver threugh Adams County in
1985 is considered unstable. Studies of aerial photos taken

since 1937 clearly show the river continuously shifting its

main channel horizontalJ,y,sometimes as much as 1,700 feet. In

more recent years, the river also has exhib.i ted a tendency to

lQWer its thalweg through degr~dation. As it exists today, the

river channel is cOnsidered unstable and capable of significant

lateral and vertical movement. •

As a minimum, if the gravel mining operator elects to preserve

the river in its C\1rrent un~table alignment, the river banks

shall be regraded to have a 3H:IV side slope and then revege

tated per section 2.• 2 of these Criteria. Sufficient river

channel wi,dthIII1st.be providt!ci to convey the lOO-year flood to

88thA~ ancL.thelO-yect.r.flood dO\1/ll$tream of 88th Avenue as

described in the Ma~ter Plan. It is the intent to provide this

capacity by natural erosion phenomena or excavation, if neces

sary.

2.1.2 Master Plan Alignment

'l1\e aligna.nt shown in the SOUth Platte River Phase B Master

Plan, prepared by Wright Water Engineers for the Urban orainage

tJD&FCO GMVEL GUIDELINES 12/17/87 •
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thick to protect the river profile from degrading and shall

consist of Type L or larger riprap as defined in the tJSOCM, or •

a gradation of cobble equivalent to 'I'ype. L riprap.

'I1leminimum maintenance aUgr1;Dent channel is designed to con

trol the la-year flood. HoWever, all berms will be designed to

withstand < the lOO-'y:ear flood witheutfailure during overtop

~. If a lOO-year berm is requested bY. the Adams County

Engineer, then the higher standard shall suPersede the recorn

mehdedstandard, and all design shalleonform accordingly. If

the operator chooses to elevate the unprotected riverside berm

abOve the lO"'year level, the berm shall be protected in a
manner consistent with the< protection requirements for a mini
mum maintenance channel alignment for the entire height of the

berm.

2.2 REVEGETATION Of' SE::P.MS

All berms shall be revegetated with native type grasses and vegetation

to control soil erosion, to improve aesthetic:sand to provide habitats
for bi rds and small animals. Reveqetation shall be requi red on all

surfaces of the berms that are not protected using the techniques des

cribed in Sections 2.3.1 -' Riprap, 2.3.2 - Riprap with vegetation,

2.4.1 - Riprap, 2.4.2 - Riprap with vegetation and 2.4.3 - Soil

Cement.

Revegetation shall occur as soon after the construction of the berms

as possible. 'Ihe rewqetation shall take place in accordance wi th the

requirements of the District as specified in the Guidelines for Vege

tatian.
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2.2.1 Reve9!tation .of River Banks

Revegetation of all river banks not otherwise protected using
techniques described in Sections 2.3.1 - ltiprap and 2.3.2 
ltiprap with Ve,getation ~l ~ performed in accordance wi th
the quide,lines con~ined in "Guide,lines for oeveloJ;lDent and

Kainte,nance, of Natural Vegetation" hereafter called Guidelines

for vege~tion published by the District in 1984. '!'hi s docu

ment contairl$ quidelines for site preparation, selection of
grass species, landscape plantings, seedbed.preparation, seed

ing., JII.llching, fertilizing; irrigation for establishment of
vegetation and follow-up maintenance. All vegetated slopes not
incorporating riprap should ~ .. constructed no steeper than

4H:1V.

2.2.2 Revegetation of Pitside Banks and Top of Berm

Revegetation of pitside banks and tops of berms not otheNise

prote,cted wi th riprap or soil cement shall be done in accord
ance, with theauideJ,.ines for Vegetation (see Section 2.2.1 -:
Revegetation ofltiverbank Berms) and the minimum requirements

of the Colorado Mined Land Reclamation Division for reclamation

of gravel mines~ 'Ihe allowable slope should be no steeper than

4H:1V.

•

2.2.3 Revegetation of Riprap With Vegetation Areas

In areas to be. protected using the riprap with vegetation tech

nique as described in 2.3.2 - Riprap with Vegetation, it is

important that soil fill the voids between the rocks complete
ly. 'Ihe placement of the rock, soil, and topsoil mixture shall
be in accordance wi th the requi rements of Section 2.3.2 

ltiprap with Vegetation. Live willow slash shall be mixed into

UD&FCO GRAVEL GUIDELINES 12/17/87
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the upper layers of the soil-rock mixture to encourage growth •
of pioneer sh~type vegetation. The seed bed preparation and

all. other steps needed to establish a healthy native grass

cover shall be performed in accordance with the Guidelines for

Vegetation unless specifically modified in this document. The
steepest allowable slope shall be 2. SH: 1V.

The placement of vegetation on channel banks, with or without

riprap, shall be limited to the area above the 2-year water

surface elevatidn only. Below this elevation riprap will be

reqUired.

In areas where the water currents in the river will have a tendency to
erode the riverbanks, it is necessary to prOvide additional bank pro

tection over what is provided simply by bank veg~tation. The next

three subsections provide the criteria for the design and installation

of three types of allowable bank protection for the South Platte River

in Adams County. This type of protection is requi red for the pro

tected areas of the existinq channel alignment conditions and for the

areas defined under Sections 2.1.2 - Master Plan Alignment and 2.1.3 
Minimum Maintenance Alignment for the minilDUlll. maintenance alignment

river channel configurations.

Riverbank protection must be provided at the time that minin9 occurs

adjacent (within 400 feet) to the river channel. It will not be

necessary forqravel ainine) operators to cClllplete improvements on the

entire reach alcng their permit boundary prior to the cOlllDencement of

mining activities unless the areas are experiencing ongoing bank

erWeft as determined by the AdamS county Engineer or District. Row

ever, the portions to be stabilized shall precede the cOlllllencement of

aining activities along atrf· portion adjacent (within 400 feet) of the

river.

tJO&FCD GMVEL GUIDELINES 12/17/87
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2.3.2 Ripr_p with Vegetation

•

•

•

2.3.1 Riprap

Riprap along riverbanks shall be designed in accordance wi th

the provision of the tJSOCM except that the banks along the

rivers and streams protected with riprap or riprap with vegeta

tion are to be sloped at no steeper than 2.SH:1V up to the
2-year flood level and 4H:1V above the 2-year flood level. All

ripr_p sizing is to be based on the velocities associated wi th

the 10o-year event. 'Ihe rock will be extended vertically

downward beyond the toe of the slope at least 5 feet below the

channel thal\lleg (Phase B Master Plan l~ fl~ channel bottom).

All type VL and L riprap shall be buried and revegetated as re
quired by the t.1SDCM. Larger rock may be buried at the discre

tion of the owner. If rock is to be buried, the provisions of

sections 2.3.2 - Riprap wi th Vegetation shall be followed.

Typical rock and bedding placement details are illustrated on
Figure 2.2.

Rock used in conjunction with vegetation shall be sized in

accordance with the requirements of the tJSOCM. The velocities

associated with the 100-yearflood are to be used for determin

ing rock sizes. The sizing of riprap shall be in accordance

wi th Section 2.3.1 - Riprap.

Soil, seed and rock shall be mixed into one haoogeneous mixture

with all voids filled. seed mixtures used in this mass are to
conform with the Guidelines for Vegetation; however, they

should also include dormant will~ slash to encourage the

growth of will~ shrubbery in addition to native grasses as

required. will~ slash shall be included at a rate of 20

pounds of dormant will~ slash per 100 pounds of live seed of

grass mixture. The combination of seed, will~ slash, soil ,

UO&FCD GRAVEL GUIDELINES 12/17/87
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FIG. 2.2
TYPIOAL RIPRAP SLOPE PROTECTION

(MINIMUM MAINTENANCE ALdGNMENT)
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and riprap shall be mixed as needed to provide a homoqeneous

mass and in a separate operation, transported and placed on the

slope to be reveqetated. l'lixing shall be accomplished using

_chanical equi~nt such as dozers, loaders or backhoes, or by

bateh mixing using equi~nt designed specifically for such an
operation.

Placement of the mass shall be accomplished in a manner to

assure that no segregation of the various constituents occurs.

No beddinq Will be allowed under riprapWi th veqetation. Sub
seqUent to the placement of the mass, a 6-inch to 12-inch layer
of topsoil Will be placed above the rock. A typical detail of
this installation is shown in rigure 2.3.

2.3.3 Jetties (Groins)

Jetties my be used to protect river banks when the river is in

its existing, unstable alignment. The jetties must be install

ed in sueh a manner that they not only control river flows dur

ing normal and minor floodeven1;.s, but also protect against em

bankment erosion during large; events.

The geometric characteristics Will conform to those shown on

rigure ~.4 ~ ·The. jetties Will project from the toe of the chan

nelbet.nka miniDUll of 15 feet and a maximum of 25 feet. This
'.- ,;" , '." <;.- .

distance Will be measured from the toe of the bank normal slope

(after regrading to 4H:lV) where it intersects the channel in

vert. The spacing of jetties shall be such that the ratio of

centerline spacing to projection is less than or equal to 3.

All jetties Will extend into the bank a minimum of lS feet as

measured fran the toe of the bank slope. Jetties will be con

structed perpendicular to the centerline of the channel or with

an orientation in the downstream direction of up to 4S degrees.

UD&FCD GRAVEL GUIDELINES 12/17/87
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FIG. 2.3
TYPICAL RIPRAP AND VEC3ETATION SLOPE PROTECTION

(MINIMUM MAINTENACE AL.IGNMENT)
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All jetties will be const~cted of Type H riprap (USDCM class- ~
ification) and toed into the existing riverbed a minimum of 5

feet. The core of the jetties may be constructed from a mix-

ture of concrete ~ble with no exposed rebar and soils. How-

ever, the surface of the jetty must be Type H rock. Banks

between jetties are to be revegetated in accordance with the

requirements of Section 2.2.1 - Revegetation of River Banks.

2.4 PITSIDE BAN!( PROl"ECI'ICN

The interior banks of reclaimed gravel pits require additional erosion
protection beyond revegetation if the berm is to be protected from
loss during large flood events. Protection of the pitside banks per

mts the reduction of top width of the berm provided it is accomp

lished using the requirements specified in the next five subsections.

Construction of the pitside bank protection will occur coincidentally

wi th the construction of river.bank erosion protection measures. That

is, when mining activities abut against a river or stream, erosion

protection of both the river bank and the pitside bank must be under

taken. In areas experiencing ongoing bank erosion as determined by

District, it may be necessa~ to provide river bank protection prior

to the cODlDencement of mining operations, however, it will not be

necessa~ to construct pitside bank protection measures until such

time as gravel extraction is completed.

2.4.1 Riprap

When riprap is used to stabilize the pitside slope, the rock

shall be placed at a slope no steeper than 2.5H:1V. Riprap

sizing will be in accordance wi th the safety factor method.

'1b! Jliniaa safety factor shall be 1.25.

SF· Cos e tan 9
n tan i + sin e
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2.4.2

n III 21 rs
(5• .;.1) 0so

T • ~•
In which,

e • fac,.s1ope of p;tside bank, in degrees

9 • angle of repose of pitside bank construction
materials in degrees

5s • specific gravi ty of ripr~p particles

Y • specific weight of water. 62.4 lbs/ft3

Dso • median rip~~p particle size, in feet
a • hyt:1+aulic radius at nQrmal depth of flow down

pi tside slQpe., in feet

5 • ;ace slope of pitside bank, in feet per foot
SF • Safety factor
Ts • Tractive force

once the 050 is est~lis,hed using the above described proce

dure, a gradation is to be seleCted.. The gradation shall

follow the general prov;sions specifiEtd in theUSDCM. Material

shall be placed in accordance with the criteria specified in
the USOCM and as shown on Figure 2.5.

Riprap with Vegetation

The methodology presented in Section 2.4.1 - Riprap shall be

used for sizing riprap when used in conjunction with vegetation

on pi tside banks. When riprap with vegetation is to be used to

stabilize the pitside bank ot riverside berms, the placement

shall be in accordance wi th the requi rements presented in
section 2.3.2 - Riprap with Vegetation.
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FIG. 2.5
TYPICAL RIPRAP SLOPE PROTECT ION
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2.4.3 Soil Cement

Soil cement may be used to stabilize the pi tside slopes of
riverside berms aClainst erosion durinCl overtoppinCl. the soil

cement must be placed on the pi tside slope face in maximum

8-inch lifts at a width of 6 to 8 feet. the Cleneral Cleometric

confiClUration of the soil cement stabilization will confo~ to
the requirements as shown on FiClUre 2.6.

Soil cement will consist of a mixture of Portland cement,
native soils (if conforminCl to gradation limtations) and

water.. ~tive soils may .~ us~ if they conform to the follow
ing three requirements: (1) the soil contains no material re
tained on a 2-inch sieve; (2) at least SS percent of the mate
rial passes the No.4 sieve; and (3) between S percent and 3S
percent of the material pass the NO. 200 sieve. the soil
cement mixture should have a minimum of 10 percent Type 2 Port

land cement as measured by weiClht. 'l'he lOOisture content of the

soil should ranCle between 10 andlS>peI'cent. In order to

determine the proper cement content, optimum zooisture content
and maximum density of th, soil cement mixture, standard labo
ratory tests must be performed. 'l'hese test are: ASTM ossa,
0559 and 0560.

MiXing ofth.e soil and cement may be accomplished at the 5i te
with me~ical means such as dozers, loaders, etc. or with
-.cnanicalbatch mixing equipment specifically designed for the
preparation of soil cement mixtures. Placement of the mixed

and lOOistened soil cement mixture may be accomplished by stan
dard construction means. Compaction will be accomplished with

normal embankment compaction equipment which shall include

sheepsfoot roller compaction in order to minimize weaknesses at

the interface between successive lifts of soil cement.

UD&FCD GPAVEL GUIDELINES 12/17/87
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FIG. 2.6
TYPICAL SOIL CEMENT SLOPE PROTECTION .
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2.4.4 Reinforced Core

A reinforced core may be used to stabilize the pitside slope of
riverside ber1llS against erosion from overtopping. '%he geo
metric configuration of the reinforced core should conform to

the requirements indicated on Figure 2.7. The reinforced core

will be made Ol,lt of large riprap (Type VB or larger as defined

in the tJSOCM or large rubble) with a 5 foot thick layer of

material on the pitside face grouted. Soil cement or some

other material approved by the District may be used as a core

reinforcement in lieu of riprap. The core will be placed

wi thin the berm no more than 25 feet from the top of the pi t
side slope.

2.4.5 Side Channel Spillway

Side channel spillways may be provided between the river and

the pit in order to minimize the potential for failure of the

riverside berms. 'Ibe sEabilized spillway allows water to pass

between the river and the pit. A spillway on the upstream end

of the pi t and one at the downstream end of the pi t wi 11 be

required unless the pit is small, in which case one spillway

will be sufficient. Side channel spillways prevent the build

up of large differential heads between the river and water in

the pit.

Because of the nature of 'the hydraulic response of the spill

ways, the differential head cannot be completely eliminated.

The objective is to minimize I to the extent possible I the

differential head between water in the river and water in the

pit when the riverside berms overtop .

UD&FCD GPAV!L GUIDELINES 12/17/87
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FIG. 2.7
TYPICAL. REINFORCEOA I?RAP CORE
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'Ibe elevation of the spillway crest shall be approximately 1

foot above the 2-year flood elevation. 'Ibis is approximately 5

feet above the channel invert for the Master Plan cross sec

tion for South Platte River.

When the riverside berm length of the gravel pit, is less than

1,300 feet, only one side channel spillway will be required,

and it shall be located approximately in the midpoint of the

berm. If the lenqth of the berm is greater than 1,300 feet,

two spillways will be required and will be located along the

berm approximately one-fourth of the berm length from the up

stream and downstream ends of the berm.

When the length of the berm is less than 1,300 feet the spill

way bottom length shall conform to the following geometric

relationship:

L. • Ap /12,000
or

L. • 100 feet whichever is greater.

In which

•
•

length of the side channel spillway

area of pit measured in square feet at the high water

line

•

When the length of the riverside berm is greater than 1,300

feet, two spillways shall be constructed and the bottom length

of each spillway shall conform to the following relationship:

L. • 0.6 Ap /12,OOO
or

L. • 100 feet whichever is greater

UD&FCD GUVEL GUIDELINES 12/17;87
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In which

Ls • length of side channel spillway crest

Ap • area of pit measured in square feet at the high water

line

•
Riprap with the grouted riprap ~down on the pit sideslope may

be us~ to stabilize the spillways. Construction of this type
of spillway stabilization must conform to the requirements in

dicated in Fi~re 2.8. The river bank should be stabilized in

ac<;oroance wi th the requi rements of Section 2.3 - Ri ve rbank

Protection. The crest of the spillway will be vegetated and

shall have a 10-foqt wide stabilized maintenance access trail

along the entire length of the spillway. The objective is to

provide a smooth flat driving surface wi th the ramps between
top of berm and spillway bo1;~pm being no steeper than 10 per

cent. Access ram:pl$~ if slopeCl different than the side slopes

of the spillway shall not protrUde into the bottom width of the

spi.tl~Y. The pi tside rundoWn slope will be protected using •
~,GM grQuted riprap. Grout used for the grouted riprap por

tion of this structure shall have a mini~ compressive

strength 6f 2 ~ 000 psi. A cOl'1crete mixhavincl 3/4-inch maximum

aggregate~ 4-inch slump and 2,00b psi - 28 day compressive

strength may be substituted for grout. The grout shall be

placed in a manner which ensures that all voids within the en-

tire riprap ~$S are filled with grout.

Concrete _y be used to protect spillways through riverside

banks. '1'tle design of the concrete shall include consideration

of all forces which may be encountered including, but not

liJIited to, uplift forces and pore pressures generated by

underlyiJ19 materials. The river banks shall be protected in

accordance with the requirements of section 2.3 - Riverbank

UD&FCO GMVEL GUIDELINES 12/17/87
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FIG. 2.8
RIPRAP SPILLWAY STABILIZATION
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Protection. The crest of the spillway and the downstream run-
down will be protected using concrete. The geometric configu- ~

ration of the concrete used to protect the spillway should con-
fonn to the dimensions shown on Figure 2.9.

Soil cement is also an acceptable fo~ of protection for side
channel spillways. The river banks should be protected in
accordance with the requirements of Section 2.3 - Riverbank
Protection. The crest of the riverside benn will be protected
with a layer of riprap and vegetation. The layer of soil
cement on the spillway crest must be a minimum of 2 feet thick.
The pitside slope is to be protected with soil cement placed in
horizontal layers not exceeding 8 inches in thickness and
between 8 and 12 feet wide. The soil cement should confonn to
the requirements of Section 2.4.3 - Soil Cement. The geometric
configuration of soil cement for stabilizing side channel
spillways should conform to the dimensions shown on Figure
2.10.

2 •5 LATE:P.AL BElU1S

Lateral berms are berms constructed, or left in place, between pi ts
and are perpendicular to the general direction of flow of the South
Platte River. These lateral berms separate gravel mining pits from
one another. Lateral berms may be overtopped during major floods.
When overtopped, the berms are subject to erosion due to the rela
tively high velocity flow and, in time, may fail resulting in a rapid
release of water. 'Ibis phenomenon can propagate in the downstream
direction potentially increasing with each successive failure. By

protecting lateral berms from catastrophic failure the likelihood of
such downstreaa propagation can be significantly decreased.

~
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FIG. 2.9
CONCRETE SPILLWAY STABILIZATION
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FIG. 2.10
SOIL. CEMENT SPI L.LWAY STABILIZATION
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The stabilization of lateral berms should be accomplished when mining
reaches the berm location. When the lateral berm is proposed irrme

diately upstream or downstream of an existing gravel pit, the stabili

zation proposed in this section must be implemented prior to the

initiation of mining operations adjacent to the berm. When no mining

has occurred dO\lll'lstream or upstream, the berm may be stabilized when
mining reaches the berm location.

2.5.1 Type A Lateral Berms

Type A lateral berms are berms between adjacent gravel pi ts.
Spacing between Type A lateral berms shall not exceed 1;2 mile
as measured longitudinally along a river or a stream channel.

These berms must be protected against headcutting to withstand
overtopping during the lOO-year flood. Erosive forces on the

upstream face of lateral berms will be minimal wi th the excep

tion of wave action caused by winds across .the gravel pi t's

water surface. The means for stabilizing the downstream face

of the lateral berms are similar to those required to stabilize

the pitside face of riverside berms and are as described in

Section 2.5.3 - Protection of Lateral Berms.

2.5.2 Type B Lateral Berms

Type B lateral berms also are berms between adjacent gravel

pits. These berms differ from Type A lateral berms in their

spacing. Type B lateral berms are located at major arterial

road crossings as opposed to every half mile. These berms are

intended to provide a greater level of protection than the Type

A lateral benDS. This will be accomplished in part by the

arterial road itself. The means for stabilizing the downstream

face of Type B lateral berms are similar to those for Type A

UO&FCD GRAVEL GUIDELINES 12/17/87
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lateral berms and are described in Section 2.5.3 - Protection
of Lateral Berms. ~

2.5.3 Protection oft.ateral Berms

Lateral berms are to be protected in a manner similar to the

requi rements for the pi tside slopes of riverbank be rms. In

general, the crest of lateral berms are to be revegetated and

the downstream face of lateral bermS are to be stabilized and

protected using the methOds proposed in Section 2.4 - Pi tside
Bank Protection.

Riprap,riprap with vegetation, soil cement, arid a reinforced
core are all viable optiohs for reinforcing both Type A and

Type a lateral berms. These methOdologies are to comply wi th

the requirements of Section 2.4.1 - Riprap, 2.4.2 - Riprap with

Vegetation, 2.4.3 .. Soil Cement, arid 2.4.4 -- Reinforced Core,

respectively. The general geometric characteristics of lateral

berm protection will conform to the individual detllils for the

selected mi!thOd of protection exc:eptthat the protection need ~

extend only 3 feet below the pit normal water level.

2.5.4. Spillway for Type A Lateral Berms

A spillway will only be allowed for TYPe A lateral berm protec

tion. '!he existin90r future arterial road crossin9 associated

with Type 8 lateral berms renders the spillf4y approach infea

sible. The required length of the spillway for Type A lateral

berms along the South Platte River will be determined using the
followirlCJ equation:

L III 2, 500 ....1. 511 /r1
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In which,

L' l • length of lateral berm spillway
H • hei9ht between top of berm and spillway crest

2 •6 BERl1 'roP WIDTHS ... RIVtRBANJ<...BERl1S

'!'his section specifies the minilllUlll top width for gravel mine berms
located adjacent to the South Platte IUver. '!'he top width require
ments are specified to protect the berms from rapid failure during
floods. Such failure may result in the South Platte River flowing
throu9h the adjacent gravel pits and subsequently damaging property

along thEl river. ttle berm top width requirements consider long term
stabili ty and safety along the SOUth Platte River . Localized damages
to the berms may result during large floods and may require periodic
repai r and maintenance as determined by the Adams cOUnty Engineer.

'!'he top widths are broken into two classifications, one for an unpro

tected river bank and one for protected river banks. unless otherwise

indicated, the requirements of Sections 2.3 - Riverbank Protection and

2.4 - Pitside Bank Protection constitute adequate bank protection.

The top widths are expressed as the distance between the top of the

river bank slope to the top of the pi tside slope. The area between
these two tops of slopes should be no steeper than 3 percent and as a
minimum have a stand of vegetation which reasonably closely resembles

the native vegetation along the site.

2.6.1 Existing Unstable Alignment

When the river is allowed to maintain its existing unstable

alignment, and no bank protection is provided beyond the nec-
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essa~ revegetation, the minimum allowable top width of river-
side berms will be 400 feet. This is the extreme case in terms •
of setback requirements imposed on gravel mining operators. It
is, however, also the least costly measure in terms of capital
expenditures.

When the river is maintained in its existing unstable alignment
and the riverbank is protected in accordance with the require
ments of Section 2.3 - Riverbank Protection the minimum allow
able top width for the riverside be~ will be 250 feet.

When the river is left in its existing unstable alignment and
no river bank protection is provided, but pitside slope protec
tion is provided in accordance with the requirements of Section
2.4 - Pitside Bank Protection, the allowable minimum top width
will be 300 feet.

When the river is maintained in its existing unstable alignment
and protection is provided for both the river bank and the pit-
side slope in accordance with Sections 2.3 - Riverbank Protec- •
tion and 2.4 - Pitside Bank Protection, the allowable minimum
top width of the riverside be~ will be 150 feet.

2.6.2 Master Plan Alignment and Minimum Maintenance Alignment

The Master Plan alignment and the minimum maintenance alignment
are t\1IO cases in which the alignment of the river is predeter
mined and riverside bank stabilization is provided. The Master
plan aligrment is a modification of the minimum maintenance
alignment and attempts to reconcile not only the geometric re
quirements but also property line constraints and constraints
imposed by the existin9 river alignment.
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2.7

Bank stabilization for the Master Plan alignment and- the mini

IIUlf Diaintenarice alignment will be i.n accordance wi th those

methodologies presented in Section 2.3 - Riverbank Protection.
ror ~ MAster Plan alignment, the various acceptable types of

bank stabilization are presented in the Master Plan drawings

and differ slightly from the requirements specified in Section
2.1 -Types of River Alignment and 2.2 - Revegetation of Berms.
'Ihe pflnciPa1 differeritiation is in the required stabilization
scheme. In Dtist c~ses, where the Kister Plan ali9fUDE!nt de

viates from the requirements specified, the areal extent of the

recommended slope stabilization scheme will extend beyond those
required if the minimum maintenance aliCJrUllent were adhered to

rigoroUsly.

When the alignment of the South Plitte River conforms to either
the recommended Master Plan alignment or the minimum mainten
ance alignment, the minimum allowable top width without pitside

bank protection will be 200 feet. This top width presumes that
the river baI'lks will be stabilized by the owner in accordance
wi th the requirements speCified in the Mast.er Plan or as part

of the minimum maintenance alignment.

WJ'len the requirements of the Master Plan alignment or the mini
mum maintenance alignment ate adhered to and, in addition to
complying with the requirements for river bank stabilization,
the pitside slope of riverside berms are stabilized in accord

ance with section 2.4 - Pitside Bank Protection, the minimum
allowable top width for riverside berms will be 100 feet.

SEPJI! 'IbP mbm-LATERAL BERMs
This section specifies the minimum top width for lateral berms located
adjacent to the South Platte Rivet and oriented perpendicular to the

river. '1he top width requirement is specified to protect the berms
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from failure during floods which result in an overtopping of lateral

berms and cas<:~ding of waj:er in the down~tream direction. Instances •
of _jor flooC1inq may result in some localized damage of the lateral

benDS in spite of the protection measures previously Suggested.

Routine repair and maintenance of all facilities associated with
lateral berms must be accomplished.

2.7.1 !YPe A Lateral Berms

2.7.1.1 unprotected Type A Lateral Berms. When Type A lat-

eral berms are left in their unprotected natural
state, the mini1DUJl1 allowable top width will be 250

feet. ttlis assumes that the surface of the lateral

berm is left in its native condition. If the lateral

berm is to be re<:onstructed Subsequent to excavation,
the top of the lateral berm and the downstream slope

must be revegetated in accordance .wi th the requi re
ments of Section 2.2 - Revegetation of Berms.

2.7.1.2 Protected Type A Lateral Berms. When Type A lateral

berms are protected in accordance wi th the requi re

ments of Section 2.5.3 - Protection of Lateral Berms,
the minimum allowable top width will be 100 feet.

2.7.2 TYpe B Lateral Berms

'I11e top width required for Type B lateral berms will exceed

that required for Type A lateral berms because of the more

critical nature of the Type B lateral berms. Type A lateral

berms are designed to wi. thstand floodinq events up to the 100

year event, however, because of the possibility of more severe

flood events, Type B lateral berms should wi.thstandfloods of
higher _gnitude than the lOO-year event.
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2.7.2.1 unprotected Type B Lateral Berms' When Type B lateral

berms are left unprotected except for Vttgetation as
speCified in section. 2.2 - Revegetation of berms the

minimum allowable top width shall be 350 feet.

2.7.2.2 Protected Type B Lateral Be.rms. When Type B lateral

berms are protected in aecordance wi th the requi re
ments of Section 2.5.3 - Protection of Lateral Berms,

the lDil'limum allowable top width shall be 200 feet.

2.8 BERM 'lOP WIDTHS - SUMMARY TABLE

This section. presents a SUlllllary table of allowable berm top widths
based on the methodologies employed for berm stabilization.

UO&FCD GRAVEL Gl1IDELlNES 12;17,187
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TABLE 2.1

RIVERBANK SEP,M rop WI D'I'H •
Area

Stabilized

None

Riverbank only

Pitside bank
only

Riverbank and
Pitside Bank

Ali9t1m!nt

2.1.1 -Existing
Unstable

2.1.1 - Existing un
stable

2.1.2 - Master Plan

2.1.3 - Minimum Main
tenance

2.1.1. - EXistinq
unstable

2.1.1 - Existing un
stable

2.1.2 - Plaster plan

2.1. 3 - MiniJllJa main
tenance

'!"t'P! of Stabilization

None

2.3 - Riverbank p~otection

2.3.1-- R~1?ra1?
2.3.2 - Riprap with vegetation
2.3.3 - Jetties

2.3 -- Riverbank protection

2.3.1 - Riprap
2.3.2 - Ri1?rae with veqetation
2.3.3 - Jetties

2.3 --Riverbal1Jc prot~ction

·2.3.1 - Riprap
2.3.2 - Riprap with veqetation
2.3.3 - Jetties

2.4 - Pitside bank protection

2.4.1 - Riprap
2.4.2 - Riprap with vegetation
2.4.3 - Soil cement
2.4.4 - Reinforced core
2.4.5 - Side channel spillway

2.3 - Riverbank protection
and
2.4 - Pitside bank protection

2.3 - Riverbank protection
and
2.4 - Pitside bank protection

2.3 - Riverbank protection
and
2.4 - Pitside bank protection

2-33

Minimum
Top Width .. (Et )

400

200

200

200

•300

150

100

100
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Berm Type

Type A

Type B

~L;l2.2
IA'I'ERAL BERM rop WIDTH

Type of Stabilization

None

2.5.3 - Protection of lateral berms

2.4.1 - Riprap
2.4.2 - Riprap wi th vegetation
2 •4•3 - Sgil c=ement
2.4.4 - Reinforced core
2.5.4 -Spillway for Type A lateral berms

None

2.5.3 - Protection of lateral berms

2.4.1 -~pt'ap
2.4.2 - Riprap with vegetation
2.4.3 - S9ilC=~Jllent
2.4.4 - Reinforced core
2.5.4 - Spillway for Type A lateral berms

2 - 34
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QiAPTER 3.0

IN-RIVER GPAWL MINING

Mining in the mainstream of the· South platte River oratty of its tributa
ri.5is strongly discouraged. Without extensive measures to protect the

river, the impact of an instream sandgravel>extraction can be widespread

and severe. All operators proposing to mine the mainstream of the river

shall demonstrate conclusively that they will not adversely impact the
river and the properties, roads, bridges, diversion structures and utili

ties on the river for a distance of four miles in the upstream and down
stream directions, in addition to taking the mitigating measures required

in Chapter 3.0 and obtaining all other permits. required by Federal and

State law.

Instream mining of the river includes not only mines which are ongoing in

the channel of the South Platte River or its tributaries, but also includes
offstream gravel mines when it is proposed to relocate the river through

such offstream gravel mines. The impacts of relocating a river or a stream

through an off channel pit is equivalent to those associated with the ac

tual mining of the South Platte River bed or its tributaries. As such,

these requirements will apply to mines which actively mine within a river

or stream channel as well as mining operations which propose to relocate a

river or a stream through previously mined pits.

one fOrDI· of instream mining will be allowed. Lowering of the channel in

vert to the elevation specified in the Master Plan will be allowed if the

operation is stopPed as soon as District determines the desired degradation

has occurred and the associated bank and channel improvements are also con

structed.
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• 3.1 ~TER IMPACTS

The extraction of gravel and other products from the bed of the South

platte River or its tributaries shall be done in such a manner as to

prevent damage to adjoining property. This requires that the adjacent

grO\.1J'ldwater table not be altered or if alteratiorr takes place the

owner of any groundwater rights shall be caupensated cailDehsurate wi th

any damage which may occur. It also requires the,caapliance with ap

plic~le Colorado water laws and regulations governing injury to

existing water rights as well as the caapliance wi,thapplicable fede
ral and Colorado water quality laws and re9Ulations.

•

3.2 SEDIMENT TRANSPORT

The instream gravel pits may result in the deposition of significant

portions of the sediment load carried by the South Platte River or its

tributaries. The gravel operator must show that his mining will not
adversely af,fect the stability of the river or a stream downstream

from his site.

•

3.3 WATER QUALITY

Long range water quality concerns can be significant in an instream

gravel pit lake because of pollution constituents in the river at the
location of the excavation. Any operations in the river shall be

required to ccaply with applicable federal and Colorado water qUcl1i ty

laws and regulations.

3.4 SIDESLOPE PROTECTIOO

Excavation of materials from the bed of the South Platte River must be

done in a manner which does not jeopardize the stability of the chan

nel banks. To accomplish this, the side slopes of the river bank

UO&FCD GRAVEL GUIDELINES 12;17/87
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above the pre-mining channel invert should be extended downward. This •
slope will generally be between 2.5 and 4 feet horizontal for every
one foot vertical. The actual slope will depend on the method of bank
stabilization proposed at the site.

3•5 HEAOO.J'ITI~ CCNTROL

When mining in the river bed is permitted, gravel operators must pre
vent long te~ headcutting from propagating in the upstream direction.
The removal of material from the riverbed results in excessive head
cutting which can arid does endanger structures upstream crossing the
river or a stream or located in the adjacent banks of same. It is im
perativE! that the operato,,~iI1sta:ll posit;ive controls as specified
below to prevent headC1Jtting of any type from occurring upstream as a
result of grav~l extractiort from the river bottom.

3.5.1 Control Structures

The impacts of the instream gravel extraction must be mitigated
with a positive structural control at the upstream end of the
instreaDl pit. The structure must be protected from failure
through a wide variety of flow rates, gravel pit depths and
inconsistent soil properties.

Instre. contrOl structures will generally requi re the con
struction ofa structural control incorporating a double row of
sheet piling such as tha~ shOwn. on Figure 3.1. Site specific
designs incorporating specific soils and geometric information
shall be prepared and suJ:Ditted to District for approval.

•
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FIG. 3.1

TYPtCAL INSTREAM HEAOCUTTtNG
CONTROL STRUCTURE
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THE LOW FLOW' OPENING SHALL BE DESIGNED IN
STEPS OF PooL.S AND CHUTES WITH THE LAST
CREST OF THE DOWNSTREAM CHUTE BEING AT
THE PROJECTED TAILWATER WHEN A LL GRAVEL.
IS NEMOVED FROM THE PIT. THE VER"CAL
DtSTAHCE BETWEEN SUCESS1YE CRESTS SHAL.L.
NOT EXCEED II· INCHES.

,,

I l ......--~-~SHEET PIL.ING DRIVEN
J_____ TO REFUSAL. AND TIEe

TOGETHER AT TOP.

11
DEPTH I

AS
REQYIRED ' 5'
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3.5.2 Location of Control Strticture.s

The location of the positive control will be at the upstream
end of the gravel pit. In no case shoUld the top of the cutoff
be any lower than the Master Plan invert of the South Platte
River or the invert or its tributaries identified in Major
Drainageway Planning Reports or mAD reports. The positive
control will be extended perpendicular to the main channel into
the adjacent overbank a minimum of 250 feet. Where gravel pits
exist in the overbank, a positive control should extend across
the lateral berms as well.

3.5.3 Overbank Protection

•

In areas where there is no overbank gravel m1nlng operation in
existence and none is proposed, the overbank cutoff may be less
substantial. In these cases, the overbank cutoff may consist
of Type 11 (USDCM) riprap placed in a trench 6 feet deep and 3 •
feet wide and extending across the enti re floodplain. This .
protection will begin at the end of the embedment of the struc-
tural positive control as discussed in Section 3.5.2 - Location
of Control Structures.

3 .6 UPS'I'REAM PROI'!CTICN

Because of the increased energy grade line slope immediately upstream
of the gravel pit cutoff structure, it will be necessacy to protect
the river upstre_ from general degradation and against potential
damages to bridges, utility crossings and property.

UO&FCD GRAVEL GUIDELINES 12/17/87
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3.6.1 Extent of Upstream ~rotection

'!he protection required upstream of the crest of the pit cutoff
structure shall extend upstream a minimum of 175 feet.

3.6.2 Type of Protection

The type of protection used to protect the river bottom shall

be riprap or cobble. The required size of protection shall be

determined according to the requirements of the usOQt Major
Drainage Chapter, section 5-Riprap. ROCk or cobble satisfying
the proper gradation will be allowed.

tJD&FCO GRAVEL GUIDELINES 12/17/87
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CHAPTER 4. 0

REct.AMATICN

The mineral rules and regulations, published by the Colorado Mined Land
Reclamation Board, establish the requirements for reclamation of mined

lands in the State of Colorado. These requirements must be satisfied and
adhered to for the life of the mine in order to obtain a mining permit for

the extraction of gravel. The requi rements presented in this document
supplement those of the Mined Land Reclamation Board and recogni ze the

special riverine corridor stability needs. In no case do the requirements
of this document imply that the requirements of the Mined Land Reclamation
Board, as a minimum, should not be adhered to.

4.1 RECREATIC'NAL CRITERIA

When gravel pit lakes are to be reclaimed as recreational ameni ties,
the side slopes of the lakes should be sloped at a minimum of 5 hori
zontal to 1 vertical (58: lV) for a distance from the top of the berm
toa pointS feet under the normal water surface. There the slope can

be at2H: lV to the lake bottom. Where concentrated swinmiriq is to be

actively encouraqed, side slopes of 208:1V, or flatter, are recom

mended in the beach areas.

Irregularities in the lake shorelines are required for variety in the
environment· and to enhance wildlife habitat. These irregularities

also help protect the banks from wave action. other recreational or
wildlife features, such as islands, may be required by local govern

ment.

Corridors must be provided for access to recreational areas and main

tenance trails. These corridors should be incorporated into riverside

•

•
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berms, or through other portions of the lease properties if developed
as part of a overall recreational master plan by the operators or by

the local governments. A corridor of 100 feet minimum is recommended
to accommodate multiple recreational uses. This river corridor mini

mum width should be maintained on both sides of the rivet fOr its
enti re length. The recreational corridor may be contained wi thin the

required top width of riverside berms.

4.2 ~TI~·CRI'I'E:R.IA

Revegetation of all areas not recelvlng other stabilization techniques
will be required. The revegetation should be installed in cohfcr1nance

with the Guidelines for vegetation and must meet the approval of the
Colorado Mined Land Reclamation Board.

The goal of revegetation is to reestablish the historic ground cover as
closely as possible to promote the return of the historic animal popu

l.tion, to protect areas from erosion by wind and water and to improve
the aesthetics of the area. To. accaaplish this, revegetation must be

undertaJeen at the earliest opportuhity. Revegetation must begin as
soon as the slope has attained its required configuration subject to

the seeding criteria specified in Guidelines for Vegetation. When

slopes are in areas which will be inactive for periods in excess of six
months vegetation must be reestablished .

UD&FCD GRAVEL GUIDELINES 12/17/87
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INTRODUCTI ON

The purpose of this technical guide is to present several methods which can
be applied in computing degradation of a stream channel occurring because of
changes in flow regimen or reduced sediment load below a dam or diversion
dam, and to provide procedures to use in estimating maximum scour depth of
channels for design of a structure such as a bridge or siphon crossing.

In this guide, the following definitions have been adopted:

Degradation. - The long-term process by which streambeds and flood plains
are lowered in elevation due to the removal of material from the boundary
by flowing water.

Aggradation. - The long-term process by which streambeds and flood plains
are raised in elevation due to the deposition of material eroded and
transported from other areas.

Scour. - The enlargement of a flow section by the removal of boundary
material through the action of fluid motion during a single discharge
event. The results of the scouring action mayor may not be evident
after the passing of the flood event.

BACKGROUND ON DEGRADATION

Computations by computer application of some of the more sophisticated
mathematical models applied to degradation below a dam are not described
in these guidelines. The best known of these solutions is the Corps of
Engineers (1977) HEC-6 computer program. A more comprehensive and sophis
ticated Reclamation (Bureau of Reclamation) computer model, which can deal
with uneven scour and deposition across and along a river is being developed
and should be available for use in 1985. The objective of most models is to
simulate the behavior of an alluvial channel by combining a steady-state
backwater computation for defining channel hydraulics with a sediment trans
port model. It is often difficult to verify the sediment transportation
results from models with the total sediment transport of the river under
investigation. The desk calculator approach to channel degradation below a
dam, developed for Reclamation and described by Lane (1948), was a forerunner
to the more sophisticated mathematical models. Although more of the compre
hensive mathematical models are becoming available, they are still undergoing
development and change. An example of a study to verify one of these mathe
matical models is described by Mengis (198!). The methods described in this
technical guide should be applied before any attempt to use the more sophis
ticated mathematical models.

Before undertaking any degradation study below a dam, an evaluation is needed
of the degree of detail required to complete the study, of the appropriate
design data for the dam, and of the future environmental conditions below the
dam. The type of study described in this technical guide is considered a
minimum requirement before recommending a more sophisticated mathematical
model. There is considerable support for these procedures which were applied
in studies prepared in the 1950's to channels such as the Colorado River



• below Glen Canyon Dam t Middle Loup River below Milburn Dam, and Niobrara
River below Norden Dam.. Observed degradation patterns since construction
below Gl en Canyon Dam and Mil burn Dam have supported the results of the
degradation studies. In the case of Niobrara River below Norden Dam, a
mathematical model study made by Shen (1981) agreed closely with results of
the studies made using the procedure described in thi s guidel ine.

Most existing rivers or streams are in a quasi-equil ibrium state when con
sidered on a long-term basis. While in this state, the stream sediment
processes of degradation and aggradation are rel ativel y at a standstill and,
if occurring, are only of localized nature. The state of stream equilibrium
as described by Lane (1955) may be expressed qualitatively by the following
equation:

(1 )

•

•

where:

Os = Bed material discharge
em = Effective diameter of bed material mixture
~ = Water discharge to determine bedload transport
Sb = 51 ope of the streambed

k = Constant of proportionality

It is recognized that in some situations other hydraul k parameters may be
equally important as slope.

When anyone of the four variables is altered, one or more of the other
variables must adjust in order to return the stream to a state of equi
librium. M obvious case is when a dam and reservoir are constructed on a
stream, eliminating or diminishing the sediment load downstream from the
dam. The relatively clear water released to the stream below the dam is
capable of eroding both channel bed and banks when released in sufficient
quantity. If the exposed bed and banks are composed of sediment particles
that can be moved or picked up by the flowing water, degradation will occur.
The degradation process can occur vertically (streambed), 1aterally (stream
banks), or both depending upon the stream discharge and the particle si ze and
cohesive properties of the material forming the bed and banks. In the
process of estab 1i shing a new state of equi 1ibri urn, the stream slope wi 11
decrease and the sediment particles remaining in the streambed after some
time 1apse will be the coarser fraction of the original bed material.
Equation 1 provides a comparative evaluation which merely indicates an
imbal ance in channel equil ibrium to be expected and that a change in regimen
is imminent. To quantify this change requires appl kation of sediment trans
port equations either in the form of a mathematical model or in less detail
by the empirically tested equations and procedures described in this techni
cal guidel ine. The effect of this change in regimen below a dam is to
prod uce gener al degradation and lowering of tail water el ev ations.

Other examples of change in state of equil ibrium are the disturbance created
by transbasin diversions, wastewater, or return flows from an irrigation
project which increase the water supply of a stream system. The resulting
increase in the streamflow'component in equation 1 will increase the normal
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stream velocity which directly influences the sediment transport capacity of
the stream. This in turn leads to channel adjustments which if uncontrolled
will in time establish a new state of equilibrium.

A closely related problem that is not necessarily associated with the equi
librium rel ationship defined by equation 1 is the natural scour occurring at
the time of a peak-flood discharge. Sufficient channel scour as described by
Lane and Borland (1954) may occur during higher floodflows to cause severe
damage or threaten the stabil ity of any structure located either along the
bank of a river or across the channel. In anticipation of channel scour, a
crossing structure such as a siphon or bridge should be designed to withstand
any scour which might occur in conjunction with the design flood.

GENERAL DEGRADATION

Basic Factors Influencing Degradation

The two basic factors infl uencing the extent of degradation in a stream
channel are: (1) hydraulic properties including river channel velocities,
hydraul ic gradient or slope, and depths of flow associated with peak discharges
and throughout the range in discharges, and (2) particle size distribution of
sed iments in the channel bed and banks. A careful eval uation of these
factors is essential to any degradation analysis. One additional factor is
the combination of streambed and valley controls which may exist in the
channel reach subject to degradation. The controls may be rock outcrops,
cobbles and boulders in the channel, vegetation growing along the banks, or
manmade structures which act to control water level s and retard degradation
processes. A control in the channel may in some cases prevent any appreciable
degradation from occurring above it. Conversel y, a change or rernoval of an
existing control may initiate the degradation process.

The water discharge for the stream channel is essential to the analysis.
This requires information on the volume as well as the flow release pattern
from an operation study for a reservoir or from any pl anned increases to the
water supply to a stream system. In many stream systems, both the vol ume and
distribution of the change in water supply can be illustrated by use of a
flow-duration curve. The flow-duration curve is a cumulative frequency
rel ationship, usually used to represent long-term cond itions, that shows the
percent of time that specific discharges were equalled or exceeded in a given
period. The curves representing a future water suppl y can be compared
directly with historic flow-duration curves for evaluating the significance
of any changes. Flow-duration curves are used in computer appl ication of the
mathematical model ing for studying river channel degradation. The approach
described in thi s technical guidel ine for comput ing degradation ut il i zes the
dominant discharge method for representing water discharge.

The discharge value used in degradation analysis is referred to as the
dominant discharge for the stream channel. Dominant discharge is defined as
the discharge which, if allowed to flow constantly, would have the same
overall channel shaping effect as the natural fluctuating discharges ps
illustrated by the flow-duration curve. The dominant discharge used in
channel stabil ization work usually is considered to be either the bank-full
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discharge or that peak discharge having a recurrence interval of approxi
mately 2 years on an uncontrolled stream. When streamflow is regulated by an
upstream dam, the problem of determining the dominant discharge becomes more
difficult if detailed data on future reservoir releases are not available.
If rel eases from the reservoir fl uctuate consi derab 1y due to incom ing flood s,
the mean daily discharge derived from an operation study which is equalled or
exceeded on the average of once every 2 years can be considered as the
dominant discharge.

The type of sed iments forming the bed and banks of the stream channel wi 11
infl uence the extent of degradation. The type of bed material al so dictates
the approach used in estimating the depth or c.mount of degradation. In
situat ions where the streambed is composed of transportab 1e materi al extend ing
to a depth greater than that to \'thich the channel can be expected to degrade,
the approach most useful is that of computing a stable channel slope, the
vol une of expected degradat ion, and then determ in ing a three- slope channel
profile which fits these values. However, in situations where the bed
material includes a sufficient quantity of large size or coarse material
which cannot be transported by normal river discharges, the best approach is
to compute the depth of degradation required to develop an armoring layer.
The formation of the armoring layer usually can be anticipated to control
vertical degradation when approximately 10 percent or more of the bed mate
rial is of armoring size or larger. This layer develops as the finer mate
rial is sorted out and transported downstream. Vertical degradation occurs
at a progressively slower rate until the armoring layer is of sufficient
depth to inhibit the process .

Bed Material Sampling

Bed material samples of the surface layer as well as the underlying sediment
should be collected for analysis throughout the reach of the river under
investigation. It is important that samples be representative of the mate
rial in the zone of anticipated scour, that is vertically, laterally, and
long itud in all y. Therefore, the number of sampl es depends on the homogeneity
of material in the streambed. If the streambed is fairly uniform, fine
grained material of sand sizes in the range from 0.062 to 2.0 mm, a volu
metric or bulk sampl ing procedure is followed. Bulk samples usually are dug
out by shovel from exposed sandbars, or for underwater conditions by a bed
material sampler such as the 8M-54, BMH-60, or BMH-80 (Federal Interagency
Sedimentation Project, 1963). Core samples taken in the stream channel as a
part of geologic site investigation may be used if they are considered
representative of channel bed material. M example of a sampl ing program for
bulk sampling would be to collect about three samples in each cross section
which if located about 0.5 mi (0.8 km) apart for a 5 mi (8-km) reach would
provide about 33 samples for sieve analysis. Each sample would contain both
surface and subsurface material and an arithmetic average of all 33 samples
would provide a composite sieve analysis.

The sampl ing of riverbeds composed of gravel or cobble material >2.0 mm \'thich
may be uniformly mixed through the degradation zone or as a pavement over
finer size sediments is more complicated. A good description of sampling
procedures under variable types of sediment is given by Wolman (1954),
Kellerhals (1967), Leopold (1970), and Kellerhals and Bray (l971).
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For a gravel or cobble bed river. the sampl ing procedure is dependent on the
purpose or objectives of the study. If the investigator is conducting a
sediment transport study to quantify the bedload movement. then surface
samples of the streambed are needed. A degradation or scour study requires
samples of both the surface as well as the underlying sediments. In the
1atter case. it is necessary for the investigator to determine either by
sampl ing or judgment the appropriate procedure for properly weighting the
proportion of surface and subsurface sediments.

The procedures for sampl ing and analysis of samples for gravel and cobble
riverbeds can be quite varied depending on river conditions. For IIdeep
water ll sampling. a drag bucket technique is used. The size of the bucket is
dependent on the si ze of rocks. A bucket-type II jawll sampl er with jagged edge
on the open end of the buc ket hav ing a diameter of about 1 foot (0.3 m) has
been used with some success by Reclamation for cobble bed material. On many
rivers. deep water sampl ing can be avoided by find ing an exposed gravel bar
with material s observed to be simil ar to the underwater material and sampl ing
under dry bed cond it ions.

The techniques for sampling of bed material on exposed gravel bars or under
shallow water are described by Wolman (1954) or Kellerhals and Bray (1971).
The most common method s are:

1. Volume or bulk sample collected for sieve analysis by weight.

2. Gr id sampl ing \'klere all mater i al in a spec ifi ed surface area is
collected. usually a square that can vary from 1.5 to 3 ft (0.5 to 0.9 m)
on each side.

3. Random sampl ing of rocks at predetermined distance along a straight
1ine usually by a random step procedure or collecting those at grid inter
section points over a 1arge areal coverage such as a 50-ft (15-m) square.

All three methods require an investigator to make a field selection for site
selection based on representativeness of the bed material. Method 1 usually
is applicable to small size gravels where the sample can be taken to a
laboratory for sieve ana'lysis,. Methods 2 and 3 are applicable to larger rock
where a surface count and measurement of the 1arger particles can be made and
then converted to an equivalent customary bulk sieve analysis. The conver
sion is especially important if finer material is encountered during the
count method which could be analyzed by sieve analysis and combined with the
count method for a composite size analysis.

The count method invol ves the measurement of the intermed i ate ax i s of par
ticles larger than about 1/2 inch (13 mm). Each rock is measured and grouped
into an appropriate size and class and then thrown away. Aminimum of from
75 to 100 rocks usually are considered necessary to have a representative
sample. The conversion or weighting factor for each size fraction is directly
proportional to 03 with 0 being the geometric mean diameter for a size
fraction. M example computation for conversion of rock count to sieve
analysis by weight is shown in table 1 for sample No. B-2 in the Colorado
River. It is advisable to photograph the bed materi,al at all sampling
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locations. If the surface material is sampled by the count method, a photo
graph of this material as well as the underlying material is important.
Figures 1 and 2 show the surface material and underlying sediments at a
sampling location on the Colorado River (Pemberton, 1976). Figure 3 illu
strates the results of sampl ing programs conducted in the Colorado River
below 61 en Canyon Dam pr ior to construction of the dam in 1956 and subsequent
to construction in 1966 and 1975. The armor material in 1966 and 1975 was
analyzed by the count method 'Iilile all other samples were averaged from a
bulk sieve analyses.

Tab 1e 1. - Conversion of rock count (grid-by-number) to sieve
analysis by weight - Sample No. B-2 Colorado River

below 61 en Canyon Dam - 1975

Size 0 1/ Weighting Count Count
Size range Geometnc mean factor in si ze x D3 Per- Percent. 03 (mm3) (106)in mm 10 range centage finer

(103)

9 to 8 216 8.49 10 100 3 30.3 15.9 100
8 to 6 176 6.93 5 450 14 76.3 40.2 84.1
6 to 4 124 4.~ 1 910 28 53.5 28.2 43.9
4 to 2 72 2.83 373 72 26.9 14.1 15.7
2 to 0.75 31 1. 22 298 100 2.98 1.6 1.6- --

217 189.98 100

1/ Measurement of intermediate axis.

Hydraulic Properties

The hydraul ic properties of the stream channel at the dominant discharge are
required in the degradation analysis. These properties include flow area,
width, depth, and velocity which usually can be obtained from the water
surface profile computations for the tailwater reach downstream from the dam.
The accuracy of the field data in defining channel hydraulics as well as
location of the proper channel sections is comparable to that given in the
criteria for a water surface profile computation described by Reclamation
(1957). The hydraul ic properties of all the cross sections are averaged for
the dominant discharge to determine representative data in the reach where
degradation is expected to occur. If a distinct break in slope occurs in the
overall reach, a subdivision into one or more reaches selected on the basis of
slope should be made for averaging the hydraul it properties. The water
surface slope is assumed equal to the energy gradient for all computations.

Upon obtaining data on particle size of bed and bank material and the channel
hydraulic properties, a method of analysis is chosen to apply to the stream
channel being considered. The two techniques presented in the following
discussion, either the armoring or limiting slope method, are recommended as
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Figure 1. - Gravel-cobble size armoring in Colorado River below Glen Canyon
Dam in July 1975.
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Figure 2. - Material underlying armor layer in Colorado River below Glen

Canyon Dam in July 1975.
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• alternative choices. For general degradation. the armoring method is tested
first because a sediment transport study may not be necessary with a resulting
savings in time and cost for computations. If the armoring method is not
app1 icab1e, then the stable slope method is used.

DEGRADATION LIMITED BY ARMCRING

When the channel bed dOWTlstream from a dam contains more than 10 percent
coar se mater i a1 wh ich cannot be transported under dominant flow cond it ions
armoring will in time develop. The formation of an armoring layer at the
max imum depth of degrad at ion wi 11 depend on such factors as reservoir oper a
tions, the amount of armoring material avail able in the scour depth zone
below streambed, and the distance to which this material extends downstream.

There are several ways to compute the size of bed material required for
armoring and each method is regarded as a check on the others. Each method
computes a different armoring si ze and some judgment may be required in
selecting the lower size limitation of nontransportable material. Reclama
tion recommends the following methods to determine armoring size:

1. Meyer-Peter, Mu 11 er (bed load transport equation)

2. Competent bottom velocity

3. Lane l s tractive force theory

• 4. Sh ie1ds di agr am

5. Yang incipient motion

Meyer-Peter, Muller {Bedload Transport Equation)

Bedload transport equations provide a method to compute a nontransportable
particle size representing coarse bed material capable of forming an armoring
layer. To describe a nontransportable size, the Meyer-Peter, Muller (1948)
bedload equation (Sheppard, 1960) for beginning transport of individual
particle sizes, may be applied when rewritten in the form:

(2 )
dS

Dc =K(ns ) 3/2
D9) 176

where:

•

Dc = Individual particle size in millimeters
K =0.19 inch-pound units (0.058 metric units)
d = Mean water depth at dominant discharge,ft (m)
S = Slope of energy gradient, ft/ft (mlm)

ns = Mann ing I s II nil for bed of stream
09) = Particle. size in millimeter at which 90 percent of bed material

by weight is finer

9



•

•

Bedload equations, such as the Schokl itsch equation (Shul its, 1935), that were
developed on an experimental basis for material of a uniform size, may also
be applied using the individual particle size rather than the mean size.
Other bedload equations could al so be used to determine the transport rate of
various particle size ranges for the dominant discharge condition, selecting
that size range where the transport becomes negligible as the representative
armoring size. Some judgment is required in choosing the point where the
transport is adequately diminished such as to reasonably assume that the
particular size range is coarse enough to actually form an armor.

Competent Bottom Velocity

Investigations show that the size of a particle plucked from a streambed is
proportional to the velocity'of flow near the bed. The particle starts to
move at what is called the competent bottom velocity (Mavis and Laushey,
1948) which is approx imatel y 0.7 times Vm, the mean channel velocity. The
competent bottom velocity method for determining armoring size is computed
from a relationship between'mean channel velocity with armoring size by the
equation:

Dc = 1. 88 Vm2 inch-pound un its

Dc = 20.2 Vm2 metric units

where:

Dc = Armor si ze, mm
Vm = Mean channel velocity, ft/s (m/s)

Lane's Tractive Force

The tractive force method is based on the results of a study by Lane (1952).
He summarized the results of many studies in a rel ationship of critical
tractive force versus the mean particle size diameter in millimeters, which
is reprod uced on fig ure 4. Thi s method entails comput ing the crit ic al
tractive force (equation 4) using the channel hydraulics for dominant dis
charge. By selecting an appropriate curve on figure 4, usually the recom
mended set of "curves for canal s with clear water in coarse noncohesive
material," a critical tractive force gives the lower size limit of the
nontr ansportab 1e materi al, Dc.

•

where:
Tc = TwdS

Tc = Critical tractive force, lb/ft 2 (g/m2 )
Tw = Specific weight)(mass) of water, 62.4 lb/ft 3 (1 t/m3 )

d = Mean water depth, ft(m)
S = Slope, ft/ft (m/m)

10
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• Shields Diagram

Many investigators use the Shields diagram (Shields, 1936), figure 5,
to define the initiation of motion for various particle sizes. In the
process of armoring of a streambed for predominately gravel size material
>1.0 mm and high Reynold's number R*>500, the Shields parameter given below
provides a method for determining an armor size.

j T. = cr. =\w)Oc =0.06 (5)

where:
"1\"" . ~

C"c.::C;e·~"t' I ~T._~.,i

1'* = DimensionlessXshear stress,
lc = Critical shear stress = TwdS, lb/ft 2 (t/m2 )
Ts = Specific weight (mass) of the particle
Tw =Specific weight (mass) of water
Dc = Diameter of particle

•

Inch-pound units

Tw =62.4 lb/ft 3
Ts = 165 lb/ft 3

d = depth, ft
S = slope, ft/ft

Dc = si ze, ft

Metric units

Tw = 1. 0 t/m3
is = 2. 65 tlm3
d = depth, m
S = slope, m/m

0c = si ze, m

Yang Incipient Motion

Yang (1973) developed a relationship between dimensionless critical velocity,
Vcr/w, and shear velocity Reynold's number, R*, at incipient motion.
Under rough regime conditions where R*>70, the equation for incipient
motion which is considered applicable to bed material size larger than about
2 mm by Recl anation is:

where:

Vcr =w 2.05 (6 )

•

Vcr = Critical average water velocity at incipient motion, ft/s (m/s)
w =Terminal fall velocity, ft/s (m/s)

The settling velocity by RUbey (1933) for material larger than 2 mm in
diameter will approximate the fall velocity by:

w = 6.01 oc1/2 inch-pound units (7)

w =3.32 oc1/2 metric units

12
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• Equations 6 and 7 can be combined to give:

Dc = 0.00659 Vcr2 inch-pound un its

Dc = 0.0216 Vcr2 metric un its

(8 )

Depth to Armor and Volume Computations

After determining the size of the material required to armor the streambed,
from eithet:' an average of the five methods or a judgment decision on the best
method, an estimate can be made of the probable vertical degradation before
stabil ization is reached. The armoring computations assume that an armoring
layer will form as shown on figure 6 by the equations:

-,

an'd
Ya = Y - Yd

Ya = (~p) Y

(9 )

(10)

which are combined to:

Ya = Thickness of armoring layer .-:-,;;;:: 3De
Y = Depth from orig inal streambed to bottom of the armoring 1ayer

Yd = Depth from original streambed to top of armoring layer or the
depth of degradation

~p = Dec imal percentage of original bed material 1arger than the armor
si ze, Dc

•
where:

i

Yd = Ya ( i-P -1) I (11 )

FL ow fOriginal streambed

Degraded streambed

y

Yo

. ',~ ,J':~,-- , "", ~

.--:-: 0 0'.0,- --l.
'C:. 0,.' .o--r-"'a
, ',"" '., 0 T C
"'l <:2""'l.. ", D. D 0.c:. ~ ~.,'

0.. ,; ,J. 0

f\ 0 C" .' ,

Originol bed
,no tpriol

Y, ,. Depth to bot tom of the armortng loyer

Yd = Depth of degradation

•
Yo = Armoring layer

Dc ... Diameter of armor material

fJ p ... Decimal percentage of anginal bed matertal
larger than Dc

Figure 6. - Armoring definition sketch.
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•
The percentage of the bed material equal to or greater than the required
armoring size, Dc, can be determined from the bed material size analysis
curve from samples collected of the streambed material through the reach
involved and at a depth through the anticipated scour zone. This size
analysis gives the value Ap to be used in equation 11. The depth, Ya' of
the required armoring may vary, depending on the limiting particle size, from
a thickness of one particle diameter to three particle diameters or one and
three times the armoring size, respectively. A rough guide for use in design
is either three armoring particle diameters or 0.5 ft (0.15 m), whichever is
small er. Although armoring has been observed to occur with 1ess than three
particle diameters, variabilityof channel bed material and occurrence of
peak discharges dictate the use of a thicker armor layer.

The armoring technique is based on two basic assumptions that mayor may not
hold for the particular channel studied. The assumptions are: (a) that the
degraded channel will have the same hydraulic conditions as the existing
channel, and (b) that the ultimate slope of the degraded channel waul d be
equal to the slope of the existing channel. Lateral degradation or erosion
of the channel banks may occur simultaneousl y with armoring of the streambed.
A description of the methods for predicting lateral degradation is given in
subsequent section "Degradation Limited by a Stable Slope. 1I

•
An example of the streambed degradation computation 1imited by armoring using
the five recommended methods are given below. The following data are known
for the example computations for a channel downstream of a storage dam:

Q = Dominant discharge = 500 ft 3/s (l4.2 m3/s)
B = Channel width = 60 feet (18.3 meters)
d = Mean channel depth = 4 feet (1.22 meters)
Vm = Mean channel velocity = 3.4 ft/s (1.04 m/s)
S =Stream grad ient = 0.0021
Dc = Armor ing si ze = di ameter in mill imeters
ns = Manning IS " n" for bed of stream = 0.03

Meyer-Peter, Muller (bedload transport equation):

Inch-pound units Metric units

dS

(
ns ) 3/2

0.058 176
090

090 = 34 mm

dS°c= (ns ) 3/2
0.1~ 176

090
090 as sumed = 34 mm

•

° _ 4.0 (0.0021)
c - 0 19 (0.03 ~372

. 34 176)

0.0048
Dc =0.000409 = 20 mm

= 1.22 (0.0021)
Dc 0.058 ( 0.03 )372

34 176

Dc =0.00256 = 20 mm
0.000125

15



• Competent bottom vel oc ity:

Inch-pound units

Dc = 1. 88 Vm2
Dc = 1.88 (3.4)2
Dc = 22 mm

Lane's tractive force:

Inch-pound units

Tc = Tw dS
Tc =62.4 (4.0)(0.0021)
Tc = 0.524 lb/ft 2
Dc from figure 4 = 31 mm

Metric units

Dc = 20.2 Vm2
Dc = 20.2 (1.04)2
Dc = 22 mm

Metric units

Tc = lw ds
Tc = 106 g/m3 (1. 22) (0.0021)
Tc = 2560 g/m3
Dc fr om fi 9 ur e 4 = 31 mm

Mean of the above five methods for comput ing armoring si ze is 24 mm, which
was adopted as a representative armoring si ze. By use of equations 10 and
11, a three-layer thickness of nontransportable material to form an armor,
and an assumed 17 percent of bed material >24 mm (from size analysis of
streambed material), the depth of degradation is:

i Ya= 30c l= 3 (24) = 72 mm = 0.236 ft (0.072 m)

Inch-pound units Metric units

•

•

Sh i e1ds d; ag r i!T1 :

Inch-pound units

= IwdS I'V 1f.5
Dc 0.06 (is - Tw) ~ /,

D - 62. 4 (4. 0) (a.0021 )
c - 0.06 (165 - 62.4)

Dc = 0.0851 ft
Dc = 26 mm

Yang incipient motion:

Inch-pound units

Dc = O. 00659 Vc r2
Dc = 0.00659 (3.4)2
Dc = 0.00762 ft
Dc = 23 mm

1
Y = Y (- - 1)d a Ap

1
Yd = 0.236 (0.17 -1)

Metric units

D =1.0 (1.22) (0.0021)
cO.06 (2. 65 - 1)

Dc = 0.026 m
Dc = 26 mm

Metric units

Dc =0.0216 Vcr2
Dc = 0.0216 (1. 04)2
Dc = 0.0234 m
Dc = 23 mm

_ 1 )y - y (- - 1d a Ap

1
yd = O. 072 (0:17 - 1)
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It is difficult to determine the distance that degradation will extend
downstream when an armoring condition is the 1imiting factor. With the
assumption that the degraded and existing slopes are the same, degradation
can be predicted to extend downstream until the volume of material degraded
from the channel plus tributary contributions equals the estimated annual
volume of eroded material multiplied by some time period usually equal to the
economic 1ife of the structure in the fo 11 owing equation form:

• Yd = 1.15 ft Yd = 0.351 m

(12 )

•

•

where:

Vg = Total volume of degradation, ft 3 (m3)
VA = Estimated annual vol ume of eroded material, ft 3/yr (m3/a)
T = Time in years (equal s 100 years for most USBR stud ies)

The actual physical process of degradation begins at the dam and continues
downstream with the depth of degradation diminishing in proportion to the
sediment load picked up below the dam. fts the upstream reach becomes armored,
degradation, and, consequently, channel pickup is r'educed and the next reach
downstream is subjected to a simil ar degradation process until it armors,
after which the process moves on down river.

In the more sophi sticated mathematical model s degradation computations are
made by dividing the stream into reaches. M initial step is to compute the
volume of sediment carried out of each reach by the riverflows over a speci
fied time frame. The difference between the volume of material transported
out of the reach and that brought into the reach from the immed i ate upstream
reac h wo ul d determ ine the degrad at ion in the reac h.

DEGRADATION LIMITED BY A STABLE SLOPE

The limiting or stable slope method for computing degradation is based on the
degrading process controlled by zero or negligible transport of the material
forming the bed of the stream channel. It can be appl ied to cases where the
amount of coarse material is insufficient to form an armoring layer on the
channe1 bed.

The stable slope is determined by appl kation of several methods such as
(1) Schoklitsch bedload equation (Shulits, 1935) for conditions of zero
bed load tr ansport, (2) Meyer-Peter, Mull er (1948) bedload equation for
beginning transport, (3) Shields (1936) diagram for no motion, and (4)
Lane's (1952) rel ationshi p for crit ic al. tractive force assuming cl ear water
flow in canals. Other bedload equations are equally as applicable as the
Schoklitsch or Meyer-Peter, Muller equations for zero bedload transport.
However, many of these involve trial and error computations until a slope is
found to produce negligible bedload transport .

Stable slope computations are made for the dominant diScharge which is
defined as the flow effecting the ultimate shape and hydraul ics of the
channel.

17



• Schoklitsch Method

The Schokl itsch equation for zero bedload transport is expressed as follows:

\ =K (~~) 3/4 (13)

where:

SL =Stable slope, ft/ft (mlm)
K =0.00174 inch-pound units (0.000293 metric units)
o = Mean particle size, mm
B = Channel width, ft (m)
Q = Dominant discharge, ft 3/s (m3/s)

Meyer-Peter, Muller Method

Limiting slope computa:tions by the Meyer-Peter, M.Jller beginning transport
equation are:

(14 )

• where:

SL =Stable slope, ft/ft (mlm)
K =0.19 inCh-pound units (0.058 metric units)

Q~ =Ratio of total flow in ft 3/s (m3 Is) to flow over bed of stream

in ft 3/s (m3/s). Usually defined at dominant discharge where Q~ = 1
for wide channel s

090 = Particle size at which 90 percent of bed material by weight is
finer

ns = Manning's "n" for bed of stream
o =Mean particle size, mm
d = Mean depth, ft (m)

Shields Diagram Method

The use of Shields diagram for computing a stable slope involves the rela
tionship of the boundary Reynold's number R* varying with the dimensionl ess
shear stress T* shown on figure 5 as follows:

•,1
UD
*R =--* tI

18
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• where:

R* = boundary Reynold's nllTlber
U* = Shear velocity -ySLRg, ft/s (mls)
SL = Slope, ft/ft (mlm)
R = Hydraulic radius or mean depth for wide channels, ft (m)
9 = Acceleration due to gravity, 32.2 ft/s 2 (9.81 m/s2)
o = Particle diameter, ft (m)
v = Kinematic viscosity of water varying with temperature, ft 2/s

(m2/s)

and

Lane's Tractive Force Method

The fourth method suggested for computing the stable slope is to use the
critical tractive force relationships shown by Lane (1952). Critical trac
tive force is defined as the drag or shear acting on the wetted area of the
channe1 bed and is ex pr es sed as:

where:
T* = Dimensionless shear stress
Tc = Critical shear stress lb/ft 2 (t/m2) equal to TwdSL
T5 = Specific we.ight (mass) of particles, 165.4 lb/ft 3 (2.65 t/m3 )
Tw = Specific weight (mass), 62.4 lb/ft 3 (1 t/m3)

d = Mean depth, ft (m)
SL = Slope, ft/ft (mlm)
o = Particle diameter, ft (m)

•
rewriting in terms of SL

Tc = TwdSL

SL = Tc/Tw d

(17)

(18)
where:

•

'Ie = Critical tractive force, 1b/ft2 (t/m2) (may be read from the
curve on figure 4. Enter the abscissa scale with the 050 or Om
in millimeters and read the critical tractive force value from
the curves for canals with clear water)

Tw = Specific weight (mass) of water, lb/ft 3 (t/m3)
d = Mean water depth for dominant discharge, ft (m)

Example of the Stable Slope Computations

An example problan for a stable or 1imiting slope, SL, computation is given
below showing the four methods:

Q = Dominant discharge = 780 ft 3/s (22.1 m3/s)
B =Channel width = 350 ft (107 m)
d = Mean water depth = 1.05 ft (0.32 m)
S =Slope of energy grad ient = 0.0014

19



• o = Bed material size 050 =0.000984 ft (0.3 mm)
090 = 0.00315 ft (0.96 mm)

ns = Mann ;ng I s It nit for bed of stream = 0.027
V =Mean velocity from Manning's equation = 2.13 ft/s (0.649 mLs)
II = Kinematic viscosity of water = 1 x 10-5 ft 2/s (0.929 x 10-6) m2/s

SCHOKLITSCH METHOD:

\ = K (~B)3/4

•

Inch-pound units

(
0.3 x 350) 3/4\ = 0.00174 780

SL =0.00174 (0.222)

SL =0.000386 ft/ft

MEYER-PETER, MULLER METHOD:

Inch-pound units

0.19 (0.3) (0.027 ~ 3/2
= (0.96)176)

SL 1.05

S = 0.057 (0.00448)
L 1. 05

SL =0.000243 ft/ft

SHIELDS DIAGRAM METHOD:

Metric un its

S =0 000293 (0.3 x 107) 3/4
L' 22.1

SL =0.000293 (1.32)

SL =0.000386 m/m

Metric units

0.058 (0.3) (.0.027 ) 3/2
_ (0.96 )176

SL - 0.32

S - 0.0174 (0.00448)
L - 0.32

SL = 0.000243 m/m

I nch- pound un its

U* D
R =-* lJ

vs.

Metric units

U* =~S R 9

R = (0.0014 x 1.05 x 32.2)1/2 (0.000984) R = (0.0014 x 0.32 x 9.81)1/2 (0.0003)
* 1 x 10-5 * 0.929 x 10 -6

•
. R =0.218 (0.000984) = 21 5 R* =0.0663 (0.0003) = 21.4
! * 0.00001' 0.929 x 106

20
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•

Inch-pound units

Tcfrom figure 5, 1~ = 0.035 = ----
(Ts - Tw)D

= 0.035 (165.4 - 62.4) (0.000984)
\ 62. 4 (1. 05 )

SL =0.0000541

recompute R = 21 5 fO .0000541\ 1/2* . \ 0.0014 I

R*=4.23

from figure 5, 1,-* = 0.039 = ( Tc ) 0
Ts - Tw

_ 0.039 (103) (0.000984)
SL - 62.4 (1. 05 )

SL = 0.0000603 ft/ft

LANE I S TRACT! VE FORCE METHOD:

Read figure 4 with 0 = 0.3 mm

Inch-pound units

Tc = 0.028 lb/ft 2

_ 0.028
SL - 62.4 (1. 05)

SL = 0.000427 ft/ft

Metric units

fr om di ag ram, T* = O. 035

S - 0.035 (2.65 - 1) (0.0003)
L - 1 (0.32)

SL =0.0000541

recompute R = 21 4 (0.0000541)1/2* . 0.0014

R* = 4.23

from diagram, T* = 0.039 (T
s
:cTJ 0

s - 0.039 (1.65) (0.0003)
L - 1 (O. 32)

SL = O. 0000603 m/ m

Metric units

T c = 137 g/m2

137
SL = 1 x 106(0.32)

SL = 0.000427 m/m

•

The selection of the most appropriate stable or limiting slope can be based
on an average of all four methods as shown below in table 2 or can be selected
from the technique considered most applicable. In applying any of the
methods) some judgmental changes could be made in assumptions of no change in
channel hydraulics or bed material particle size analysis. In the example
problem,a possible change would be to assume that with degradation the 050
caul d increase to greater than the 0.3 mm. However, thi s change waul d be
dependent on the characteristics of the particle size distribution curve. In
some situations) the stab 1e 510pe computed by any of the four method s caul d be
equal to or greater than the streambed slope. This would indicate a negligible
amount of degradation usually applicable to a streambed that is already
armored or the equation is not applicable to this case. Depending on field
conditions for an appraisal level investigation, the stable slope could be
taken as equal to one-hal f the streambed slope and used in the computations.
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• Table 2. - Stable slope

Method Stable slope
ft/ft (m/m)

1. Sc ho k1i t sc h
2. Meyer-Peter, Muller
3• Sh i e1ds d i ag ram
4. Lane ' s tractive force

Average

Volume computations

0.000386
0.000243
0.0000603
0.000427

0.000279

•

The next step in the degradation computations is to estimate the volume of
material expected to be removed from the channel. If there are no downstream
controls or bedrock outcrops that would limit the degradation process and
little depletion in the steamflow with minor regulation by the reservoir
upstream, it can be assumed the stream is capable of picking up a load of
coarse sediments (particle sizes greater than 0.0625 mm) equal to that
port ion of the hi storie load greater than 0.0625 mm. If, however, the
streamflow is depleted or significantly regulated, the sediment load picked
up from the channel will be less than the historic load, which is greater
than 0.0625 mm. This new sediment load can be determined from a sediment
rating curve or plot of stream discharge versus sediment transport specifi
cally for sizes equal to or greater than 0.0625 mm. The rating curve is
developed from Modified Einstein computuations described by Colby and Hembree
(l955), Bureau of Reclanation (1955), and Bureau of Reclamation (l966) from
measured data taken at a section considered r.epresentative of the downstream
channel degradation reach. If sufficient observed data are not available, a
curve can be developed from computed transport val ues determined by appl ica
tion of appropriate bed material load equations (ASCE, 1975; Simons and
Senturk, 1977; and Strand and Pemberton, 1982) that utilize the channel
geometry defined by the channel cross sections of the reach being investi
gated. The annual load determined from this curve by weight (mass) can be
converted, through the river density analysi s described by Lara and Pemberton
(1965), to an annual volll11e of degradation, VA'

The annual vol ume multiplied by a time period T (usually equal to 100 years
or the economic 1ife of the structure) gives the total vol ume of degrada
tion, Vg, in ft 3 (m3) usually expressed by equation 12.

After determining the stable slope and volume of material removed, the mean
depth of degrad ation appl ic ab 1e to the entire width of the channel at the dan
can be computed and the degraded channel profi 1e defined as shown on
figure 7. The practical accuracy of the results of this technique improves
when the following conditions prevail:

1. The future degraded channel will not differ greatly from the existing
channel; thus, the stream channel geometry defined by average cross sections
is common to both existing and degraded conditions.
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• 2. The slope of the ex i st ing streambed within the expected degraded channel
reac his fa irl y un iform; therefore, an average grad ient can be used for the
computations.

3. The bed material is considered homogeneous throughout the reach and can
be represented by a single particle size gradation curve.

4. The bed is free of any nonerodible barriers that would prevent the
stream from degrading to form the average stable section at the stable
slope.

The depth of degradation and degraded profil es are determined by the follow
ing procedure using the stable slope technique:

First the longitudinal area defined as that area between the existing stream
Bed and degraded streambed (see fi g. 7) is computed by the equation:

(19)

10------ LJ ..----1-----------__ L
g

_

Figure 7. - Degraded channel profile - three-slope method general
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• \\here:

ag = Long itud ina1 ar ea, ft 2 (m2)
V9 = Vo 1urne 0 f deg r ad at ion, f t 3 (m3 )
Bd = Water surface width for the dominant discharge, ft (m)

The depth of degradation is computed by the equation:

(20)

where:

d = Depth of degradation, ft (m)
AS~ = Difference between the existing streambed slope, Sb' and the

stable slope, SL, ft/ft (m/m)

The length of the degraded channel reach is computed by:

where:

Lg = 1.625 dg/ASg (21)

•

•

Lg = length of the degraded channel reach, ft (m)

Referring to figure 7, the degraded profile can be determined using the
diagram and the equations shown to determine the length and slope for each
segment of the profile.

If lateral degradation is a significant factor, a special analysis is neces
sary to determine the degraded channel width. Some 1ateral movement should
be suspected \'ktere the banks are composed of simil ar materi al as the bed
and do not have the necessary vegetation to resi st erosion. Where 1ateral
movement is indicated, the extent of vertical degradation generally is not
as great because some of the transported material is suppl ied from the
streambanks.

The prediction of bank erosion in a degrading reach of river usually is made
by either a permissable velocity and/or tractive force methods. Criteria for
determining a degraded width of channel assumes a homogeneous streambank
material and that the degradation process eventually will reach a state of
equil ibrium. The background material for criteria used in appl ication of
either method is described by Lane (1952), Lane (1955), and Glover et al.
(1951). The procedure outlined by Glover, et al. (1951) requires four basic
factors: (a) the tangent of the angle of repose of the bank material, (b)
critical tractive force, (c) longitudinal slope of the channel, and (d) a
roughness coefficient for use in the Chezyequation. The procedure usually
is more applicable to a narrow confined alluvial channel typical of a canal
type sec t ion.

The method used for most wider type river channels is to combine the criteria
given by Lane (1952) for velocity and critical tractive force with actual
field data and Manning's equation in the form:

24



'.j Inch-pound units

Q =1.486 B d5/ 3 S 1/2
n ' L

Metric units

Q=*B d 5/3 \1/2 metric (22)

•

The Lane (1952) reference summarizes earl ier work by other investigators
which included the tabulation by Fortier and Scobey (1926) of 1 imiting
velocities compared with val ues of tractive force for straight channel s after
aging and is shown in table 3. Table 3 is used primarily in a qual itative
manner for comparing tractive forces and velocities for sediment 1aden
channel s versus clear water channel s.

The first step in the computations for channel widening in a degrading reach
of river below an upstream dam is to compute the tractive force and velocity
under existing relatively stable channel conditions (with sediment) at a
dominant or channel forming discharge. The reduced tractive force or veloc
ity for cl ear water rel eases from an upstream dam can then be computed by
applying an appropriate adjustment ratio from values given in table 3 or fran
other criteria such as given in references by Lane (1952) or ASCE (1975).
The use of a tract ive force adj ustment is described in detail in these
guidel ines, although other techniques involving velocity criteria or regime
rel ationships are considered by many investigators as equally rel iable.

In the appl kation of the tractive force method, the reduced tractive force,
calculated in accordance with the changes to clear water, is used to predict
a new channel cross section by combining equations 4 and 22 .

In the previously cited example problem the existing tractive force from
equation 4 gives:

,Inch-pound units

Tc = 62.4 (1.05) (0.0014)

Tc = 0.092 lb/ft 2

Metric units

Tc =1.0 (0.32 (0.0014)

Tc =0.000448 t/m2 =448 g/m2 )

•

If the material in the banks was "fine sand colloidal", the above tractive
forces would, from table 3, be reduced by the ratio of 0.027 ;. 0.075
(132 ;. 366 metric) = 0.36. Applying this correction to the existing tractive
force gives a clear water tractive force of 0.033 lb/ft 2 (161 g/m2 ). This
is slightly greater than the tractive force of 0.028 lb/ft 2 (137 g/m2 ) read
directly from figure 4 for a D =0.3 mm shown under Lane's tractive force
method for computing a stable slope. Pn average adjustment ratio of 0.5
would apply to most alluvial banks of silt- and sand-size sediments.

In addition to the adjustment for clear water, a correction for sinuosity
similar to that described by Lane (1952) for canals is applicable to some
rivers as shown in table 4:
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Table 3. - Comparison of Fortier and Scobey's limiting velocities
with tractive force val ues (straight channel s after ag ing)

[inch-pound units (metric units)]

••

N
0'\

Water transporting
For clear water colloidal silts

Mater i a1 Manning's Velocny TractlVe force Ve IOClty TractlVe force
n ftl s (mI s) lb/ft 2 (g/m2 ) ft/s (m/s) lb/ft 2 (g/m2 )

Fine sand colloidal 0.020 1. 50 (0.457) 0.027 (132) 2.50 (0.762~ 0.075 (366)
Sandy Loam nonco11 aid al 0.020 1. 75 (0. 533 ) 0.037 (181 ) 2.50 (0.762) 0.075 (366)
Silt loam noncoll oidal 0.020 2. 00 (0. 610) 0.048 (234) 3. 00 (0. 914 ) 0.11 (537)
Alluvial silts nonco11oida1 0.020 2. 00 (0. 610 ) 0.048 (234 ) 3.50 (1. 07) 0.15 (732 )
Ordinary firm loam 0.020 2.50 (0.762) 0.075 (366) 3.50 (1.07) 0.15 (732 )
Vo1can ic ash 0.020 2.50 (0.762) 0.075 (366) 3.50 (1.07) 0.15 (732)
Stiff clay very colloidal 0.025 3.75 (1.14) 0.26 (1270 ) 5.00 (1. 52) 0.46 (2250)
All uv i a1 silt s co11 0 ida1 0.025 3.75 (1.14) 0.26 (1270 ) 5.00 (1. 52) 0.46 (2250)
Shales and hardpans 0.025 6.00 (1. 83) 0.67 (3270 ) 6.00 (1. 83) 0.67 (3270) -
Fine gravel 0.020 2.50 (0.762) 0.075 (366) 5.00 (1. 52) 0.32 (1560)
Graded loam to cobbles 0.030 3.75 (1.14) 0.38 (1860 ) 5.00 (1. 52) 0.66 (3220)
~en noncolloida1

Graded silts to cobbles 0.030 4.00 (1. 22) 0.43 (2100) 5.50 (1. 68) 0.80 (3910)
when colloidal

Coarse gravel noncolloidal 0.025 4.00 (1.22) 0.30 (1460 ) 6.00 (1. 83) 0.67 (3270)
Cobbles and shingles 0.035 5.00 (1. 52) 0.91 (4440) 5.50 (1. 68) 1.10 (5370)



• Table 4. - Sinuosity correction for canal s

Degree of si nuosi ty

Straight canal s
51 ightly sinuous canal s
Moderately sinuous canals
Very sinuous canal s

Tractive
force

(%)

100
90
75
60

Velocity
(% )

100
95
87
78

The next step in the width computations by reduced tractive force is to
compute the new width t B1t by combining equation 4 and equation 22 which
9 iv es :

In the examp1 e problem for c1 ear water rel eases using the tr act ive force
method and with no correction for sinuosity,•

Inch-pound units

661 n Q SL 7/6
B1 = Tc573

Inch-pound units

_ 661(0.027)(780)(0.000279)7/6
81 - {0.033)573

B =13.9 x 10
3

(0.0000713) =291 ft
1 0.00340

Metric units

(23)

Metric units

B = 0.027(22.1)(0.0000713)xl010
1 (161)573

81 = 89 m

•I.

The example shows that there would be a reduction in existing width of
350 ft (107 m) to 291 ft (89 m) in the upper reach where the stable slope is
0.000279. However, using figure 7 as an example of the degradation profile
and breakdown into subreaches, the degraded width computations from equation
23 are shown in table 5 for the example problem. In table 5, the adjustment
in tractive force from clear water to sediment 1aden water conditions assumes
an equal change between reaches as defined by A;C .
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Table 5. - Degraded width computations by tractive force

Tractive force 81 = Degraded
Adj ustment width from

Reach Slope 1/ ratio c equation 23
lb/ft 2 (g/m2) ft ( m)

1 0.000279 0.36 0.033 (151 ) 291 (89 )
2 0.000653 0.57 0.053 (259) 357 (109 )
3 0.00103 0.78 0.073 (356) 355 (108 )

Natural 0.0014 1. 00 0.092 (448) 350 (107 )
channel

11 Div ision of reach into three subreaches with equal change in
~lope as defined by ~g.

The final step for the exampl e problem is the volllTle computations or the
appl kation of equations 12 and 19 through 23 as well as the equations shown
on figure 7 for reach lengths. The annual sand (material >0.062 mm) removal
is assumed to be equal to the historic sand load of 1 x 106 ft3/yr
(28.3 x 103 m3/a) and the average width from table 5 equal to 354 ft
(108 m). The width in reach 1 was asslJl1ed to remain at 350 ft (107 m) rather
than reduced to 291 ft (89 m) as shown in table 5.

The longitudinal area in the degraded reach (see fig. 7) is ~omputed for T =
100 years (eq. 12), where Vg(lOO) = 1 x 108 ft3 (2.83 x 106 m:s) by equation 19
as follows:

Inch-pound units

1 x 108 6 2ag = 354 = 0.282 x 10 ft

Metric units

The depth of degradation is computed by equation 20 as follows:

Inch-pound units

dg = 1.28 [(0.0014 - 0.000279)
0.282 x 106]0.5

dg = 1. 28 (1 7. 8)
dg = 22.8 ft

Metric units

dg = 1.28 [(0.0014 - 0.000279)
26.2 x 103]0.5

dg = 1.28 (5.42)
dg = 6.94 m

•
The length of the degraded channel reach from equation 21 follows:

_ 1.625 (22.8~
Lg - (0.0014 - 0.00 279)
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•
Inch-pound units

37.05
Lg =0.00112

Lg = 33100 ft

and for the subreaches:

Inch-pound units

L1 = 2 (6~O~112) = 10 200 ft

_ 3 (22.8)
L2 - 8 (0.00112) =7 600 ft

L = 3 (22.8) - 15 300 ft3 4 (0.00112) -

Metric un its

L - 1.625 (6.94)
g- O. 00112

Lg = 10100 m

Metric unHs

L1 = 2 (O~ o~i12) = 3 100 m

L = 3 (6 .94 ) = 2 300 m
2 8 (0.00112)

_ 3(6.94)
L3 - 4 (0.00112) =4 700 m

•

•i

CHANNEL SCOUR DUR ING PEAK FLOODFLOWS

The design of any structure located either along the riverbank and flood
pl ain or across a channel requires a river study to determine the response of

'the riverbed and banks to large floods. A knowledge of fluvial morphology
combined with field experience is important in both the collection of ade
quate field data and selection of appropriate studies for predicting the
erosion potential. In most studies, two processes must be considered,
(l) natural channel scour, and (2) scour induced by structures placed by man
either in or adj acent to the main river channel.

Natural scour occurs in any moveable bed river but is more severe when
associated with restrictions in river widths, caused by morphological
channel changes, and influenced by erosive flow patterns resulting from
channel al inement such as a bend in a meandering river. Rock outcrops along
the bed or banks of a stream can restr ict the normal river movement and thus
effect any of the above infl uencing factors. Manmade structures can have
varying degrees of infl uence, usually dependent upon either the restriction
pl aced upon the normal river movement or by turbul ence ;n flow pattern
directl y rel ated to the structure. Exampl es of structures that infl uence
river movement would be (1) levees placed to control flood plain flows, thus
increasing main channel discharges; (2) spur dikes, groins, riprapped banks,
or bridge abutments used to control main channel movement; or (3) pumping
pl ants or headworks to canal s pl aced on a riverbank. Scour of the bed or
banks caused by these structures is that created by higher local velocities
or excessive turbulence at the strucutre. Structures placed directly in the
river consist of (l) piers and pil ing for either highways or railroad bridges;
(2) dams across the river for diversion or storage, (3) grade control struc
tures such as rock cascades, gab;on control s or concrete baffled apron drop
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structures; or (4) occasionally a powerline or tower structure placed in the
flood plain but exposed to channel erosion with extreme shifting or movenent
of a river. All of the above may be subject to higher local velocities, but
usually are subject to the more critical local scour caused by turbulence and
helicoidal flow patterns.

The prediction of river channel scour due to floods is necessary for the
design of many Reel amation structures. These Reel amation guidel ines on scour
represent a summary of some of the more appl icable techniques which are
described in greater detail in the reference publications by T. Blench
(1969), National Cooperative Highway Research Program Synthesis 5 (1970),
C. R. Neill (1973), D. B. Simons and F. Senturk (1977), and S. C. Jain
(1981). The paper by S. C. Jain (1981) summarized many of the empirical
equations developed for predicting scour of a streambed around a bridge pier.
It should be recognized that the many equations are empirically developed
from experimental studies. Some are regime-type based on practical condi
tions and considerable experience and judgment. Because of the complexity of
scouring action as related to velocity, turbulence, and bed materials, it is
difficult to prescribe a direct procedure. Recl amation practice is to
compute scour by several methods and utilize judgment in averaging the
results or selection of the most applicable procedures.

The equations for predicting local channel scour usually can be grouped into
those appl icable to the two previously described processes of either a
natural channel scour or scour caused by a manmade structure. A further
breakdown of these processes is shown in table 6 where Type A equations are
those used for natural river erosion and Types B, C, and D cover various
manmade structures.

The importance of experience and judgment in conducting a scour study cannot
be overemphasized. It should be recognized that the techniques described in
these guidelines merely provide a set of practical tools in guiding the
invest igator to est imate the amount of scour for use in design. The coll ec
tion of adequate field data to define channel hydraul ics and bed or bank
materials to be scoured govern the accuracy of any study. They should be
given as much emphasis as the methodology used in the analytical study.
Fiel d data are needed to compute water surface profi 1es for a reach of river
in the determination of channel hydraul ics for use in a scour study. With no
restrictions in channel width, scour is computed from the average channel
hydraul ics for a reach. If a structure restricts the river width, scour is
computed from the channel hydraul ic s at the restr ict ion. In all cases, scour
estimates should be based upon the portion of discharge in and hydraulic
characteristics of the main channel only.

30



Table 6. - Classification of scour equation for various structure designs

• Equation
type

Scour Design

Natural channel for restric
tions and bends

5i phon crossing or any bur ied
pi pel ine. Stabil ity study of
a natural bank. Waterway for
one-span bridge.

•

'-'B

1
I C
I
!
t

I
i 0
L

Bankline structures

Midchannel structures

Hydraulic structures
across channel

Pbutments to bridge or siphon
crossing. Bank slope protection
such as riprap, etc. Spur
dikes, groins, etc. Pumping
pl ants. Canal headworks.

Pil ing for bridge. Pi er s for
fl ume over river. Powerl ine
footings. Riverbed water intake
structures.

Dams and diversion dams.
Erosion control s. Rock cascade
drops, gabion controls, and
conc rete drops.

•

Although each scour problem must be analyzed individually, there are some
general flow and sediment transport characteristics to be considered in
maki ng the judgmental dec i sion on methodology. The gener al conc 1us ion
reached by Lane and Borland (1954) was that floods do not cause a general
lowering of streambed, and rivers such as the Rio Grande may scour at the
narrow sections but fill up at the wider downstream sections during a major
flood. Another general sediment transport characteristic is the influence of
a large sediment load on scour ~ich includes the variation of sediment
transport associated with a high peak, short duration flood hydrograph. The
large sediment concentrations usually of clay and silt size material will
occur on the rising stage of the hydrograph up and through the peak of the
flood while the falling stage of the flood with deposition of coarser sedi
ments in the bed of the channel may be accompanied by greater scour of the
wetted channel banks. Channel scour al so occurs when the capac ity of stream
flow with extreme high velocities in portions of the channel cross section
wi 11 tr ansport the bed material at a greater rate than repl acement mater i al s
are suppl ied. Thus, max imum depth of channel scour during the flood is a
function of the channel geometry, obstruction created by a structure (if
any), the velocity of flow, turbulence, and size of bed material.

Design Flood

The first step in local scour stud'y for design of a structure is select ion of
design flood frequency. Recl amation criteria for design of most structures
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shown in table 6 varies from a design flood estimated on a frequency basis
from 50 to 100 years. This pertains to an adequate waterway for passage of
the floodflow peak. The scour calculations for these same structures are
always made for a 100-year flood peak. The use of the 100-year flood peak
for scour is based on variabil ity of channel hydraul ics, bed material, and
general complexity of the erosive process. The exception in the use of
the 100-year flood peak for estimating scour would be the scour hole immedi
atel y below a 1arge dam or a major structure where loss of structure caul d
involve 1ives or represent a catastrophic event. In this case, the scour for
use in design should be determined for a flow equal to 50 percent of the
structure design flood.

Equation Types A and B (See Table 6)

Natural river channel scour estimates are required in design of a buried
pipe, buried canal siphon, or a bankl ine structure. For most siphon cross
ings of a river, the cost of burying a siphon will dictate either the selec
tion of a natur~ narfow reach of river or a restriction in width created by
constructing canal bankline levees across a portion of the flood plain. A
summary of available methods for computing scour at constrictions is given by
Neill (1973). The four methods for estimating general scour at constricted
waterways described by Neill (1973) are considered the proper approach for
estimating scour for use in either design of a siphon crossing or wilere
general scour is needed of the riverbed for a bankl ine structure. The. four
methods supplemented with Reclamation's procedure for appl ication are given
below:

Field measurments of scour method. - This method consists of observing
or measuring the actual scoured depths either at the river under investi
gation or a simil ar type river. The measuranents are taken during as high
a flow as possible to minimize the influence of extrapolation.

A Reclamation unpublished study by Abbott (1963) analyzed U.S. Geological
Survey discharge measuranent notes from several streams in the southwestern
United States, including the Galisteo Creek at Domingo, New Mexico, and
developed an empirical curve enveloping observed scour at the gaging
station. This envelope curve for use in siphon design was further sup
ported by observed scour from crest-stage and scour gages on Gallegos,
Kut z, Largo, Chaco, and Gobernador Canyons in northwest New Mex ico
collected during the period from 1963 to 1969. The scour gages consisted
of a series of deeply anchored buried flexible tapes across the channel
section that were resurveyed after a flood to determine the depth of scour
at a specific location. The results of these measuranents are shown on
figure 8 along with the envelope curve for Gal isteo:-Cr~ek.that- ?upport
scour est imates for wide sandbed (D~O varying from 0.5 to 0.7 mm}') ephem
eral streams in the southwestern Unlted States by fhee-truafi<Hl:-

ds = K (q)O.24 (24)

where:

ds = Depth of scour below streambed,ft (m)
K = 2.45 inch-pound units (1. 32 metric units)
q = Unit water discharge, ft 3/s per ft of width (m3/s per m

of width)

32



•
q, UNIT DISCHARGE (m3Is per m width)
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• The use of equation 24 except as a check on other methods would be 1imited
to channels similar to those observed on relatively steep slopes ranging
from 0.004 to 0.008 ft/ft (m/m). Because of shallow depths of f.low and
medium to coarse sand size bed material the bedload transport should also
be very hi gh.

Regime equations supported by field measurements method. - This approach
as suggested by Neill (1973) on recommendations by Blench (1969) involves
obtaining field measurements in an incised reach of river from 'tkIich the
bankfull discharge and hydral uics can be determined. From the bankfull
hydraulics in the incised reach of river, the flood depths can be computed
by:

where:

d = d. (qf) m
f 1 qi

(25)

•

df = Scoured depth below design floodwater 1evel
di = Average depth at bankfull discharge in incised reach
qf = Design flood discharge per unit width
qi = Bankfull discharge in incised reach per unit widtb
m = Exponent varying from 0.67 for sand to 0.85 for coarse gravel

This method has been expanded for Reclamation use to include the empirical
regime equation by Lacey (1930) and the method of zero bed-sediment
transport by Blench (1969) in the form of the Lacey equation: r

A v (q?-)'?/
d
m

= O. 47 (~)1/3 - ,4--;" T (26)

where:

dm = Mean depth at design discharge, ft (m)
Q =Design discharge,ft 3/s (m3/s)
f = Lacey's silt factor equals 1.76 (Dm)1/2 where om equal mean

grain s; ze of bed material in m; 11 imeters

and the Bl ench equation for" zero bed factor":

(27)

•
\'klere:

dfo = Depth for zero bed sediment transport, ft (m)
Qf = Design flood discharge per unit width, ft 3/s per ft (m3/s per m)

Fbo = Blench's "zero bed factor" in ft/s 2 (m/s2) from figure 9

The max imum natural channel scour depth for design of any structure pl aced
below the streambed (i.e., siphon) or along the bank of a channel must
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• consider the probable concentration of floodflows in some portion of the
natural channel. Equations 25, 26, or 27 for predicting this maximum depth
are to be adjusted by the empirical multiplying factors, Z, shown for
formula Types A and B (table 6), in table 7. Pll illustration of maximum
scour depth associated with a flood discharge is shown in a sketch of a
natural channel, figure 10. As shown in table 7 and on figure 10, the ds
equal s depth of scour below streambed.

ds = Z df

ds = Z dm

ds = Z dfo

Tab 1e 7. - Mult i pl yi ng fac tors, Z, for use
in scour depths by regime equations

(28 )

(29 )

(30)

•

•

Value of Z
Cond Hion Ne 11 I Lacey til enc h

ds = Z df ds = Z dm ds = Z dfo

Equation Types A and B

Str aight reach 0.5 0.25 }Mod er ate bend 0.6 0.5 1/ 0.6
Severe bend 0.7 O. 75
Right angle bends 1.0 1. 25
Vertical rock bank or wall 1. 25

Equation Types C and 0

Nose of pi ers 1.0 0.5 to 1. 0
Nose of guide banks 0.4 to 0.7 1. 50 to 1. 75 1. 0 to 1. 75
Small dam or control 1.5 0.75 to 1. 25

ac ross river

1/ Z val ue selected by USSR for use on bends in river.

__-River Section ACB

\ $
\----L _

NOTE: dfo > df > dm. Point C is low point of natural section.

Figure 10. - Sketch of natural channel scour by regime method.
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(31 )

•

Although not shown on figure 10, the df from Neill's equation 25 is
usually less than the dfo from Blench's equation 27 but greater than the
dm from Lac ey' s equat ion 26.

The design of a structure under a river channel such as a siphon is based
on applying the scoured depth, ds , as obtained from table 7 to the low
point in a surveyed section, as shown by point C on figure 10. This
criteria is considered by Reclamation as an adequate safety factor for use
in design. In an all uvial streambed, designs should al so be based on
scour occuring at any location in order to provide for channel shift ing
with time.

Mean velocity from field measurements method. - This approach represents
an adjustment in surveyed channel geometry based on an extrapolated design
flow velocity. In Reclamation's application of this method~ a series of at
least four cross sections are surveyed and backwater computations made
for the design discharge by use of Reclamation's Water Surface PrOfile
Computer Program. In addition to the surveyed cross sections observed,
water surface el evations at a known or measured discharge are needed to
provide a check on Manning's "n" channel roughness coefficient. This
procedure allows for any proposed waterway restrictions to be anal yzed for
channel hydraul ic characteristics incl uding mean velocity at the design
discharge. The usual Reclamation application of this method is to deter
mine the mean channel depth, dm, from the computer output data and apply
the Z values defined by Lacey in table 7 to compute a scour depth, ds '
by equation 29 where ds = Z dm.

Ex ampl es of more un i que sol ut ions to scour problems were Rec 1amat ion
studies on the Colorado River near Parker, Arizona, and Salt River near
Granite Reef Diversion Dam, Arizona, where an adjustment in lin" based on
particle size along with a Z value from table 7 provided a method of
computing bed scour. The selection of a particle size "nll associated
with scour in the above two exampl es was computed from the Str ic kl er
(1923) equation for roughness of a channel based on diameter of particles
~ere:

_ C
K - D90T76

C ::::: 26 from Nikuradse (1933) and II nll = 11K. The appropriate II nll val ues
for the two rivers based on particle size and engineering judgment were
selected as follows:

River

Co lorado
Salt

o (mm)

0.2
18

Particle size II nll

0.01
0.02

Selected "nil

0.014
0.02

•
In the Colorado River study, the existing channel II nll value of 0.022
was adjusted down to 0.014 due to bed material particle size to give a
computed water surface at design discharge representative of a scoured
channel. With a Z val ue of 0.5, the scoured section in the form of a
trianglular section combined with the accepted II nll of 0.022 provided a
close check on the water surface computed without scour. 1m illustration
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of this technique is shown in sketch on figure lla. Mother example is
shown on figure llb for a Salt River scour study vk1ere the particle size
II nll of 0.02 gave a reduced mean depth. Scour was assumed to be in the
shape of a tr i ang le where the average depth of scour woul d be equal the
depth at an "nll equal to 0.02 subtracted from depth at an II nll equal to
0.03. (See example problem in subsequent paragraph.)

~ Competent or limiting velocity control to scour method. - This method
assumes that scour wi 11 occur in the channel cross sect ion unt i1 the mean
velocity is reduced to that where little or no movement of bed material is
taking place. It gives the maximum limit Jo-scour existing in only the
deep scour hole portion of the channel cr;oss section and is simil ar to the
~ench equation 27 for a II zero bed factor. 1I

The empirical curves, figure 12, derived by Neill (1973) for competent
velocity with sand or coarser bed material (>0.30 mm) represent a combining
of regime criteria, Shields (1936) criterion for material >1.0 mm, and a
mean velocity formula relating mean velocity Vm to the shear velocity. The
competent velocities for erosion of cohesive material s recommended by Neill
(1973) are given in table 8. The scour depth or increase in area of scoured
channel section with corresponding increase in depth for competent velocity,
Vc ' is determined by relationship of mean velocity, Vm, to Vc in the
equation:

• \'A1er e:

d = d (Vm - 1)s m Vc
(32 )

ds = Scour depth below streambed, ft (m)
dm = Mean depth, ft (m)

Table 8. - Tentative guide to competent velocities for erosion of
cohesive materials* (after Neill, 1973)

D

Competent mean velocity
Low val ues - Hlgh val ues -

epth of flow easil y erod ib 1e AveraQe values res i stant
ft m materi al ft/s ml s material

ft/s ml s ft/s m/ s

5 1.5 1.9 0.6 3.4 1.0 5.9 1.8
10 3 2.1 0.65 3.9 1.2 6.6 2.0
20 6 2.3 0.7 4.3 1.3 7.4 2.3
50 15 2.7 0.8 5.0 1.5 8.6 2.6

•
* Notes: (1) This table is to be regarded as a rough guide only, in
the absence of data based on local experience. kcount must be taken
of the expected condition of the material after exposure to weather
ing and saturation .. (2) It is not considered advisable to rel ate the
suggested low, average, and high val ues to soil shear strength or
other conventional indices, bec;ause of the predominating effects of
weathering and saturation on the erodibil ity of many cohesive soil s.
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• Water surface for "n" =0.022 wlo scour

Water surface for f"n" =0.0/4 wlo scour
l "n" =0.022 wi scour

----- /----'-_-L-

a. Colorodo River Study

ds =0.5 dmI

•

•i

Water surface for "n" = 0.03 wlo scour .
Water surface for "n" =0.02 wiscour

--- ZJ-ds =2(dm -dm )---..L I 2

b. Salt River Study

Figure 11. - Sketch of scour from water surface profile computations and
reduced Un" for scour •
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The use of figure 12 and table 8 recommended by Neill (1973) has had
limited application in Reclamation, but appears to be a potential useful
technique for many Recl amation studies on scour and armoring of the
channel.

Equation Type C (See Table 6)

The principal references for design of mid channel structures for scour
such as at bridge piers are National Cooperative Highway Research Program
Synthesis 5 (1970), C. R. Neill (1973), Federal Highway Administration,
Training and Design Manual (1975), Federal Highway Administration (1980), and
S. C. Jain (1981). The numerous empirical relationships for computing scour
at bridge piers include one or more of the following hydraul ic parameters:
pier width and skewness, flow depth, velocity, and size of sediment. The
many rel ations avail able were further broken down by Jain (1981) to two
different approaches: (1) regime, and (2) rational.

The Federal Highway Administration has funded numerous research projects to
assist in improving their designs of bridge piers. This research has not
resulted in anyone recommended procedure. Recl amation' s need for scour
estimates at midchannel structures is 1imited. The procedures adopted are to
try at least two techniques and apply engineering judgment in selecting an
average or most reliable method. The regime approach is to use either
equations 26, 27, 28, or 30 and a Z val ue from table 7. M appropriate Z
value to use for piers is 1.0 as found for the railway bridge piers applied
to the Lacey equation 29 reported by Central Board of Irrigation and Power
(1971) .

The rational equation selected for scour at piers is described by Jain (l981)
in the form:

(33 )

ds =

•

where:

Depth of scour below streambed, ft (m)
b = Pier size, ft (m)
d = Flow depth, ft (m)

Fc =Vc/~ =Threshold Froude number
Vc = Threshold velocity, ft/s (mls) from figure 12
g = Acceleration due to gravity, 32.2 ft/s2 (9.81 mls2)

Equation Type D (See Table 6)

Immed i atel y downstream from any hydraul ic structure the riverbed is subj ect
to the erosive action created by the structure. Some type of stilling basin
or energy dissipator as described by Reclanation (1977) is provided in the
design of such structures to dissipate the energy thereby reducing the
erosion potential. There still remains at most str~ctures, below the point
where the structure ends and the natural riverbed material begins, a poten
tial for scour. The magnitude of this scour hole will depend on a combina
tion of flow velocity, turbulence, and vortices generated by the structure.
Simons and Senturk (1977) describe many of the available equations.
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Figure 12. - Suggested competent mean velocities for significant bed movement
of cohesionless materials, in terms of grain size and depth of flow (after
Neill, 1973). .
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Method s adopted by Recl an at ion for comput ing local scour below a hydraul ic
structure across the river channel are based on either the regime or rational
approach. Scour computations should be made by several methods and engi
neering judgment used to select the most appropriate. In the regime approach,
the Lacey or Blench equations 26, 27, 29, and 30, respectively, with Z values
from table 7 are appl icable.

The most appropriate empirically developed rational methods for scour below a
structure are those by Schokl itsch (1932), Veronese (1937), or Zimmerman and
Maniak (1967). Scour computations by Schoklitsch are made by:

ds = Depth of scour below streambed, ft (m)
K =3.15 inch-pound units (K =4.70 metric units)
H = Vertical distance between the water level upstream and downstream

of the structure, ft (m)
q = Design discharge per unit width, ft 3/s per ft (m3/s per m)

090 = Particle size for which 90 percent is finer than, mm
~ = Downstream mean water depth, ft (m)

The Veronese (1937) equat ion for comput ing the scour hol e depth below a low
head stilling basin design is as follows:•

where:

where:

d = K (H)0.2 qO.57 _ d
s D~O. 32 m

ds = K HTO• 225 qO.54 - dm

(34)

(35 )

ds = Max imum depth of scour below streambed, ft (m)
K =1.32 inch-pound units (K =1.90 metric units)

HT = The head from upstream reservoir to tail water level, ft (m)
q = Design discharge per unit width, ft 3/s per ft (m3/s per m)
~ = Downstream mean water depth, ft (m)

The Zimmerman and Maniak (1967) equation for local scour below a stilling
basin can be calculated by:

where:

_ ( qO.82 ) ( dm ) 0.93d-K ~-d
s 085 O. 23 q"'.:l m

(36 )

•
ds = Depth of scour below streambed, ft (m)

K =1. 95 . inch-pound units (K = 2.89 metric units)
q = Design discharge per unit width, ft 3/s per ft (m3/s per m)

D85 = Particle size for which 85 percent is finer than, mm
dm = Downstream mean water depth, ft (m)
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• Example Problem

A scour study was prepared for a reach of the Sal t River channel downstream
from the existing Granite Reef Diversion Dam and near the Granite Reef
Aqued uct wh ich serves as an exampl e of the different methods for comput ing
scour during a design peak flood. These example computations are shown in
table 9. The channel hydraul ics represent an arithmetic average from water
surface profil e computations using six sections on the river defining a
reach 1ength of 6850 ft (2090 m). To show the many different methods for
comput ing local scour occuring during a flood, several hypothetical situations
are used such as a bridge pier, 10-ft (3.05-m) wide and a control structure
with a design head, H = 5 ft (1. 52 m). A summary of the results is given in
tab 1e 10.

Tab 1e 10. - Summary of channel scour during a fl oodfl ow
on Sal t River

Design ds - scour below streambed
ft m

Siphon or bankline structure 8.99 2.74
with minor restriction (A and B)

• Bridge pier or spur dike 12.2 3.72
from ban k (C)

Below control structure 11. 6 3.54
ac ro ssriver (D)

CONCLUS IONS

•

These guidelines describe the procedures available for computing general
river channel degradation and local scour during peak floodflows for use in
design of Reclamation structures. Recommendation of a specific method for
prediction of either channel degradation or local scour is difficult because
of the complexity and variabil ity of the many parameters influencing the
erosive action of a river channel. Factors such as river discharges,
channel hydraul ic characteristics, velocities, turbulence, bedload transport,
suspended sediment, bed material size, gradation, and natural rock controls
all affect the degradation and erosion process. Most procedures described
are empirically developed in laboratory studies with a limited amount of
fiel d data on measurement of scour to verify the results. Because of the
complexities involved in defining the parameters to use in the equations and
variabil ity in results, Recl amation recommended procedure is to try several
methods and from experience and engineering jUdgment select the techniques
and results most applicable to the problem .
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The field data needed to define the par(JTJeters in many equations are critical
in the selection and appl ication of a specific procedure. Because of the
importance in collection of field data, these guidelines include a descrip
tion of the appropriate bed material sampl ing techniques. Through experience
invest igators continue to anphasi ze the importance of coll ect ing appropr i ate
fi el d data wh ich governs the accuracy of any anal yt ic al stUdy and shoul d be
given as much emphasis as the methodology used in the analytical study.
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Q. design dlschlrg. • 110,000 ft 3is (3110 "Jis)
B, chlnnel width • 990 ft (30l .)

<I., .... wlter depth • 12.4 ft. (3.18 III
A, .at.r ".l • 12,300 ft 2 (1I.0"z)

v••••an v.loclty • 8.94 fti, (2.73 "",)
0, dlschar9. per ... it width' 111 ft 31.lft (l0.3.J/,I.)
O. bed material she 050 • 18 _

Oas • 23.5_
Ilgo • 25_

•
Tab 1e 9. - Ex amp1e prob1em

Given data:

Salt River scour study below Granite Reef Diversion Dam
Inch.pound Ufttts Metric units

~.. Computations ds • scour
ft (m)

A lnd 8 US8R (24) (Mot considered .ppltclble because of bed ••tertat
size MI<l extrlpolatlon of e...v. in fl9.... 8.)

(26) da' 0.41 (~)113
f • \.16 (050)112
f • 7.41

lacey

(29)
1~.::/:.~ -table 1)
Z • 0.15

da • 0.41 (1I~.T?)113. 11.5

(d•• 0.41 (¥.-W)li3 • 3.51)

d,'0.75 (1\.5)

(ds • 0.15 (3.51»

8.63

(2.63)

9.06
(2.75)

9.30
(2.84 )

(D.•5)

3.•

8.99
(2.7.)

11.5
(3.51 )

10.6
(Ul)

df.· (¥.5i). 15.1

ds • 0.6 (l5.1l
(d•• 0.6 (4.59 )

ds • 0.15 (12.4)
(ds • 0.75 (3.78»

Os '12.• (¥i. I)
(d•• 3.78 (Hi· 1) )

d, • 1.0 (11.5)
(ds ' \.0 (3.51»

(dfo • (gJ) • 4.59)

d1• 0 7 dfo d, • 0.7 (15.1)
• 0:7 for pl.r (d, • 0.1 (•. 59»

d,' b [\.IM (ii)0.3 «e)0.25) d,' 10 [\.84 {1.2.)0.3 (0.3)0.25)

(29), ds ' Z d"

d • ,{Of
2l3

)(21) fo '\fW73
Fbo' 3.6 (fi9. 9)

(FbO • 1.1)

Fbo
l13 • \.53

(F
bo

113 • \.03)

(3D) ds ' 0.6 dfo

(29) d,·\'0d"

(30)

(34)

8lench

Neill

US8R

lace)'

(32) d,· d(~ - I)
Vc frc. fig"e 12
Vc ' 7.Dftl. (2.13 .,.,)

Average· 8.63 + 9.06 + 9.30 + 3.4- t 3
(2.63.2.75. 2.1M • \.06' • 3)
• d1sreg".d in IverMjjng

Blench

Jain

C
8rldge pl.r

wi th aSSlRed
pier width
b • 10 ft
(3.05 .)

•
Vc 'rca ,tg..... 12

f. 7.0 0 3
c {32.2 l 2\.4)112 ••

Averl9.· 11.5' 10.6 • 14.6 • 3
(3.51 .3.21 ••.•5 • 3)

d•• 10 (\..6)

(d,' 3.05 [\.IM (\.2.)0.3 (0.3)0.25])

\l.6

(•••5)

12.2
(3.72)

11 All CQ"IftUtittans a1'ten 1n tnch-POUnd units excent those "hen in narenthests. which tnd1cat~ IlIetrtc untts.

Aver19•• 10.3. 11.a. 12.8 • 3
(3.14' 3.58 • 3.89 t 3)

dS ' 1.95 (23.0) (0.561) • 12.4 12.a

(ds ' 2.89 r-0lg;8Z) (~)D.93 .3.7a)

(ds ' 2.89 (3.Z7) (0.812) • 3.78) (3.89)

11.6
(3.54)

(3.1.)

10.3

11.8
(3.58)

d • 3.15 (51 0. 2Jlll)0.51 _ n.4
, (25)0.

d, • 3.15 (7.20) • 12.•
ds • Z2.1 ·12.4

(d ••.7 (1.52~0.2 (10.3)0.57 .3.1a)
s .8

d,' K HTO• 225 qO.54 • d" d,' 1.32 (5)0.225 (111)0.54 _ 12.4

(:~: ~~gZ{i.~lZZ5 (10.3)0.54 .3.78)

d,' K (O~O~!) (~ntgJ· d. d .195 1I110.az\ [12.4)0.93 -124
, . \~J\~ .

d•• I. 95 (~) (iH)O.93 • 12.•

V.ro.... (35)

5chokl itsch (34)
A...... H·5ft

(H • \. 52 .)

•
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I. INTRODUCTION

This document presents guidelines for sand and gravel mining operations in

selected reaches of Skunk Creek, New River, and the Agua River near Phoenix,

Arizona. The objective of these guidelines is to delineate the extent of

permissible mining activity which is consistent with the design of the federal

flood control improvements along these streams. Implementation of these

guidelines by local interests would ensure the structural integrity of those

flood control improvements during storm and flood events.

The guidelines were developed by first conducting a literature search to

learn how previous engineering studies have approached similar problems. Based

on those findings an engineering analysis was performed to address the site

specific characteristics of the Phoenix, Arizona area. The objective was to

establish acceptable mining practices that would not result in a compromise of

the flood control features which provide protection from floods and erosion

damages. These guidelines do not consider the other potential environmental

impacts of sand and gravel mtning~ Support documentation is contained in the

appendixes.

II. GRAVEL MINING OPERATION GUIDELINES IN THE VICINITY OF CORPS OF ENGINEERS

STRUCTURES.

1. All extraction of streambed and overbank materials should be conducted in

accordance with plans that have received prior official approval of the

regulatory agency Flood Control District Maricopa County (FCDMC).

-1- .
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2. All excavation operations should be conducted in such a manner as to cause

no obstruction of the natural flow in waterways, and cause no damage to

adjacent structures or properties. No excavation operation, no stockpiling of

any kind, and no other obstructions are to be permitted in the floodway during

the months of highest flood risk which are June through September and December

through March.

3. The extraction operation will be required to limit its streambed influence

to the extraction property boundaries as per the approved extraction plan.

Instream extraction will be limited to an extraction depth that is controlled

and defined by an extraction flow line elevation profile. The extraction flow

line elevation profile is identical to the thalweg elevation profile as shown

on the applicable Plari and Profile sheet and table 3 and 4 in the Attachment to

Appendix 1 "Floodplain Delineation Document" as contained in Skunk Creek and

the New and Agua Fria Rivers Design Memorandium #3 dated May 1986. Present and

future channel inverts are also defined as extraction flow lines. For Corps of

Engineers (CaE) projects in. which bank stabilization or flood protection are to

be constructed, adequate depths of toe protection will be provided below the

extraction flow line. No instream extraction will be permitted within 5 feet

of the bank stabilization and levee slopes as· shown in figure 1a. These areas

for which the extraction controls are reduced apply to the following reaches:

(1) Skunk Creek east stabilized bank upstream of 83rd Avenue; (2) New River

both stabilized banks from Grand to Olive Avenues; and (3) Agua Fria River west

levee from Buckeye Road to about 3900 feet downstream of Lower Buckeye Road.

However, an exception to the permissible extraction criteria occurs at the

terminus of the Skunk Creek bank stabilization about 977 feet upstream of the

83rd Avenue bridge. In this Skunk Creek reach, a minimum extraction boundary

-2-
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The 200 foot buffer zone is required to prevent undercutting of the grouted

stone tieback by potential future gravel operations. Figure Ib illustrates

this modified extraction criteria •
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4. Overbank extraction operations on the land side of the COE stabilized

banks and levees shall be controlled to prevent floodwaters from damaging

project structures. Cut off walls protecting the pit operation t may be

required as a local option in order to prevent the floodflows from causing

upstream head cutting. Thus excavation would be prohibited within a strip

•
extending 200 feet landward and below a plane made by a lV on 5~ slope as

shown in figure 2.
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6. All extraction operations must be performed on the basis of a continuous

pit within the property of anyone operation. Leapfrog operations will not be~'

permitted; and the continuous pit must not be sinuous with respect to either

the alignment or grade of the stream.

•
5. No excavation will be permitted below the extraction flow line elevation. /

•

•

7. In cases where there are potential adverse hydraulic effects from an

extraction operation, the owner will provide the regulatory agency with the

necessary engineering analysis, performed by a qualified engineer, showing

that there are no significant adverse effects, or if there are, that they can

and will be mitigated.

8. COE flood control features must not be damaged by the extraction machinery

or processes. Any inadvertant damage will be promptly repaired at the

extraction operators expense. Repairs must meet original specifications and

to the complete satisfaction and approval of the COE or its representatives.

-6-
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III. SUGGESTED GRAVEL MINING OP~RATIONS GUIDELINES AT LOCATIONS NOT ADJACENT

~ TO COE STRUCTURES

It is suggested that guidelines adopted by local regulatory agencies

acknowledge the economic value of aggregate mining, as well as protecting other

values and activities in the flood plain. The adopted guidelines should be

implemented through a permit process which considers existing, as well as,

future intended uses of the flood plain. Sand and gravel operations would be

liable for damages resulting from failure to adhere to permit requirements.

1. All extraction of streambed material should be conducted in accordance with

plans that have received prior official approval of the regulatory agency.

2. All excavation operations should be conducted in such a manner as to cause

no obstruction of the natural flow in waterways, and cause no damage to

~ adjacent structures or properties. No excavation operations, no stockpiling of

any kind, and no other obstructions should be permitted in the floodway during

the months of highest flood risk which are June through September and December

through March.

3. The extraction operation should limit its streambed influence to the

extraction property boundaries as per the approved plan. The upstream face of

mines which predate the established excavation flow line depth of excavation,

should be provided with drop structures or invert stabilizers to preserve the

natural stream grade and to prevent head cutting during all floodflows. The

~~tresm eed of th~it should also be provided with an invert stabilizer to

maintain the pre-extraction operation natural invert elevations during all

floodflows. An approximately 500 foot long transition channel should be made

~
-7- .
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an integral part of the downstream interface' between the instream gravel mine

~ and the existing riverbed. The transition channel would permit the reestablish

ment of the natural river flow regime to prevent downstream riverbed degradation.

4. An alternative to the upstream pit face invert stabilizers would be to

control the pit excavation maximum depth so that the upstream grade cannot

exceed one percent as measured between the midpoint elevation of the upstream

pit face and the nearest point in the streambed 500 feet downstream of an

existing structure or utility crossing. This alternative is illustrated in

figure 3. If it can be shown by engineering analysis that the excavations

would have no adverse effect on the upstream structure or utility crossing~

~
~

~

then the upstream length constraint may be relaxed.

5. Instream gravel mines t with unprotected natural river banks t should have a

500 foot buffer zone that projects into the stream from the top of the bank or

floodway line and then extended at a side slope of IV to IOH to the established

flow line depth. Lateral extension of the instream gravel mine may be permitted

where the gravel mine operator's property also include the overbank mineral

rights •. But for unprotected gravel mine banks, no mining should be permitted

within a 500 foot minimum buffer zone and a p~ane extending to the flow line

depth on a IV on IOH slope relative to the lateral property line. However, no

lateral buffer zone and sloped plane should be required where the gravel mine

banks are stabilized in a manner approved by the responsible regulatory agency

and incorporate a minimum depth of toe protection of 10 feet below the thalweg.

-8-



The upstream and downstream buffer zone should be a minimum distance of 200

~ feet from the gravel mine operator's property lines. In addition the

excavation operation should include a gradual expansion of the upstream

incoming banks. Specifically, relative to the stream, the modified banks

should expand at a ratio of 1 to 4 for each side. Similarly, the downstream

end of the pit contraction ratio should be 1 on 2. Figures 4 and 5 illustrate

several suggested gravel mine operational plans.
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Figure 3. Limit of Excavations Downstream of a Hydraulic Structure.
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6. Overbank extraction operations should be designed to prevent flood waters

from causing migration of the gravel mine into adjoining property, either by

head __~utti~g or lateral migration. For the general case where the gravel

operation controls the overbank area to the centerline of the stream; bank

stabilization or buffer zones be required to protect the adjacent property

owners. No lateral buffer zone and sloped plane should be required where the

gravel mine banks are stabilized in a manner approved by the responsible

regulatory agency and incorporate a minimum depth of toe protection of 10 feet

below the thalweg. The upstream and downstream buffer zone should be a

minimum distance of 200 feet from the gravel mine operator's property lines~

The excavation operation should include a gradual expansion of the upstream

incoming banks. The modified bank should expand at a ratio of 1 to 4.

Similarly, the downstream end of the pit contraction ratio should be 1 on 2.

Figure 6 illustrates the suggested gravel mine operational plan. It should be

noted that the unprotected stream bank would be subject to erosion by the,

lateral migration of the gravel mine during flood flows so that the floodway

would be ineffective when the stream bank is overtopped and eroded.

For a second general case where the gravel operation does not control the

river bank and immediate overbank, but is still in the floodplain, an upstream

and downstream submerged cutoff walls and both side bank stabilizations would

be required to protect the adjacent property owner from headcutting and

lateral migration, respectively. No lateral buffer zone and sloped plane

should be required where the gravel mine banks are stabilized in a manner

approved by the responsible regulatory agency and incorporated a minimum

depth of toe protection of 10 feet below the thalweg. Where structural

-12-"
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stabilization is not provided, the upstream, downstream and side buffer zones

should be a minimum distance of 200 feet inside the gravel mine operator's

property lines. Figure 7 illustrates the surrounded gravel mine in the

floodplain.

7. No excavation should be permitted below the established excavation flow

line elevation. Those mines that were operational before the adoption of the

suggested guidelines should be given special evaluation and considerations.

8. All extracting operations should be performed on the basis of a continuous

pit within the property of anyone operation. Leapfrog operations should not

be permitted; and continuous pit excavation should not be sinuous with respect

to either the alignment or grade of the stream.

9. In cases where there are potential adverse hydraulic effects from an

extraction operation, the owner should provide the regulatory agency with the

necessary engineering analysis, performed by a qualified engineer, showing

that there .are no significant adverse effects, or if there are, that they can

be mitigated.

SUGGESTED GRAVEL MINING OPERATION GUIDELINE OUTSIDE THE IOO-YEAR FLOODPLAIN

A minimum 200 foot wide buffer zone should be established outside the 100-year

floodplain to prevent floodflows from causing gravel mine bank migration back

into the channel. To prevent piping between the river thalweg and the gravel

mine, the gravel pit depth should be limited by a 2-1/2 percent grade plane

from the estalished flow line. Figures 8 represent typical illustration of

this condition.

-13-
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IV. RECLAMATION

1. Streambanks affected by a sand and gravel mining operation should be

rehabilitated according to procedures acceptable to the regulatory agency.

2. Any piles of mining waste, and any equipment should be removed from the

flood plain after excavation is completed. Certain materials may be used for

the backfilling of the excavated pits provided that there is no adverse

environmental effect. No toxic material or organic solid waste should be

allowed in the backfill. Fill material or weathered waste should be graded

and covered with coarse hard material, where practical, to prevent scouring.

3. The final side slopes of the pits should take into consideration slope

stability and the effects of river hydraulics. In all cases, the side slopes

should be flatter than the critical gradient (angle of repose) for the type of

soil involved.

4. All streambanks that have been disturbed by mining operations should be

stabilized to prevent erosion and sloughing.

5. Access to abandoned pits should be prevented by structures such as fences

or berms constructed outside the floodway.

V. ADMINISTRATION

1. The regulatory agency should establish and maintain in-house measures and

procedures to ensure organized record keeping, monitoring of gravel mining

operations, and reclamation under its jurisdiction•
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2. The regulatory agency should suspend permits for sand and gravel mining

operations when significant adverse effects are likely to occur as a result of

such operations.

3. The regulatory agency should assure that the objectives of the operation

and reclamation plan will be accomplished. This may include provisions for

liens, ~erformance bonds, or other security to guarante~ reclamation in

accordance with the approved reclamation plan.

4. The regulatory agency should act with diligence in reviewing and ruling on

applications for extraction permits, and on proposed reclamation plans for

existing pits. The agency should integrate the requirements of these

guidelines with other planning, and institute environmental review procedures

required by law and administrative practice.

5. The use of HEC-6 and other computer mathematical models are encouraged to

verify the effects of the operational plan submitted using the aggregate size

distribution from the gravel mine location.

6. If the proposed sand and gravel mining operation deviates from these

identified guidelines, then there should be a requirement to support the new

operational plan with a detailed hydraulic analysis.
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APPENDIX A

Abstract of Los Angeles District Sand and
Gravel Mining Activities That Have Caused

Structural Damage During Floodflows.
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SAND AND GRAVEL MINING ACTIVITIES REVIEWED THAT HAVE
CAUSED STRUCTURAL DAMAGE DURING FLOOD FLOWS

A.1 The reports on river and channel damages that were the direct result of
aggregate extraction activities in the Los Angeles District were reviewed to
ascertain common modes of failure and to identify preventative measures. The
pertinent reports are summarized below.

A.2 Banning West Levee-Riverside Co., CA. There were two gravel mines that
impacted upon the levee, (1) a 60 foot deep abandoned gravel mine located in
mid-river about 400 feet downstream of the levee and (2) a second gravel pit
of about the same magnitude located 400 feet directly downstream of the end of
the west levee. The 1965 flood caused a 20 percent grade head cut to a depth
of about 20-25 feet on the east side of the center gravel pit. The extent of
the head cut progressed upstream to a point opposite the downstream end of the
levee. But there was no levee damage since only the middle of the streambed
was affected. The 1966 and the January 1969 floods caused the center gravel
pit to continue to experience head cutting. However, it wasn't until the
February '69 flood that the streambed experienced degradation of about 20 feet
and which extended upstream for about 1700 feet. As a result, the center and
west pits combined and caused damage to the downstream 600 feet of levee. The
damage to the levee was initiated by toe exposure, caused by floodflows which
undermined the grouted stone protection, causing it to collaspe under its own
weight. The slope within the leveed reach increased from 4.8 percent to 5.1
percent. However, even though the gravel pits have been completely filled
with sediment, the river bed has been stable, even with the increased grade •

A.3 Lytle and Cajon Creek Levees, San Bernardino Co., CA. The Lytle and
Cajon Creek levees were built in 1956. As the result of uncontrolled instream
sand and gravel mining operations, flood flows have caused serious degradation
of the streambed; even small. flows have caused problems. The 1965 flood
caused gravel pit head cUttL~g. This head cutting resulted in levee damages
in terms of toe and revetment undercutting and dip crossing undermining. A
flood in .1966 caused two dip crossings to wash out because of continued head
cutting. However, the most severe damages to the levees and channels were
caused during the floods of 1969. During this flooding period, gravel mine
head cutting caused the streambed to degrade and migrate over to the levees
and groins which in turn caused their structural failure. In summary, the
gravel pits accelerated the meander qualities of the streams. During the
flood flows, head cutting action was initiated which inturn scoured the
streambed in the upstream direction and attacked nearby flood control
structures. The net result was that the levees and groins failed through
undermining and loss of toe protection.

A.4 Santa Clara Rivers, Ventura Co., CA. The riverbed from Highway 101 to
the City of Santa Paula has been continuously degrading over the years;
predominantly due to the unrestricted instream gravel mining operations. The
river thalweg, in this 4.7 mile reach, has degraded by about 20 feet. About
10 feet of this degradation has occurred within an eight year period along the
Corps of Engineers (COE) east side levee. This period started from when the
levee was constructed in 1961 and extended through the 1969 flood. The levee
and gravel mines have increased the grade and confined the floodflows within
the streambanks. Thus, the discharge per unit width has increased while the
sediment transport capacity in the gravel mining reach is high in comparison
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to the braided upstream supply reach. The resultant instability of the
streambed damaged the levee by: (1) undercutting the toe; (2) caused bridge
failures by exposing the pier footing; (3) caused the uncovering and rupture
of pipe lines because of streambed degradation and (4) caused flow diversion
works to be extended upstream because of the degradation of the natural
thalweg. Sespe Creek is the major source of sediment; however, bed
replenishment is relatively insignificant compared to the documented gravel
mining extraction quantities. It has been estimated that replenishment of the
subject reach will require more than 100 years assuming that no additional
headwater detention basins are constructed. Unrestricted gravel mining has
also affected the ground water recharge, riparian habitat, and the ocean beach
sand supply.

Since 1979, major degradation of the Santa Clara riverbed has ceased
because sand and gravel extraction regulations have been applied and
enforced. Conditional and special use permits are issued by Ventura County
only after individual review and approval of the EIR and extraction plan.
Ventura County requires a phased removal of the aggregate in width lifts along
the direction of streamflow in order to increase flow conveyance during the
extraction operation. Also, the County developed an optimum "red line
standard" (maximum depth of excavation) which is based on: (1) structural
safety of hydraulic structures (bridge footings, levee toe depth and
irrigation intake works); (2) sand and gravel replenishment rate; and (3)
streambed impact.

Further, Ventura County uses a computer mathematical model (PITS) to
update and to optimize the "red line standard" in order to control future
degradation near critical structures while allowing gravel mining activities
where more balanced sediment conditions can be achieved. The computer model
indicates areas of streambed instability and indentifies conditions at bridges
where pier scour protection is not adequate to permit future gravel mining.
In addressing lateral gravel mining (overbank extension of the instream
excavation), operations, Ventura County regulates with the intent to: (1)
widen a low flow channel to increase channel capacity and decrease flood
stage; (2) promote more uniform sediment flow along the entire reach and (3)
to provide an adequate buffer zone to prevent head cutting when normal buffer
zones are breached in major floods. In summary, Ventura County operates with
guidelines that generally conform to those previously suggested. However,
Ventura County requires the following exceptions: (1) 200-foot buffer zone
streamward from toe of bank at levee; (2) 20:1 side slope for limit of
excavation plane; and (3) "red line standard" for depth of excavation control.

A.5 Rillito River, Pima Co., AZ. The river reach from La Cholla Boulevard to
the Southern Pacific Railroad (SPRR) bridge has mostly unstable banks with
very limited bank stabilization. The dominant discharge is generated from
about a 2-year frequency flood. Future streambed degradation has been
estimated at 4 feet. However, 2 feet of degradation has been measured in the
La Cholla Boulevard to La Canada Drive reach for the period of 1967 to 1979.
Historic information indicates that from 1941 to 1964, floodflows of less than
a la-year frequency have laterally shifted the streambed over 1300 feet in the
vicinity of the La Cholla Boulevard reach. During 1965, a 10-year freqency
flood caused a 700-foot shift in the streambed at Swan Road and in 1978 a
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similar 10-year frequency flood shifted the streambed 800 feet just below La
Cholla Boulevard. More recently, 1983 floodflows, generally, widened the
streambed from 200 to 500 feet. This bank erosion translated into an
approximate loss of 100 acres of land along the river banks.

Past gravel mining operations appear to be the most probable cause of
lateral river bank instability for the La Cholla Boulevard to the SPRR
reach. Currently, there are two instream and two overbank gravel pits;
however, all gravel mining is presently prohibited. The predominant overbank
floodflows cause lateral migration into overbank gravel pits and into the
historical meander riverbed. Segmented low flow bank stabilization and
shifting river bends have caused flow impingement and aggravated lateral scour
in the coarse sand streambed alluvial cone. A 100-year stabilized channel
bank with several drop structures is currently being considered for the
reach. As noted above, Pima County has prohibited active instream gravel
mining and has instituted a regulation requiring a 500 to 1000 foot wide
setback buffer zone for new developments that have unstabilized banks.

A.6 Santa Cruz River, Pima Co., Az. Because of man's direct influence, the
Santa Cruz River is undergoing the process of having its natural braided
multiple channel confined into a single well defined channel. This process
has caused increased floodflow velocities with a high sediment transport
capacity. Noticeable streambed degradation has been traced back to 1890's
when development began to encroach into the riverbed. Problems of bank
erosion and bank sloughing began to occur because instream gravel mines
captured sediment and thereby reduced downstream sediment supply which in turn
caused streambed degradation. Along with increased development in the river
basin, property damages have also increased because of the erosion and
sediment related problems caused by unregulated gravel mine operations,
particularly during the 1950's and 60's. As a direct result, local governing
agencies began to develop regulations to control gravel excavation
operations. Historically, the Santa Cruz riverbed has undergone significant
lateral shifting. For example, during the 1983 floods, lateral headcutting
into overbank gravel pits caused the Santa Cruz River to shift by as much as
2000 feet. In addition, in certain areas, dense phreatophyte growth along the
banks due to sewage effluent has limited the channel capacity and natural bank
erosion process. This in turn forced the floodflows to overtop its banks and
shift the streambed to a historical meander channel and into a line of
overbank gravel mines. Contributing to this lateral movement of the streambed
are landf·ills that are composed of highly erodible materials. Finally, gravel
mine head cutting has also been identified as the cause of several bridge
instability problems and partial failures on the Santa Cruz River.

A.7 Salt and Gila Rivers, Maricopa Co., AZ. Gravel mine operators in these
rivers have suffered from flood damage to their equipment. However, their
operations have.also has been accused of causing, or extending, damage to
adjacent property and structures. In the 1980 floods a main pier footing of
the l,500-foot, Maricopa freeway (1-10) bridge over the Salt River was
undercut as a result of riverbed shifting and scouring. Part of the problem
was caused by sand and gravel operations excavating large areas in the
riverbed, both upstream and downstream of the bridge. It appeared that both
the downstream and upstream excavations caused the shifting of the main
channel, creating scouring at the piers. The scour problem was aggravated by
the headcutting of the downstream excavation.
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Erosion problems similar to those of the 1-10 bridge were noted on the old
Oak Street crossing on the Salt River Reservation. Presence of an abandoned
gravel pit located about 200 feet from the road caused undercutting of the
road foundations, and collapse of the paved roadway.

Another problem related to in-channel sand and gravel operations on the
Salt and Gila Rivers was the obstruction of the floodway by stockpiles,
levees, and dikes built to protect equipment and pits. These obstructions
diverted runoff and changed the course of the streams; thereby endangering
adjacent property. In addition, the constriction of flow increased
velocities, which increased the erosive capacity and further damaged the
streambed and banks.

Mining-related damges were also observed in earlier floods. However,
local agencies indicated that flood-related complaints against sand gravel
operators are increasing. Examples include damage to the south bank of the
Salt River between 16th and 24th Streets and to the southeast corner of 19th
Avenue. The extent to which sand and gravel mining is responsible for these
damages has not been determined and quantified. However, the potential
damages are severe enough that the present pattern of extraction is considered
to be a flood-related problem. In May 1986 the Arizona Department of
Transportation awarded an is-month study contract to: (1) determine the extent
of damages caused by gravel mining operations on all highway related
structures throughout Arizona; and (2) to define preventative measures to
protect structures during future floods.
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APPENDIX B
SEDIMENT TRANSPORT ANALYSIS OF GRAVEL PITS

B.1.1 General Sediment Transport Theory and its Application to Sand and
Gravel Mining. The amount of material transported, eroded, or deposited in a
channel is a function of sediment supply and channel transport capacity.
Sediment supply includes the quality and quantity of sediment brought to a
given reach. Transport capacity involves the size of bed material, flow rate,
and geometric and hydraulic properties of the channel. Both the supply rate
and the transport capacity may limit the actual sediment transport rate in a
given reach.

The total sediment load in a stream is the sum of bed material load and
wash load. The bed material load is that part of the total sediment discharge
which is composed of grain sizes found in the bed. The wash load is that part
composed of particle sizes finer than those found in appreciable quantities in
the bed. Wash load can increase bank stability, reduce seepage and increase
bed material transport, and can be transported easily in large quantities by
the stream, but is usually limited by availability from the watershed and
banks. The bed material load is more difficult for the stream to move, and is
limited in quantity by the transport capacity of the channel.

Sediment particles are transported by the flow in one or more of the
following ways: (1) surface creep; (2) saltation; and (3) suspension.
Surface creep is the rolling or sliding of particles along the bed. Saltation
is the cycle of motion above the bed with resting periods on the bed •
Suspension involves the sediment particle be~ngsupported,by the water dur.~l1g

its entire motion .~sed:i.ilients"'t·ra'j5.sn'Ai¥tea\·b:;;:"""suffaoe}c'':;eerii'::siiding ""'rolflng"" }
f~n(f'SaI1;ation ,are re'f~t~?~t~~~1f&l~~;~~:;Crtho's;~an;ported'})Y~SUSpenSi;
~~r~'1!~i~al.'."Si.Urpen(fed~;Ioad·~. The' suspended load consists of; sandS'1'lZ silts,<1fand
'clay~:"'" The bed material load is the sum" of,,·bed"load· and suspended bed
material load·.

Under proper management, sand and gravel removal can increase the
stability of a river system that is overloaded with sediment (supply greater
than transport capacity). The overloaded condition can exist as a result of
the natural characteristics of the watershed, or from abnormal events. These
events could include land conversion changes in the watershed, construction,
seismic activities, climatic conditions, and wildfire. The overload of sands
and gravels can form large gravel bars and also provide material to form an
armored layer of coarse particles on the streambed. Armoring encourages
lateral migration due to the shifting of the thalweg in response to the
development and movement of the bars and the relatively erodible bank
material. With this condition, controlled removal of gravel bars by
extraction and limited mining may actually enhance channel bank stability.
Hence, careful river management is required to maintain eqUilibrium between
excess production of sand and gravel, and extraction of sand and gravel.

~~s3'!V~d~gpav~aiP(removal greater than supply in any
given reach) c~ange~~"~~he~:p.w.eaw.a¥J8JieIllroai.B~l:>~Jldges~b¥

i.Dl!hlfi!l~en&Uilak$gm,daM~ea~s,.For example, during recent
floods several bridges over the Salt, Gila and Agua Fria were endangered by
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s'l.i-grtt'ficant'~?He'd"eros iorf''' s:nd! or;"'l~t eral'ti1iii'rat: i on:"6f"~:channels.i'~""Sand and grave1
mining in the river system has been identified as one of the major causes of
bridge instability and/or failure. Analysis of the effects of sand and gravel
mining activities on the stability of a river system and bridges is
impo rtant • (~rot;ec:~j;~U!if",'2,ji1i,;;h1l~,t~ 'i,gg~$Ima.}!!l.,(,bei£r,e'(rtii re'a:\'Where,.tlie;iisaridt.~~d~

g....~~y;~,!;i;;,~n.i,.9g; act i "ities' are~'Y'6~'.i,,~~,C:;}iJl,t;,magn:jj:.ude.;'~(Bib. 112)

B.1.2 Physical Processes Governing Response Mechanisms Near Gravel Extraction

In an alluvial river the most significant riverbed changes are generally
rexper:1~.~,?,$8.b4,~z.:.i,pgJ:he"peak.t,;flQW'>,,9f;a,maj6r"floo'd'f/however, previous studies
indicate that in the vicinity of gravel extraction significant channel
getrriie'fry;:"changeSlare more often associated w:t,thrtnEF;'iriitial'pe'rtod',of thli
t~OQg. Additionally, significant changes near gravel extraction areas can
occur during low-flow periods when other reaches of the river are relatively
stable. The effect of gravel extraction in the riverbed can add energy to the
system by increasing the water-surface slope, or energy slope, just upstream
of the extraction. The steePeri' s16pe'ha:sgreat~~;~;gJ::osiVe'power, andean,
ifi!,t,i,ate ,: bank erosion and headcutt1ng. These processes supply additional
sediment to the river in quantities greater than it is capable of carrying
locally, resulting in geposit.:i,gqo The upstream headcutting and deposition
immediately downstream transforms the abrupt transition at the upstream face
of the excavation to a more gradual, smooth transition. After this occurs,
erosion will proceed at a much slower rate. In contrast, at high flows the
river is generally already transporting near capacity and the influence of an
increased water-surface slope near the excavation is relatively smaller due to
backwater effects and channel control. Furthermore, during flood peak flows
which have been preceded by low flows, the abrupt face may have already been
completelY transformed to a smooth transition. Therefore , '~~t.Q_%S§-g;ifSA~se

.§~;j,g}J"~.ll-.C;;,IJ.:E:~ ..,erosiog;;,,aIld_may;;'everl have'if'higner:e'ros:i,pn potential'1;tltarl~\:Qigh

"flowsr'for' local ~ituationsinvolvinggravel extractiqn, areas.

The significance of this' unexpected situation, where low flows are
potentially more destructive than high flows, depends on the size and volume
of the excavation and the characteristics of the inflow hydrograph. For a
small excavation the increased water-surface slope would not be nearly as
significant as for a large excavation. The volume of the excavation controls
~BTong:"iit,takes'to'fill"With sediment, or fo' reach'a"uewequ.111brium.

While' the "cut and fill" process is occurring near the upper face of the
gravel excavation. the center reach of the gravel pit (which has lowest
velocity and lowest transport rate within the gravel mining area) will
experience deposition. The deposition potential in this area can be
significant during low, medium. and high flow as long as the exit-channel area
(downstream portion of the gravel pit in which the gradient is nearly zero) is
long enough to establish a low-velocity backwater area.

The effects of a gravel operation are not limited to the upstream
headcutting described above. Downstream erosion can also be significant.
This is due mainly to the sediment trapping in the low-velocity backwater area
at the center of the excavation. Lateral erosion can also occur along the
sides of the excavation (especially at the upstream end), if lateral inflow is
significant •
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The above discussion applies to a gravel excavation located in a river
reach with fairly uniform sediment transport characteristics throughout the
reach. In an area of high sediment inflo~, the headcutting may not be
significant and the pit has a high potential for filling. On the other hand,
if the excavation happened, .~o ee located in~n area~~ significant
~!S~$:t~~tl'ie~~~l;k,fl11"~'rat~e~:'Yi:tl1',t:ln,!j;fcextremely~"sIow"'~n(F~'i:he'ihead'cUftlUg"may
t!Jttet1dZ:far:;'tipstre~;'~ Similarly, downstream erosion potential also depends 6n
transport rate in the downstreamr~a.7h.f,.fJ$the;(dQWJ].~,~,J;,«F'~'ii:;~ga:cHc3has"a
Signfficat).t,lYrlo~c,t.ransport'capcici'ty:;!';"erosion~ll.this"'·re'acfi,:maY:'il'ot:·occurro

The depth 01.., scour occurring atDriag(:C:'C1;{n~fngs lis a result of a h~adcut;

ch~ngesx.'as·tne"··h:"y(rrograph passes 'through~;J;;he:river system •. ,During the ri~ing
limb of the hydrograph scour occurs and potentially endangers the structural
;g'tabilityi"of:trtne"'bi:idge" bY"uhderminingthe", bridge footings/ After the peak
has passed (during the falling limb)" the scour hole, partially refills as f

sediIl\.ents, drop'~;"Qut. Therefore,the critical time for the structural stability
of the bridge is during the S1~()~~~ille:~;~f~i~1f:,~.:g9.W~ Soundings made of
scour holes after the storm do not indicate the potentially dangerous
situation that might have existed during the storm. (Bib. #3)

B.l.3 Problem Solving Techniques and Examples of Gravel Pit Analysis. The
degradation and aggradation problems associated with sand and gravel mining
are very complicated. Simplifying assumptions are needed to obtain a
practical and economical solution. The dominant physical processes include
water runoff, sediment transport, sediment routing by size fractions,
degradation, aggradation, and breaking and forming of the armor layer. These
processes are unsteady and complicated in nature •

Recently, a number of computer models have been developed to analyze
sediment and erosion problems associated with gravel mining operations
occurring along rivers. A water and sediment routing method developed by
Simons, Li and Associates (1979) has been applied to analyze headcutting
problems associated with the Consolidated Rock (Conrock) gravel mining
operation in San Juan Creek and Bell Canyon of Orange County, California. The
model evaluated the erosional and depositional responses of the stream when
subjected to different hydrologic inputs. In order to simplify the analysis,
a known discharge water routing approach is used. The known discharge
solution utilizes the data base developed for·the HEC-2 flood level
analysis. This method is feasible for gravel pit problems because of the
short distances involved in the analysis. Three storms in January, February
and March 1978 induced significant degradation and headcutting, and provided
an excellent test for the model. The evaluation was made using time steps of
4 hours. The time lapse change of bed elevation at the original gravel pit
boundary (Station 16+00) is given in figure B-1 •
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• Figure B-1. Time lapse changes of elevation at the original gravel pit
boundary (Station 16+00).

A second example involves sand and gravel mining activities just
downstream of the Oracle Highway bridge over Rillito Creek in Tucson,
Arizona. The reach length studied was approximately 2 miles (river mile 4.00
to 6.1). The bridge is located at river mile 5.05, and agrave~.pJt ex~e9ds

from river mile 4.65 to 5.03. ~~~Ji;;;,d~~!!.-t~9,~S)%6~~Fti~~p"'1t'jt;'tbF£?'com~i1tei'
lJ1Q.g~~pgl;jf.~r~~;,JQ f.~~~.;,?,~~g~ri!?Yji,,,:400;"feetw~y~appr9X:i,r.g,Ci1;~lY<2000"feet,long'lt
Upstream of the bridge, the channel ~rs~'!\350Tre~1;~~id.eo., Five cross sec tions
were used within the pit during the analysis to define the geometric
conditions.

The hydrograph used for testing was the~~ea~frooa~~nt with a peak
discharg~j!1;9.~7006;ecrs:~ The 1~~!ra.::ion;swas< divided into sjj~iJ.i~lme;~~,t~Ps

of 3 hours each. The changes occut'r!'ng,l J.n the geometry of the upstream edge
of the pit were defined at each of these time increments.

•

The initial condition was for a ~d.fi¥:f$[v'eft~dt and an eDip't.gra.Y~l"\"piJ~·"

Prior to filling the pit with water or sediment, a normal depth approximation
is used, rather than the HEC-2 analysis, to determine the hydraulic conditions
and sediment transport rate. After the pit fills with water, the HEC-2
analysis is used to define the hydraulic conditions. The inflow 'occurring in
the first time step (3 hours) initiates the headcut by eroding the corner off
the upstream edge of the pit and depositing sediment in the bottom of the pit
at the upstsream end (see fig. B-2). The slope of the headcut and deposited
material is 0.050, however, a discontinuity of 2.40 feet exists. At time 5.20
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• hours the discontinuity between the headcut and deposition slope disappears,
and a continuous slope of 0.050 exists. Table B-1 summarizes the changes
occurring throughout the hydrograph. The pivot point actually shifts upstream
18 feet, although the resolution on the figure does not illustrate this. The
calculated degradation (scour) occurring at the bridge as a result of the
headcut is 4.66 feet at the end of the storm, which agrees with actual
soundings that indicated approximately 5 feet of scour for this event.

Elapsed Time (hours)

Initial Headcut
o
!

IZ
I

15
I

18
!

400 300 zoo

Initiol Deposit
Note: Not toscole

•

•

Figure B-2. Definition sketch of the temporal changes
at the upstsream edge of a gravel pit.
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• Table B-1. Calculated Headcut Distance and Slope

Time Headcut Distance
(hI's) (ft) Headcut Slope

3 76 0.050

5.2 100 0.050

6 116 0.044

9 176 0.029

12 237 0.022

15 299 0.018

18 363 . 0.015

•

•

The U.S. Army Corps of Engineers developed the HEC-6 oomputer model to
simulate scour and deposition in rivers and reservoirs. The model has been
revised to simulate the effects of sand and gravel mining operations, and
tested on the Kansas River in Missouri (U.S. Army Corps of Engineers, 1980).
The results indicate that the model may be useful in future predictions of
changes in bed load movement resulting from instream extraction.

Another computer program·that may be used for simulation of sand and
gravel mining operations is that developed by Chang for San Diego County
(1976). The model has been applied a number of times to analyze erosion and
sedimentation problems associated with sand and gravel mining operations as
part of the requirements for a San Diego County use permit.

The models· mentioned above, as well as other models, may be useful tools
to evaluate river management practices or special problems, resulting from
sand and gravel mining operations. Selection of an appropriate model should
be based on the quantity and quality of available data, stream
characteristics, and the special problems to be analyzed. Some of the models
may be~ty,e. If sufficient information is not available, the
results could be ~ng and the cost of using those models may not
warranted. (Bib. 112)
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1.0 INTRUDUCTIUN

1.1 Background

The purpose of this study is to develop guidelin.es for sand and gravel extrac

tion from the Salt and Gila Rivers that would reduce flood damages associated

with sand and gravel mining. The study reach extends from Granite Reef Dam

to Painted Rock Dam, Maricopa County, Arizona (Figure 1). The report is

based on data obtained from field investigations. informal interviews. a

literature review, and computer modeling. The report discusses impacts of

sand and gravel mining activities, especially on the hydraulic processes of

degradation/aggradation. headward erosion. and lateral migration. It outlines

mitigation measures that may reduce the adverse hydraulic impacts of extraction

activities, and proposes guidelines for management of future in-channel

mining of sand and gravel. These guidelines are developed as part of the

nonstructural measures under study by the Central Arizona Water Control Study.

1.2 Definition of the Problem

Private and public property has been damaged during recent, severe floods on

the Salt and Gila Rivers. An undetermined portion of that damage resulted

from in-channel sand and gravel mining. Mining activities change the pattern

of flow in the flood plain. These changes can cause damages to structures

adjacent to mining operations.

The problem of regulating sand and gravel mining is twofold. The current

flood plain ordinances of Phoenix and Maricopa County could reduce some flood

damages resulting from mining. However, most mining operations are not

subject to the ordinances because a state law exen~ts from regulation all

- 1 -
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flood plain uses existing prior to enactment. Another hindrance to uniform

enforcement of regulations is the presence of multiple jurisdictions. City,

county and federal governments have authority in different areas of the Salt

River Valley flood plains.

The guidelines in this report are based on engineering analyses of the

hydraulic effects of sand and gravel mining. A comparative analysis was made

of existing and proposed regulations in other areas. The purpose of the

guidelines is to reduce flood damages sustained and caused by in-channel

mining operations. The proposed provjsions are more comprehensive and more

specific than the existing flood plain regulations. The effect of the guide

lines on the industry itself depends on the method of enactment, and the

specific provisions and their enforcement. The governments involved should

! develop among themselves the most effective and equitable strategy for

'. imp 1ementat ion.
,...

1.3 Conclusions and Recommendations

Sand and gravel mining in the Salt and Gila Rivers has caused hydraulic

changes in the channels. As a result of these changes, nearby lands and

structures have been threatened or damaged during floods.

The most severe problem caused by in-channel extraction in the study area

is headward erosion upstream of a pit. In addition, the presence of

dikes and stockpiles in the floodplain may divert flood flows, causing

erosion of the opposite bank and lateral migration of the channel •

• - 3 -
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Sand and gravel mi ni ng can be managed so that it enhances the capacity of

the river system and reduces flooding, while accomplishing the objective of

mineral extraction. However, this process requires the adoption of a river

basin management plan.

The guidelines proposed in this report should be considered for adoption

whether or not a basinwide plan is implemented.

The appropriate agencies should commit more resources to the enforcement

of the existing regulations that apply to sand and gravel mining, and to

the bringing of all existing operations under the regulations.
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2.0 GUIDELINES

The guidelines developed in this section are based on the engineering analyses

and references discussed in the following chapters. The guidelines are con

sidered to be minimum acceptable practices that, if followed, will reduce

flood and erosion damages associated with sand and gravel mining operations

on the Salt and Gila Rivers. The guidelines do not consider the other poten-

tial environmental impacts of sand and gravel mining.

Any guidelines that are adopted should acknowledge the economic importance

of sand and gravel mining, while protecting other values and activities in

the flood plain. The guidelines could be implemented through a permit process

applying to existing, as well as new, operations. Sand and gravel operations

would be liable for damages resulting from failure to adhere to permit require-

ments.

Operation

All extraction should be conducted in accordance with plans that have

received prior, official approval of regulatory agencies.

All excavation operations should be conducted in such a manner as to cause

no obstruction of the natural flow in waterways, and cause no damage to

adjacent structures or properties. No excavations, no stockpiling of any

kind, and no other obstructions should be permitted in the floodwa~ during

the months of highest flood risk.

- 5 -
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Excavations should be located so that the grade cannot exceed one percent

between the midpoint elevation of the upstream pit face and the nearest

point in the streambed 200 feet downstream of an existing structure or

utility crossing (see Figure 2), unless it is shown that the excavations

would have no effect on the upstream structure or utility crossing.

Excavations within a strip extending 100 feet streamward from the toe of

river banks, or below a plane extending streanMard at a 10 to slope

(horizontal to vertical), should not be permitted if there is a potential

for such excavations to cause significant bank sloughing that would

endanger structures or property within or adjacent to the flood plain.

No excavation should be permitted below the existing elevation of the flow

line of the channel unless it is shown that the excavation would not cause

significant damage to bank stability or to nearby structures.

All extraction operations should be performed on the basis of a continuous

pit within the property of anyone operation. Leapfrog operations should

not be permitted; and a continuous pit should not be sinuous with respect

to either the line or grade of the stream.

In cases where there are potential adverse hydraulic effects from an

extraction operation, the owner should provide the regulatory agency

with the necessary engineering analysis, performed by a qualified engineer,

showing that there are no significant adverse effects, or if there are,

that they can be mitigated.
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3.0 SAND AND GRAVEL MINING 'ACTIVITIES

3. 1 Resou rces

The quality of aggregate is measured in terms of size and shape distributions.

flexibility. durability. chemical stability. and cleanness. Specifications

in each category may vary with aggregate·use. Such uses include concrete.

asphaltic concrete. road base and subbase. trench backfill and pipeline

bedding, riprap, and road surfaces (Sonoma County, 1980).

There are three major sources of aggregate: hardrock quarries, terrace (out

of-channel alluvium) excavations, and in-channel excavations. Processing and

transportation are the two major costs associated with aggregate materials.

Therefore, the source of supply that is exploited depends on minimizing total

costs. A high quality source that is farther from the potential market may

be competitive with a poorer source closer in. However, a distant, low-quality

source will not be competitive with either.

Although no data are available for Maricopa County, it is generally accepted

that in-channel operations on the Salt River are the most important sources

of aggregate (Hollingsworth, 1970). There are four reasons for this preemi

nence. First, in-channel sources have no overburden and, therefore. are

cheaper to extract. Second, the sand and gravel deposits in the Salt River

are of excellent quality for all purposes. Third, the river sites are close

to major urban markets and transportation routes. The fourth advantage

results from the arid climate of the region. Because the Salt River flows

intermittently, sand and gravel operators have access to the entire riverbed

- 10 -
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for n~st of the year. In addition~ the lack of groundwater close to the

surface increases the depth to which pits may be dug.

In 1970, Hollingsworth estimated the volume of available sand and gravel from

Granite Reef Dam to 67th Avenue to be 368,000,000 cubic yards. Approximately

half of that has been reserved by the Water and Power Resources Service for

use in constructing the Central Arizona Project (Mariscal, 1973). Aggregate

resources downstream of 67th Avenue are estimated to be approximately the

same as in the upstream reach. Hollingsworth estimated the reserves of the

Agua Fria River channel to be approximately 8,500,000 cubic yards. Other

in-channel sources currently are not as important as the Salt and Agua Fria

Rivers because of quality, quantity, or distance constraints.

Since Hollingsworth's study, there have been no estimates of the annual

extraction and renewal rates. Both figures are necessary to estimate the

existing in-channel reserves.

Empirical information suggests that not all of the in-channel resources are

renewable. The sand portion of recently deposited aggregate is too fine to

be used for ready-mix concrete (Bureau of Indian Affairs, undated). Further

changes in size distribution are likely if additional upstream dams are built.

3.2 Historical and Present Patterns of Extraction

Sand and gravel extraction has followed the patterns of urbanization in the

Salt River Valley. Extensive excavation activities near central Phoenix and

near Tempe have expanded upstream and downstream with development. There

are not as yet any major extraction operations downstream of the confluence

- 11 -
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of the Salt and Gila Rivers (see Plate 1). The location of gravel pits shown

~ on Plates 1 through 3 was identified from USGS 1:24,000 topographic maps, and

from photos taken before the 1978 floods (information provided by Nate1son

Company, Inc.). Also shown on the sheets is the lOa-year flood boundary deter

mined by the u.S. Army Corps of Engineers in 1979.

The streambeds of the Salt and Gila Rivers, and their tributaries, are in both

public and private ownership. Jurisdictional authority in the study area is

fragmented. Federal law and tribal regulations apply in the Indian reservations.

The municipa1iti'es have control over the area within their corporate boundaries.

Maricopa County has jurisdiction in all non-federal, unincorporated areas.

State-owned land is not a significant factor in the study area.

,~

:.

Sand and gravel operations can be divided into three major categories: (1)

those producing only sand and gravel; (2) those producing sand and gravel,

and ready-mix concrete; and (3) those producing sand and gravel, and ready-mix

and asphaltic concrete (Mariscal, 1973). The four largest companies in the

greater Phoenix area fall into the third ca~egory, and have approximately 71

percent of the market (Mariscal, 1973). It was estimated in 1970 that each

of the four companies had production capacities of at least 1,000 tons per

hour; whereas the smaller companies had capacities of less than 200 tons per

hour (Hollingsworth, 1970).

3.3 Flood Damages

Historically, sand and gravel operations have experienced the greatest indus

trial losses from flooding in Maricopa County, because they are situated in

or near the riverbeds (U.S. Army Corps of Engineers, Feb. &Sept. 1979).

- 12 -
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Damages to sand and gravel operations are mainly in the fornl of damaged

conveyors, flooded materials, water-filled pits, and interrupted business.

In the February-March 1978 floods, sand and gravel industrial losses were

estimated to be $2.5 million (U.S. Army Corps of Engineers, Feb. 1979).

This loss is about eight percent of the total flood damages. Floods in the

following year caused damage to sand and .gravel operations estimated at

$5.2 million, about 10 percent of the total damages.

While the sand and gravel industry has incurred flood damages, it also has

been accused of causing, or extending, damage to adjacent property and

structures. In the most recent floods a main pier footing of the l,500-foot,

Maricopa freeway (1-10) bridge over the Salt River was undercut as a result

of riverbed shifting and scouring. Part of the problem was caused by sand

and gravel operations excavating large areas in the riverbed, both upstream

and downstream of the bridge. It is alleged that both the downstream and

upstream excavations caused the shifting of the main channel, creating scour

ing at the piers. It also is alleged that the problem ~~~ggravated by the

headcutting of the downstream excavation. (Bishop 1980)

Erosion problems similar to those of the 1-10 bridge were noted on the old

Oak Street crossing on the Salt River Reservation (Bureau of Indian Affairs,

undated). Presence of an abandoned gravel pit located about 200 feet from

the road caused undercutting of the road foundations, and collapse of the

paved roadway.

Another problem related to in-channel sand and gravel operations has be~n the

obstruction of the floodway by stockpiles, or by levees and dikes built to

- 13 -
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protect equipment and pits. These obstructions can divert runoff and change

'. the course of st reams, thereby endangeri ng adjacent property. In addition,

the constriction of flow increases velocity, which increases erosive capacity,

endangering streambed and banks.

Mining-related damages were also observed in earlier floods (Aldridge. 1970).

However, interviews with local agency personnel indicate that flood-related

complaints against sand and gravel operators are increasing. Examples include

damage to the south bank of the Salt River between 16th ~nd 24th Streets and

to the southeast corner of 19th Avenue. The extent to which sand and gravel

mining is responsible for these damages has not been determined and quantified.

However, the potential damages are severe enough that the present pattern of

extraction is considered to be a flood-related problem (U.S. Dept. of Interior,_

Nov. 1979) •

•

ieI !
I.
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4.0 POTENTIAL IMPACTS OF SAND AND GRAVEL MINING

Any consumptive use of resources will cause impacts on natural and cultural

systems. Some effects are direct and relatively easy to quantify, predict,

and assess. Other impacts may be indirect or may affect dynamic processes

that are either poorly understood or, in turn, are affected by random events

outside human control. The following discussion of potential effects of in

stream sand and gravel mining indicates that the lea~t understood and least

predictable impacts may be the most severe. Consequently. the discussion

focuses on hydraulic impacts of extraction. Although not within the scope of

this study. other potential impacts are summarized in section 3.2 for general

reference.

4.1 Hydraulics

A characteristic of flowing water is to seek and maintain an even gradient

(thalweg) of flow. A stream in this condition is said to be in equilibrium.

Natural or human-related forces can disturb this equilibrium by creating a

knickpoint, or sudden change in grad~ent. The stream will respond with

various processes which tend to return it to equilibrium--in effect making a

stair-step into a ramp. A knickpoint may develop indirectly as a result of

stream disturbances such as a sudden increase in flow at a particular point

or in erosive capacity by removal of sediment.

The hydraulic processes that tend to recover and maintain equilibrium are

sedimentation (aggradation), erosion (degradation), and lateral migration.

Because equilibrium is a dynamic process. not a steady state, these hydraulic

processes are present to some degree in every stream.

- 15 -
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and potential adverse effects increase as the amount of disturbance increases .

Sand and gravel mining inevitably affects stream hydraul ics by removing material

from the streambed. The impact, however, need not be negative. In deepening a

channel, the capacity is increased, thus reducing the amount of overbank flow

during floods. On the other hand, with all other factors remaining the same,

velocity is also increased, so that actual damage caused by flooding may not

be reduced. The natural replenishment rate of extracted material will also

affect the extent of impacts. The higher the replenishment rate, the faster

equilibrium will be restored. In watersheds where dams and storage reservoirs

exist upstream of mining operations, replenishment will be limited, and the

channel may be subject to severe instability. In addition, the rate and amount

of extraction will affect the duration of impacts.

Some impacts of sand and gravel mining are related to the creation of a knick

point. Examples are headcutting upstream of a pit, and aggradation at the

pit and downstream. Headcutting is the erosive process by which a drop in

gradient moves upstream. Field investigations revealed that headcutting of

a pit is one of the most severe threats to hydraulic structures on the Salt

River. Mechanisms causing headcutting, and typical examples, are illustrated

in the appendix. In addition if a pit is extensive, it may cause water to

slow and drop its sediment load, giving the stream increased erosive capacity

below the pit. This process ceases when the pit fills with sediment.

To analyze the extent of headcutting associated with gravel pits, a computer

model (Sin~ns and Li, 1979) was applied to a reach of the Salt River. The

model uses the Meyer-Peter, Muller bed load equation, coupled with an adaptation

of Einstein's suspended sediment integration method. This integrated procedure

- 16 -
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determines the total bed material load by size fractions, based on the hydraulic

parameters determined from HEC-2 analysis, and the measured bed material size

distribution. The reach that was modeled extended 2.8 miles upstream of the

1-10 bridge and 3.2 miles downstream of the bridge. This study reach was chosen

because of readily available information. The gravel pit was assumed to be

located downstream of the bridge with a surface area of 60 acres (1,200 feet

wide and 2,200 feet long). The analysis used an ll-day, synthesized hydrograph

with a peak flow of 176,000 cubic feet per second, approximately the lOa-year

flood (Figure 3). The maximum headcut distances and associated bed slopes for

pits 15-feet, 30-feet and 50-feet deep are presented in Table 1. When the

maximum headcut distance occurs, the depth at the upstream pit face is about

half of the pit depth, and the bed slope is approximately one percent. This

pattern has been used in the proposed guidelines as a standard for protecting

upstream structures •

Additional hydraulic impacts are related to other aspects of mining operations,

such as the creation of stockpiles, or the building of levees and dikes to protect

equipment and active pits. These obstructions may deflect a stream during high

flows and cause it to alter course. This can be a particularly serious problem

if urban lands or high-value agricultural land is threatened by channel encroach

ment. Heavy economic losses will be sustained if channel migration undermines

and destroys buildings, roads or bridges. If flood protection structures, such

as levees, are breached by channel migration during floods, then loss of life

may occur as well as property loss. However, lateral migration is a natural

process among braided streams of the Southwest. The extent that sand and gravel

mining may increase or accelerate this process is difficult to determine, espe

cially because of the random element present in the natural migration process.

- 17 -
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Finally, gravel pit location and alignment can affect channel location. For

example, if a long, deep pit is excavated parallel to the natural channel,

the stream may begin eroding a new channel through the pit, and eventually

abandon its old channel (Bureau of Indian Affairs, undated). This may cause

adverse impacts if the new channel is close to the bank or to a flood control

structure such as a levee. In another case, if the pits are deep and "leapfrog,"

then increased velocity results, in turn causing increased erosion and channel

instability downstream (Sonoma County, 1980).

Studies of other areas confirm that channel degradation has occurred as a

result of sand and gravel operations (Envicom, 1979). Although not a negative

impact in itself, degradation indicates instability which may cause problems

in the stream and adjacent flood plain. The long-term effects of sand and

gravel mining on the Salt and Gila Rivers cannot be determined from the in

adequate data currently available. However, the channel has exhibited extreme

local fluctuations in gradient. As an example, the profiles shown in Figure 4

are based on measurements taken before and after the 1980 floods. The profiles

extend from 2.8 miles downstream of the 1-10 bridge to 2.3 miles upstream of

the bridge. Conclusions about the effect of mining operations on lateral

migration must await additional data and studies.
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4.2 Other Impacts

4.2.1 Groundwater. Groundwater recharge may be enhanced by gravel pits which

retain flood waters and allow infiltration over a longer period of time (Dames

&Moore, 1979). However, finer sediments often replace permeable river

gravel after extraction, thereby reducing infiltration through the streambed.

~ Groundwater quality may be degraded by the reduction of this permeable layer
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and its filtering qualities, or by exposure of the water table. This impact

may be more important on smaller tributaries than on the Salt River where the

groundwater table is at least 100 feet below the surface (U.S. Army Corps of

Engineers, Sept. 1979, Draft Technical Appendix). Finally, a small negative

effect on groundwater will occur if it is used for, processing the aggregate.

4.2.2 Surface Water Quality. Turbidity and downstream sedimentation increase

when mining operations disturb silts and sediments trapped among river gravels,

or when water from washing operations is released into the stream. However,

this is a relatively minor problem on intermittent streams such as those in

the study area. A more important impact on water quality in the Salt River

occurs when abandoned pits, filled with landfill, have been exposed, creating

a public nuisance and health hazard •

• 4.2.3 Air Quality. Both stationary and mobile emissions occur during mining

and processing operations. In an urban setting, the impacts of these emissions

have been judged to be relatively minor (Dames &Moore, 1979). Dust can be a

nuisance to adjacent property and will degrade habitat by coating vegetation

with dust particles.

4.2.4 Acoustic. The major effects of noise associated with sand and gravel

extraction and processing are lessening of aesthetics and recreational value

of the area, and disruption of animal use of the riparian zone. The longer

the diurnal period of operations, the more severe are these impacts.

• - 22 -
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4.2.5 Biologic. Removal of riparian vegetation reduces aquatic and terres-

• trial habitat by reducing cover and feeding areas for animals, and by reducing

diversity of vegetation (Sonoma County, 1980).

4.2.6 Economic. The economic benefits of sand and gravel mining are employment

and income generation, and lower costs of supplying aggregates over alternative

sources. However, public costs are increased by the need for additional access

routes and road Ola i ntenance requ i red by hea vy veh i c1es used to transport aggre

gate. In addition, mining extraction can cause irretrievable loss of the

resource if extraction exceeds replenishment.

•

•

4.2.7 Recreation. Sand and gravel operations may temporarily interfere with

some recreational uses of a stream and the riparian zone. However, it is

possible to reclaim abandoned sites in such a way as to make them more

attractive to recreation than before mining. Visual and aesthetic qualities

are affected negatively during operations. Negative impacts may continue

after termination if sites are not reclaimed.

4.2.8 Archaeological. In the Phoenix area, the development of access roads

and processing locations may disturb archaeological sites.

4.2.9 Additional Impacts. Other impacts may occur as a result of sand and

gravel mining, but are considered negligible in the Phoenix area. These

impacts are alterations of topography, loss of topsoil, reduction of beach

sand formation, and reduction of aquatic habitat quality.
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5.0 MITIGATION MEASURES AND MANAGEMENT PLAN

Mitigation measures are aimed at reducing either the temporal or spatial extent

of adverse impacts. Such measures can be structural, non-structural, or a

combination of both. Their cost may be borne by public agencies or private

sources. The following discussion presents various mitigation measures related

to flooding and erosion problems that may apply to the study area.

5.1 Structural Measures

5.1.1 Grade-Control Structures. A grade control structure can be an effective

means of controlling general scour. Such structures can prevent headward

erosion if the gravel pit initiating the headcut is shallow. The structure

can be placed upstream of the gravel pit or downstream of the threatened

structure (bridge, road, utility crossing) •

Considering the use of control structures to limit headward erosion, two types

are feasible: (1) a relatively economical structure formed of rock riprap

reinforced with steel rods that will require minimum maintenance, or (2) a

conventional reinforced concrete drop structure which can more effectively

accommodate large differences in head, but is much more expensive to construct

and maintain.

The rock riprap control structure should be constructed in a trapezoidal form

with a downstream slope of approximately 1:4 with a stilling basin formed of

adequate-size riprap extending approximately 15 feet downstream for a 2- to

3-foot differential in head. The top width of the structure would be approx

imately 10 feet and the upstream slope should be approximately 1:2. To improve
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the stability of the structure, reinforcing rods cah be placed strategically

in the rock riprap as construction proceeds. After the base layer of rock

riprap is laid, steel rods can be laid horizontally and parallel to the

direction of flow. These rods should extend through the rock riprap on the

upstream and downstream faces of the structure. This procedure should be

repeated at approximately each 4-foot change in elevation. Simultaneously

with the placement of the first layer of rock riprap, vertical rods-with large

washers would be installed extending upward through the rock riprap. These

reinforcing rods terminate in a steel bolt with a thread diameter of approxi

mately 1-1/2 inches. Upon completion of the rock structure, longitudinal

steel members would be welded to those rods extending through the structure

parallel to the flow. Subsequently, as the structure settles, these longitu

dinal and horizontal rods are stressed by this settling action. Continuous

steel elements would be drilled and placed over the steel rods extending

through the top of the rock riprap and nuts would be tightened to stress

these steel elements, compressing the rock and simultaneously increasing the

tension in the horizontal steel members. The vertical rods extending through

the top of the structure should be spaced at approximately lO-foot intervals

along the axis of the control structure (see Figure 5). Constructing a

rock riprap control using this methodology adds to the stability of the

structure without adding significantly to its cost.

If a reinforced concrete retaining wall is built, a typical dimension for a

single drop is as shown in Figure 6a. The riprap placed downstream should

be designed to resist the forces exerted on the surface by the flowing water.
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The riprap control structure can be effective if the potential drop across

the structure is on the order of two to three feet. It is usually impractical

to use a dumped riprap drop structure for a potential head drop equal to or

greater than 4 feet. Another restriction is that a grade-control structure

must extend across the full width of the channel to be effective. In many

sections of the Salt and Gila Rivers, such a structure would be a half mile

or more in length, greatly increasing its cost. Additional costs are incur

red in maintaining the structure. Maintenance is required even after mining

activities have ceaied.

5.1.2 Flow Control Structure. The effects of dynamic scour during the storm,

and the acceleration of lateral channel migration are major problems associated

with sand and gravel mining. The shifting of the river thalweg"is a major

problem in the Salt River. Many existing bridges were designed without taking

channel migration into consideration. An appropriate measure to mitigate the

problems is implementation of a channelization scheme that controls the location

and direction of the flow.

Guide banks have often been used to guide the flow of water through a bridge

opening. and to control the position of scour and protect the abutments. Guide

banks have been used effectively on both sand- and gravel-bed streams. Principal

factors that must be included in the design of guide banks include controlled

convergence of the flow normal to the opening. plan shape, upstream and down

stream lengths. cross section, crest elevation. scour. and riprap protection.

A common practice in the United States is to give the guide banks an elliptical

form convergent to the opening; whereas in Pakistan and India the banks are

straight and parallel to the opening, with a curved section at the upstream
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and downstream ends. The form of the short, elliptical guide bank was illus-

• trated by Karaki (1959). The design layout for straight guide banks is given

in Figure 7 (from Control Board, 1956).

Guide banks require specialized engineering experience in design and construc

tion. Guide banks can be effective in protecting existing bridges, but their

cost would prohibit use at every river crossing.

5.1.3 Additional Structural rvleasures. Riprap may be used in emergencies to

prevent immediate collapse of bridges, levees or banks. The failure of the

I-10 bridge across the Salt River was prevented during the February 1980 flood

by placing 3,000 cubic yards of boulders in the channel (Bishop, 1980). How

ever, such measures are temporary and do not solve the problems of erosion

and lateral migration.

• The effects of sand and gravel extraction may be lessened by reducing flood

peaks. Existing dams on the Salt River were constructed for the purpose of

water supply, not flood control. Construction of a flood control dam upstream

will change design requirements of downstream structures, and may reduce lat

eral migration.

Structural measures are limited in their effectiveness by engineering and

economic considerations. The wider the channel, the deeper and more extensive

the excavation, the larger the flows, or the higher their velocities, then

the less effective the structure. In addition, there must be a minimum

working distance between the excavation and threatened structure in which to

•!
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construct protection works. Clearly, the cost of and need for Illitigating

structures can be reduced by implementing non-structural mitigation measures.

5.2 Non-Structural Measures

5.2.1 Operation Standards. Operation standards would regulate the manner in

which sand and gravel are mined. These standards could be enacted and enforced

under the authority of zoning, flood control, or surface mining regulations.

The standard would require that a permit be obtained before excavation begins.

The permit process would include considerations of the effects of the particular

excavation plan, and a review by public agencies and utilities that could be

affected by these impacts. The degree of scrutiny applied to each permit

request would depend on the extent of the proposed excavation and on its

additive effect in relation to existing sand and gravel mining.

Possible operation standards include: restrictions as to rate and extent of

extraction; setback and slope restrictions; limitations on pit location, phasing

and configuration; separation of mining and processing phases; wetting require

ments to reduce dust; and seasonal and diurnal shutdown r~quirements (Envicom,

1979).

The advantages of operation standards are that they reduce adverse impacts of

in-stream sand and gravel mining while allowing continued use of the resource:

They also can reduce the size and cost of necessary structural mitigation

measures. However, for standards to be effective, they must be applied

uniformly along an extensive reach of river. Operation standards that could

be applied to sand and gravel mining on the Salt and Gila Rivers are suggested

in Chapter 2 of this report. It is emphasized that these standards should be
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•
enacted so as to apply to existing sand and gravel operations, as well as to

those established after enactment.

If enacted, the guidelines would have a number of effects. Slope and setback

restrictions would reduce the area that otherwise could be excavated for sand

and gravel mining purposes, thereby reducing the available resource. Restric-

tions on stockpiling, and requirements for reclamation may increase operational

cost of sand and gravel mining.

As previously mentioned, the damages associated with sand and gravel operations

accompany the natural processes of flooding and erosion which are random in

nature. There are no quantitative data that indicate how much sand and gravel

mining increases damage. Therefore, it is extremely difficult, if not impossible,

! I to quantify the degree to which the proposed guidelines would reduce flood and•• erosion damage to public and private property. However, the guidelines are

:.
\ ;

considered to be minimum acceptable practices that will reduce flood and erosion

damages associated with sand and gravel mining operations.

5.2.2 Reclamation Standards. Reclamation standards could be enacted and

enforced in a similar manner to operation standards. The reclamation standards

would apply when an excavation was abandoned permanently. Such standards might

require that all stockpiles. equipment. or waste heaps be removed or leveled;

that the low flow channel be excavated to the depth of the pit. reducing the

chance of channel migration; that side slopes be graded to at least five degrees

less than the angle of repose for the remaining bed material; and that access

to an abandoned pit be restricted by berms. fences, or other structures,

reducing the chance of unauthorized dumping into the pit.
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5.2.3 Right-of-Way Acquisition. When public right-of-way is acquired in the

stream channel for a bridge or utility crossing, an additional area downstream

could be obtained. Within that area, sand and gravel mining would be prohibited

or severely restricted, thus reducing headward erosion problems. However, the

right-of-way required to protect a structure, such as a bridge, is dependent on

the location, size, and depth of the pit, and on the flow rates and sequences

of flow. Right-of-way requirements for various assumed gravel pit depths and

sizes can be estimated using a technique presented in Section 4.1. For example,

the headcut distance for a pit 50 feet deep may be as much as 2,500 feet. If

a safety factor of 500 feet is added, the right-of-way requirements would be

3,000 feet. The economic and legal problems of acquiring as much as 3,000

feet of riverbed could be extraordinary for agencies in the st~dy area.

5.2.4 Extraction Fee. If prevention of headcutting or lateral migration is

not feasible, then a jurisdiction may choose to impose an extraction fee. The

fees would be set aside in a fund to finance repair or replacement of structures

damaged by mining-related impacts. The advantage of th..i..,~r,oach is that the

cost of repairing public facilities is paid by those responsible. However, the

cost will be passed on to consumers. In addition, the timing of destructive

flows cannot be predicted. On one extreme, the fund could remain unused for

many years. On the other hand, it could be depleted in less than one year.

5.2.5 Monitoring and Modeling Programs. Programs such as annual topographic

mapping, aerial surveillance, and aggregate sampling would provide a better

understanding of the effects of aggregate extraction. With increased under

standing, better predictive models could be developed and applied to specific

situations •
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model. would provide data about resource availability required by planners

and private enterprise.

5.2.6 Moratorium of In-Stream Extraction. Some effects of gravel extraction.

such as resource depletion and channel alterations. are long term and irreversible.

Termination of in-stream extraction would be the only way to avoid these impacts.

However, such a moratorium would undoubtedly increase costs of aggregates to

consumers. and might create severe market disruptions. Therefore, it is assumed

in the proposed guidelines that in-channel sand and gravel mining will continue

in Maricopa County, and that its adverse effects can be reduced significantly.

• 5.2.7 Enforcement of Existing Flood Plain Regulations. The existing flood

••••
'...

:

plain regulations for the unincorporated area of Maricopa County (1977) permit

extraction of sand, gravel, and other materials from the flood plain on the

condition that such activities

do not requ ire permanent structures, fill or other obstructions to
the flow of flood water in the Floodway District, and provided that
they do not adversely affect the capacity of the channels or
floodways of any tributary to the main stream, drainage ditch, or
any other drainage facility or system.

In addition, permitted activities are allowed only after the issuance of

a flood plain use permit issued by the county flood plain administrator.

A similar regulation in the Phoenix city ordinance prevents stockpiling in

the f1 oodway •
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Flood damages incurred and caused by sand and gravel operations would be

reduced if the appropriate jurisdictions in the study area adopted and enforced

regulations suggested by the federal guidelines. An obstacle to enforcing such

regulations is the state requirement that they not apply to existing land uses

or facilities installed or constructed prior to enactment. However, it may be

possible to develop use permit requirements that would bring existing operations

within the flood plain guidelines.

5.2.8 Existing Regulations in Other Areas. In 1939 Vi~~niabecame the first

state to enact a surface mining law applicable to the sand and gravel industry

(Newport &Moyer, 1974). In 1974, Newport and Moyer reported that 21 states

had enacted similar legislation. Most state laws address the quality of water

runoff from mining sites, and the reclamation of sites. Many states require

periodic reports by the mining operator, and the posting of a performance

bond. Some states impose criminal penalties for failure to comply.

At the local level, sand and gravel operators may be required to obtain use

permits which are issued on a case-by-case basis. This is the policy in

San Diego and San Bernardino Counties, California. Some jurisdictions, such

- 35 -

l
1

f.

{I.



•
as Sonoma County, California, are now considering ordinances that formally

regulate many aspects of sand and gravel mining. The proposed Sonoma County

ordinance includes requirements of in-stream operations relating to setbacks,

extraction volumes, processing, seasonal operations, in-stream crossings,

erosion, and sedimentation.

5.3 Management and Channelization Plans

The dynamic nature of river and watershed systems requires that local problems

and their solutions be considered in terms of the entire system. Natural and

man-induced changes in a river frequently initiate responses that can be

propagated for long distances both upstream and downstream. Sand and gravel

mining activities affect the sediment movement and supply in a channel system.

Such operations can be beneficial or detrimental depending on watershed and

f' river characteristics, and the mining and management practices followed.

;~ Therefore, a thorough understanding of the river system is necessary to

evaluate the effects of mining activities.

In many rivers sand and gravel bars, formed by the natural processes of moving

water and sediment, force the subsequent flows to meander around them. Conse-

quently, rapid bank erosion can be expected opposite these large deposits. These

features move slowly downstream, resulting in continued attack to opposite banks.

With managed removal of excess sediments by sand and gravel mining, an adequate

channel can be maintained, flooding can be reduced, bank erosion can be reduced,

and an extremely valuable renewable resource can continue to be utilized.

The sand and gravel mining industry can assist local agencies in development

of a flood control channel.

~.
,. f

.'

,\.. ...

It was estimated that construction of a flood
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control channel on the Salt River capable of carrying the lOa-year flood

(approximately 200,000 cfs) would require excavation of approxi~ately 2.7

million tons per mile on the average. This estimate is based on a trapezoidal

channel having a side slope of 3 to with the depth of 15 feet, a bottom

width of 1,000 feet, and an average channel slope of 0.0024. The apparent

specific weight of the channel material is assumed to be 93 pounds per cubic

foot. It is assumed that about 70 percent of the trapozoidal cross-sectional

area would have to be excavated given the existing channel area.

A construction plan for such a channel that relies solely on sand and gravel

operators may encounter problems. Annual demand for sand and gravel in

Maricopa County during 1978 was estimated to be 10 milllon tons (Buehler &

Best, 1979). Assuming that 20 river miles would be channelized through the

urban area, the total volume excavated would be more than 5 year's demand.

More importantly, not all excavated material would be of market quality.

Fine materials, composed of silt or clay, are typically deposited on the

gravel and sand bars in the middle of the wash or---i.n~·th.,dQ.wn&tream river

reaches. These materials may not be suitable for concrete aggregate.

Other problems that may discourage commercial excavation of a channel are

access to public roads, proximity to aggregate markets, difficulty in

shaping the channel, existence of impermeable layers, and shallow water

tables causing pit flooding during excavation. Other considerations are

land mmership of the reach to be channelized, continuity of-the channel,

administration of construction, and problems of maintenance.
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Although problems may be encountered in developing a plan, nevertheless

[. opportunities may exist for the sand and gravel mining industry to excavate

I a channel while fulfilling its aggregate extraction objectives. Currently,

the Salt River Pima-Maricopa Indian Community is planning to have sand and

gravel operators excavate a trapezoidal channel with a capacity of 150,000 cfs.

If the outcome is successful, downstream jurisdictions may implement similar

plans •

•

- 38 -
f'
l



•

•

REFERENCES

Aldridge, B.N •• 1970, Floods of November 1965 to January 1966 in the Gila
River Basin, Arizona and New Mexico, and the Adjacent Basins in Arizona.
USGS Water Supply Paper l850-C.

Arizona Department of Mineral Resources, January 1980, Directory of Active
Mines.

Bishop, Lee, March 4, 1980, The Ups and Downs of the 1-10 Bridge, The Phoenix
Gazette.

Buehler, J. & R. Best, 1979, EconolOic Feasibility of a Sand and Gravel and/
or Cement Ready-Mi~ Operation on the Ft. McDowell Indian Reservation.
University of Ariiona.

Bureau of Indian Affairs and Dames &Moore, Undated Draft, Environmental
Impact Statement. Agricultural and Sand and Gravel Development. Salt River
Pima - Maricopa Indian Community.

California Department of Water Resources, July 1977, Erosion and Sedimentation
Control in San Diego County Watersheds.

California Division of Mines and Geology, June 1979, California Surface Mining
and Reclamation Policies and Procedures. Special Pub. 51 •

Carreiro, Ken; and D. Reining, December 1975, Reclamation of Sand and Gravel
Pits, in California Geology.

COM Inc., Jan. 1978, Preliminary Analysis of Flood Hazards Resulting from an
Intermediate Regional Flood Upstream From Conrock Gravel Pit, San Juan
Creek, Orange County, California.

COM Inc., March 1978, Supplemental Report on Erosion and Deposition Processes
in and above Conrock Gravel Pit, San Juan Creek, Orange County, California.

Control Board of Irrigation &Power, India, 1956, Manual on River Behavior,
Control and Training.

'--_...",._-- --- ------ ----------------------------- -- -- - - - - --- ---

Dames &Moore, October 1979a, Working Paper, First Level Environmental
Inventory, Central Arizona Water Control Study, Vols. I and II.

L

Dames &Moore, October 1979b, Phase B. Definition of Design Requirements
and Preliminary Assessment of Alternative Protection Measures Against
Scour, Salt River Bridge - Interstate 10. Prepared for Arizona Depart
ment of Transportation.

Envicom Corp., August 1979, Santa Clara River Sand and Gravel Extraction
Master EIR Study, Draft. Prepared for Ventura County Environmental Resource
Agency.

Hollingsworth, E.A., 1970, Survey of the Sand and Gravel Industry in Phoenix
and Environs. Bureau of Indian Affairs, U.S. Dept. of Interior.

- 39 -

..



L..

•

•

Howard, Needles, Tammen and Bergendoff, March 1979a, Preliminary Engineering
Study: 19th Avenue Bridge Over the Salt River. Prepared for City of
Phoenix.

Howard, Needles. Tammen and Bergendoff. November 1979b. 19th Avenue Over
Salt River: Hydraulic Analysis, Concept Finalization. Prepared for City
of Phoenix.

Johnson. Wm. K. and D.W. Davis. November 1975. Analysis of Structural and
Nonstructura1 Flood Control Measures Using Computer Program HEC-5C.
Hydrologic Engineering Center. Corps of Engineers, Davis. CA.

Karaki, S., 1959, Hydraulic Model Studies of Spur Dikes for Highway Bridge
Openings. Colorado State University Report No. CER59-SSK36 (also Bulletin
286, Highway Research Board. Washington).

Li, R. M., D. B. Simons, T. Ward and K. Steele, 1977, Phase I Report: Hydraulic
Model StUdy of Flow Control Structures. Colorado State University Report
CER77-78RML-DBS-TJW-KSS15.Prepared for USDA Forest Service. Rocky Mountain
Forest and Range Experiment Station. Flagstaff. Arizona.

Maricopa County. 1977, Amended Floodplain Regulation for the Unincorporated
Area of Maricopa County, Arizona.

Mariscal and Company. June 1973, Sand and Gravel Enterprise Feasibility
Study. Salt River Pima-Maricopa Indian Community. Scottsdale, AZ •

Neill, C. R., Ed., 1973. Guide to Bridge Hydraulics. Published for Roads and
Transportation Association of Canada by University of Toronto Press.

Newport, Bobby D. and J. E. Moyer. June 1974. State-of-the-Art: Sand and
Gravel Industry. U.S. Environmental Protection Agency, Corvallis, OR.
EPA-660/2-74-066.

Ross. D. E., 1979. An Evaluation of the Sand and Gravel Deposits on the Ft.
McDowe 11 Ind i an Reservat ion, Ari zona (Draft). Laboratory of Native
Development, Systems Analysis and Applied Technology. Tucson, AZ.

San Diego County Dept. of Sanitation &Flood Control, 1976. Flood Plain
Sedimentation and Erosion, Generalized Computer Program Users Manual.

Simons. Daryl B. and Fuat Senturk. 1977, Sediment Transport Technology. Water
Resources Publications, Fort Collins, Colorado.

Simons, D.B. and R-M Li. August 1979, Phase I Report. Preliminary Hydraulic
and Scour Analysis of Salt River Bridge of Phoenix-Casa Grande Highway
(1-10). Prepared for Dames and Moore.

Sonoma County, Feb. 1980, Draft EIR, Aggregate Resources Managemen~ Study.

Sverdrup & Parcel and Associates, Inc., November 1979, Concept Finalization
Report for 16th Street Bridge at the Salt River. Prepared for the City of
Phoenix•

- 40 -

r,
i

1.

L
- [

L.
[}.

L
•••. to:. .. .. . .. _ .. - - - _., .•-.--



U.S. Army Corps of Engineers, undated, Sand and Gravel Mining Guidelines for
the Santa Clara River, Ventura, Calif. Los Angeles District.

r~ U.S. Army Corps of Engineers" June 1977 Draft, Institutional Inventory, Phoenix
Urban Study. Los Angeles District.

U.S. Army Corps of Engineers, January 1979, Water Resources Development by
the U.S. Army Corps of Engineers in Arizona. South Pacific Division.

U.S. Army Corps of Engineers, Feb. 1979, Flood Damage Report, 28 February 
6 March 1978, on the Storm and Floods in Maricopa County, Arizona.
Los Angeles District. '

U.S. Army Corps of Engineers, September 1979, Phoenix Urban Study, Final ,Report
and Appendices. L~s Angeles District.

U.S. Army Corps of Engineers, November 1979, Flood Damage Report. Phoenix
Metropolitan Area, December 1978 Flood. Los Angeles District.

~

t-

U.S. Army Corps of Engineers, Feb. 1980, Simulation of Gravel ,Mining Operations
In Rivers and Streams Using Computer Program HEC-6. Kansas City, Missouri.

U.S. Department of Housing and Urban Development, June 1979 Draft, Flood Insurance
Study, City of Phoenix, Maricopa County, Arizona.

U.S. Department of Interior, Bureau of Reclamation, August and November, 1979,
Central Arizona Water Control Study Bulletins, Phoenix, Arizona.

Water Resources Associates, Inc. and Sverdrup &Parcel and Associates, Inc.,
September 1979, Hydraulic Analyses for the 16th Street Bridge on the Salt
River. Prepared for the City of Phoenix.

- 41 -

..



APPENDIX

SEDIMENT TRANSPORT ANALYSIS OF GRAVEL PITS

A. 1. 1 General Sediment Transport Theory And Its Application To Sand And Gravel

Mining. The amount of material transported, eroded, or deposited in a channel

is a function of sediment supply and channel transport capacity. Sediment

supply includes the quality and quantity of sediment brought to a given reach.

Transport capacity involves the size of bed material, flow rate, and geometric

and hydraulic proper.ties of the channel. Both the supply rate and the transport

capacity may limit the actual sediment transport rate in a given reach.

The total sediment load in a stream is the sum of bed material load and wash

r.
r
l

load. The bed material load is that part of the total sediment discharge

which is composed of grain sizes found in the bed. The wash load is that

part composed of particle sizes finer than those found in appreciable quantities

in the bed (Simons and Senturk, 1977). Wash load can increase bank stability,

reduce seepage and increase bed material transport, and can be transported easily

in large quantities by the stream, but is usually limited byavailabil.ity_

L: from the watershed and banks. The bed material load is more difficult for

the stream to move, and is 1imited·i n quantity by the transport cap.aeity of

the channel.

Sediment particles are transported by the flow in one or more of the following

ways: (1) surface creep, (2) saltation, and (3) suspension. Surface creep

i is the rolling or sliding of particles along the bed. Saltation is the cycle
!

I-
I
c

of motion above the ~ed with resting periods on the bed. Suspensi~n involves

the sediment particle being supported by the water during its entire motion.

Sediments transported by surface creep, sliding, rolling and saltation

are referred to as bed load, and those transported by suspension are called

A-l
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A.l.2 Physical Processes Governing the Mechanisms of a Gravel Pit. The extent

of damage to the system that can result from the potential headcut induced by

the sand and gravel mining activities is a function of volume and depth of the

gravel pit, location of the pit, bed material size, flood hydrographs, and

sediment inflow rates and volume. During a low flow period the sediment· supply

to the river and to any given reach is generally less than the transporting

capacity. Under these conditions the flow in that reach is capable of producing

degradation by picki,ng up additional sediment from the bed. The presence of a

gravel pit can add energy to the system by increasing the water surface slope,

or energy slope, just upstream of the pit. The steeper slope has greater

erosive power and can initiate bank erosion and headcutting. These processes

supply additional sediment to the river in quantities greater than it is

capable of carrying locally. In contrast, at high flows the river is generally

already transporting near capacity, and the influence of an increased water

surface slope near the gravel pit is relatively smaller due to backwater effects

and channel control. In addition, the velocity in the scoured portion may be

reduced because of the increased depth when the pit is filled with water.

Therefore, low flows can cause significant erosion and may even have a higher

erosion potential than high flows for local situations involving gravel pits.

The significance of this unexpected situation, where low flows are potentially

more destructive than high flows, depends on the size and volume of the gravel

pit and the characteristics of the inflow hydrograph. For a small pit the

increased water surface slope would not be nearly as significant as for a

large pit. In a low flow event, the pit will not fill or reach eq~i1ibrium

as soon as it will for a high flow event. During a high flow event the

rising limb of the hydrograph fills the pit with water rapidly, and quickly

drowns out the effect of a steeper energy slope. This concept is illustrated
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in Figure A-l for representative low and high flow hydrographs. The cross

hatching indicates the relative times required to fill the pits to the level,

where channel hydraulics control the flow conditions.

The depth of scour occurring at bridge crossings as a result of a headcut .

changes as the hydrograph passes through the river system. During the rising

limb of the hydrograph scour occurs and potentially endangers the structural

stability of the bridge by undermining the bridge footings. After the peak

has passed (during the falling limb), the scour hole partially refills as

sediments drop out. Therefore, the critical time for the structural stability

of the bridge is during the storm, near the peak flow (see Figure A-2).

Soundings made of scour holes after the storm do not indicate the potentially

dangerous situation that might have existed during the storm.

A.l.3 Problem Solving Techniques and Examples of Gravel Pit Analysis. The

degradation and aggradation problems associated with sand and gravel mining

are very complicated. Simplifying assumptions are needed to obtain a

practical an~ economical solution. The dominant physical processes include

water runoff, sediment transport, sediment routing by size fractions, degrada

tion, aggradation, and breaking and forming of the armor layer. These pro

cesses are unsteady and complicated in nature.

Recently, a number of computer models have been developed to analyze sediment

and erosion problems associated with gravel mining operations occurring along

rivers. A water and sediment routing method developed by Simons and Li (1979)

has been applied to analyze headcutting problems associated with the Consolidated

Rock (Conrock) gravel mining operation in San Juan Creek and Bell Canyon of

Orange County, California. The model evaluated the erosional and depositional
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Figure A-2. Temporal change of scour hole depth at a
bridge during a storm.
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responses of the stream when subjected to different hydrologic inputs. In

order to simplify the analysis, a known discharge water routing approach is

used. The known discharge solution utilizes the data base developed for the

HEC-2 f160d level analysis. This method is feasible for gravel pit problems

because of the short distances involved in the analysis. Three storms in

January, February and March 1978 induced significant degradation and headcutting,

and provided an excellent test for the model. The evaluation was made using

time steps of four h~urs. The time lapse change of bed elevation at the

original gravel pit boundary (Station 16+00) is given in Figure A-3.

r
l

A second example involves sand and gravel mining activities just downstream

of the Oracle Highway bridge over Rillito Creek in Tucson, Arizona. The reach

length studied was approximately 2 miles (river mile 4.00 to 6.1).' The bridge

is located at river mile 5.05, and a gravel pit extends from river mile 4.65 to

5.03. The assumed dimensions of the pit for computer modeling were 10 feet
f'-'

I deep by 400 feet wide by approximately 2000 feet long. Upstream of the bridge,
t

'.
the channel is 350 feet wide. Five cross sections were used within the pit

L during the analysis to define the geometric conditions.

",
I

The hydrograph used for testing was the 2-year flood event with a peak discharge

of 7000 cfs. The l8-hour duration was divided into six time steps of three hours

each. The changes occurring in the geometry of the upstream edge of the pit were

defined at each of these time increments.

~.•
I
L

The initial condition was for a dry riverbed and an empty gravel pJt. Prior

to filling the pit with water or sediment, a normal depth 'approximation is

used, rather than the HEC-2 analysis, to determine the hydraulic conditions

and sediment transport rate. After the pit fills with water, the HEC-2
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r"I analysis is used to define the hydraulic conditions. The inflow occurring

in the first time step (3 hours) initiates the headcut by eroding the corner off

the upstream edge of the pit and depositing sediment in the bottom of the pit

at the upstream end (see Figure A-4). The slope of the headcut and deposited

material is 0.050; however, a discontinuity of 2.40 feet exists. At time 5.20

hours the discontinuity between the headcut and deposition slope disappears,

and a continuous slope of 0.050 exists. Table A-l summarizes the changes occur-

ring throughout the ~ydrograph. The pivot point actually shifts upstream 18

feet, although the resolution on the figure does not illustrate this. The

calculated degradation (scour) occurring at the bridge as a result of the

headcut is 4.66 feet at the end of the storm, which agrees with actual soundings

that indicated approximately 5 feet of scour for this event.

The U.S. Army Corps of Engineers developed the HEC-6 computer model to simulate

scour and deposition in rivers and reservoirs. The model has been revised to

simulate the effects of sand and gravel mining operations, and tested on the

Kansas River in Missouri (U.S. Army Corps of Engineers, 1980). The results

indicate that the model may be useful in future predictions of changes in

bed load movement resulting from instream extraction.

Another computer program that may be used for simulation of sand and gravel

mining operations is that developed by Chang for San Diego County (1976).

The model has been applied a number of times to analyze erosion and sedimen

tation problems associated with sand and gravel mining operations as part of

the requirements for a county use permit.

The models mentioned above, as well as other models, "may be useful tools to

evaluate river management practices or special problems, resulting from sand
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and gravel mining operations. Selection of an approprdiate n~del should be

based on the quantity and quality bf available data, stream characteristics,

and the special problems to be analyzed. Some of the models may be complex

and expensive. If sufficient information is not available, the results could

be misleading and the cost of using those models may not be warranted.
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