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draft third edition of the Hydraulics manual was revised. A new chapter 7 was inserted and the
following chapters renumbered. The completed third edition of the Hydraulics manual was
released in March 2007 as a draft. Between March 2007 and April 2013, the manual was further
refined, including a complete rewrite of Chapter 11 Sedimentation and fairly extensive technology
updates to Chapter 6 Open Channels and Chapter 8 Hydraulic Structures.
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Revisions

Because of ongoing technical and administrative changes in the field of stormwater manage-
ment, revisions to this manual will be required from time to time. Such revisions will take place
on an ongoing, as needed, basis and will be posted on the FCDMC’s Web page (www.fcd.mari-
copa.gov). The dates of revision and an overview of changes made are listed below.

1st Edition September 1, 1992
2nd Edition January 28, 1996
3rd Edition August 15, 2013

Overview of Changes Made in the Second Edition
The following is a summary list of the changes to the September 1, 1992 edition of the Drainage

Design Manual, Volume I, Hydraulics. This summary of the revisions is only presented as an aid
for users of the previous edition, it doesn't document every revision to the manual. Typically cor-
rections for spelling, typographical errors, and revisions for readability are not documented here.
When sections were moved, the renumbering of subsequent sections wasn't usually identified
here. Due to the use of a Dew word processing program, there can be significant differences in
the page numbering between this edition and previous editions. The sections or page numbers
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used in this list refer to the September 1, 1992 manual, unless otherwise stated.
Comments - Added this page requesting comments on the manual.

Acknowledgments - Added this page that identifies and thanks those individuals who have con-
tributed to the manual in some official format.

Revisions - Added this section to summarize some of the significant changes to the
September 1, 1992 edition.

Chapter 1 - Changed the use of the phrase "regulation" to "recommended uniform policy require-
ment." Revised the descriptions of the chapters to reflect the revisions made to the chapters.
Revised the wording of the recommended uniform policy requirements to match with what is in
the chapters.

Chapter 2 - In Table 2.1 changed the V,,;, from 2.5 to 3.0 fps for the 50 year peak frequency on
cross road culvert collector and arterial streets. Revised the wording for the finish floor elevation
for buildings within a FEMA floodplain area. In the footnote changed the minimum discharge for
delineating a floodplain for submittal to FEMA from 1,000 cfs to 500 cfs. Also, added Section 2.4
(References).

Chapter 3 - In Section 3.1 made minor corrections to some of the definitions. In Table 3.1
revised the second footnote. Renumbered the equations to account for identifying a new equa-
tion 3.2. For equation 3.2 added a sentence on what terms were inserted into equation 3.1 in
order to derive equation 3.2. Revised the wording in the recommended uniform policy box on
page 3-6.

Chapter 4 - This chapter was divided into two chapters. The new Chapter 4 is titled Storm
Drains, and the new Chapter 5 is titled Culverts and Bridges. In Section 4.1 deleted and added
definitions as needed for the revisions to the new chapter. Replaced the whole method for ana-
lyzing storm drains (Section 4.2). This required the addition of several new sections and the
complete revision to several old sections. Revised the wording slightly in the recommended uni-
form policy requirement on page 4-5. Added a section on minimum slope as Section 4.2.2.3.
Had to revise the numbering for some of the sections because of the new Section 4.2.2.3. In
Section 4.2.2.5 added a paragraph on minimum pipe size. Changed the title of Section 4.2.2.6
and revised some of the wording slightly. The methods to calculate the various losses are now
all located in Section 4.3.3.

The new Chapter 5 on Culverts and Bridges begins with Section 4.3 from September 1, 1992 edi-
tion. Because of being broken out into a new chapter all the numbering for the sections changed.
The wording in the recommended uniform policy requirement boxes on pages 4-73, 4-74, 4-81,
4-82, 4-83, and 4-85. In Section 4.3.2.2 revised the minimum velocity to 3 ft/s. In Section 4.3.2.7
the italic subsections were made into numbered sections. Sections 4.3.3.6 and 4.3.3.3 were
relocated under Section 5.2.2. This was done in order to locate all the various losses together in
one section.
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Chapter 5 - The chapter had to be renumbered to 6. Section 5.2 was made into the first section
of the chapter, which is consistent with the other chapters. Revised the recommended uniform
policy requirement boxes on pages 5-12, 5-16, 5-30, 5-33, and 5-41. In Figure 5.1 changed the
side slope of the riprap channel to 3:1. In Section 5.5.1.2 deleted the paragraph on the slope
paving method and Figure 5.7. In Section 5.5.2.2 thickness of the lining is now determined using
an ADOT reference. Table 5.4 was revised. On page 5-38 revised the thickness required for the
riprap layer. In Section 5.5.3.3 revised the method for sizing riprap. Deleted Table 5.7. Revised
Figure 5.10 to agree with the text. Changed the title of Table 5.10. In Section 5.6.3.1 changed
the O4¢p in the example problem to 565 cfs.

Chapter 6 - The chapter was renumbered to. Section 6.2 was made into the first section of the
chapter, which is consistent with the other chapters. Revised the definitions of some of the sym-
bols. Made the fourth paragraph on page 6-14 into a recommended uniform policy requirement.
Moved the hydraulic jump analysis (Section 6.8.1) to just after Section 6.3.2.).

Chapter 7 - Made this part of the new Chapter 5 on Culverts and Bridges. Deleted Sections
7.3.1.1 to 7.3.1.4 because there wasn't enough information presented here to do a complete
analysis of a bridge, and most designers will use a computer program for the analysis. From
these sections only the recommended uniform policy requirement on page 7-7 needed to be
kept. Revised the wording of the recommended uniform policy requirements on page 7-11. The
minimum freeboard for a bridge was revised to two feet for the 100-year event. Section 7.3.2.1
was revised.

Chapter 8 - Created a new Section 8.1, which defines the symbols used in this chapter and mod-
ified the numbering of the other sections because of it. In Section 8.2.1.2 added an equation for
determining the volume of retention required. Also, added a new recommended uniform policy
requirement dealing with off -site flows. Revised the wording for the recommended uniform pol-
icy requirements on pages 8-4, 8-6, 8-7, and 8-18. Added a new section dealing with sedimenta-
tion right before Section 8.2.1.3. In Section 8.2.1.8 added a recommended uniform policy
requirement about dry wells. The recommended uniform policy requirements on pages 8-18, 8-
24, 8-25, and 8-30 were dropped although the text remains.

Chapter 9 - Revisions to this chapter were only to correct typographical errors.
Glossary - Revisions to this chapter were only to correct typographical errors

Index - A subject index was added to make it easier to find information in the manual.

Overview of Changes Made in the Third Edition

All Chapters: The policies and standards previously highlighted by boxes in each chapter were
removed to a separate volume. This allows each jurisdictional entity to customize its policies and
standards to meet its community’s needs.

Chapter 1 Introduction - The background section was changed to identify the history of the
development of the third edition. The reasons for the updating the second edition were identified.
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The sedimentation chapter summary was added. The summary of policies and standards was
eliminated with a section on safety added. The Purpose section was revised to identify this doc-
ument as a “Substantive Policy Document” as defined in A.R.S. 48-3641.6.

Chapter 2 Hydrology - Changes to this chapter were minimal, most of which were corrections
for word selection. The table identifying hydrology design criteria was eliminated as this informa-
tion is listed in a separate volume.

Chapter 3 Street Drainage - Chapter structure/format was revised to follow the following major

sections:

1. Introduction: Intent of Chapter and source of information
2. Procedures: Technical guidelines for engineering analyses.
3. Instructions: Example problems.

Figures 3.9 through 3.19 (Curb Opening Inlet Capacity Curves for MAG Details) were removed.
Chapter figures are revised/updated.

Chapter 4 Storm Drains - The following major sections were added/revised:

1. Introduction: Intent of Chapter and source of information

2. Procedures: Technical guidelines for engineering analyses.

3. Criteria: General criteria for hydraulic design and evaluation of storm drains.
4. Design Standards.

5. Design Examples.

The procedure for estimating losses that occur at a storm drain junction was replaced with the
Thompson Equation (Los Angeles County Flood Control District, Design Manual Hydraulic,
March 1982). The method for estimating the bend loss coefficient for curved and deflected sew-
ers was changed. Procedures for estimating the hydraulic grade line for connector pipes (catch
basin to trunk line) were added from the City of Phoenix, Storm Drain Design Manual, Storm
Drains With Paving of Major Streets, July 1987. An appendix was added that provides a pres-
sure plus momentum approach to estimate the hydraulic grade line through a storm drain junc-
tion.

Chapter 5 Culverts & Bridges - The introduction was revised to better identify the intent of the
chapter. Discussions pertaining to trashracks was moved to Chapter 7, Hydraulic Structures.
The discussion on scour hole geometry was eliminated. The procedure for Protection of Culvert
Outlets was deleted and reference made to the procedure in Chapter 7. An equation that allows
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the estimation of scour depth was added to aid in the design of cutoff walls. The discussion on
scour was eliminated with reference made to Chapter 10, Sedimentation.

Chapter 6 Open Channels - This chapter was re-organized in its entirety with several sections
re-written, reorganized, or amended. Of particular note, the fundamentals of open channel
hydraulics was expanded and relocated to the beginning of the chapter. The design procedures
section and design checklist was removed while design guidelines remain.

Chapter 7 Hydraulic Structures - Discussions pertaining to the hydraulic analysis of trashracks
and access barriers, spillways, side channel spillways (forthcoming), channel bifurcations, chan-
nel access ramps, grade control structures, groins, and guide dikes were added along with other
design guidance related to these structures. The discussion on Low Flow Check Structures was
eliminated.

Chapter 8 Stormwater Storage - The Detention/Retention chapter was renamed Stormwater
Storage in order to eliminate confusion between the terms retention and detention. The lengthy
discussion on safety was moved to Chapter 1. The discussion on trashracks was moved to
Chapter 7. The section on flood routing was eliminated since it overlapped with other chapters of
the Hydraulics Manual and Hydrology Manual. Design considerations for stormwater storage
basins was expanded to elaborate multi-use concepts. The benefit of stormwater storage on
water quality was described in more detail. The discussion on sedimentation was condensed
with reference made to Chapter 10, Sedimentation.

Chapter 9 Pump Stations - The design criteria and checklist were revised and incorporated into
the chapter. The remainder of the chapter was completely rewritten to add a basic discussion on
pump station design and hydraulic analysis.

Chapter 10 Sedimentation - This chapter in its entirety was added.

Vi August 15, 2013



Drainage Design Manual for Maricopa County Hydraulics: Acknowledgements, Comments and Revisions

. Third Edition Dates of Revision

The following indicates the dates in which the draft third edition has been updated and summa-
rizes revisions made after the draft release of this third edition in September 2003.

September 2003

1. The entire manual was reformatted for 2-sided printing.

2. Equation 6-14, which was missing, was added back in. Equation 6-15 was blank and
was deleted. Subsequent equations were re-numbered.

December 2006

1. A new Chapter 7 Friction Losses in Open Channels was inserted and the following
chapters renumbered. References throughout the document were revised to reflect the
new chapter. Text revisions to accommodate the new Chapter 7 were added, particularly
in Chapter 6.

2. Chapter 11 Sedimentation was revised to include comments received from the public
and significant edits by Dr. Bing Zhao.

. March 2009

1. Chapter 11 Sedimentation is currently under revision after a peer review by sediment
mechanics experts from around the southwestern United States.

2. Chapter 5 Culverts and Bridges. Tables 5.2 and 5.3 revised to match the reference
document intent.

3. Chapter 6. Revised Table 6.1 to remove duplicate items.

4. Chapter 6. Revised text under Section 6.6.3 to correctly address computing a com-
bined correction factor, C, for adjusting the riprap size to arrive at a stable riprap size.
The statement now matches HEC-11.

5. Chapter 6. Revised reference to Table 6.2 on page 6-62 to refer to Table 6.3 and Table
6.4.

6. Added Section 8.4.2 Riprap Aprons at Conduit Outlets.
April 2010

1. Entire Document. Miscellaneous revisions correcting references and typographical
errors.

2. Chapter 6, Section 6.6.3. Revised riprap channel bank lining procedure.
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3. Chapter 11. The entire chapter has been revised.
4. Additional revisions and corrections are in progress.
June 2010

1. Chapter 8. Corrected typographical errors in equation 8.20 on page 8-59, and in item
5 on page 8-62. Revised date in footer to June 2010.

2. Chapter 11. Revisions to text, references, and format. Revised date in footer to June
2010.

August 2013
1. Chapter 6. Design guidelines for channel linings were revised.

2. Chapter 7. Reorganization to make the chapter easier to read. Scanned figures and
tables were re-worked to provide better quality. Fixed various typographical errors.

3. Chapter 8. Extensive revisions related to erosion and scour protection.
4. Chapter 11. Revisions to address public review comments.

5. Finalize manual for publication.
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Approvals

APPROVAL BY CHIEF ENGINEER AND GENERAL MANAGER

The Drainage Design Manual for Maricopa County — Hydraulics is hereby approved and accepted for use
within Maricopa County, AZ as best available technical information. This manual has been submitted to
various Flood Control District of Maricopa County (FCDMC) staff, other agencies, consultants and the
Public for technical review. Review comments have been addressed and the document is hereby
incorporated into FCDMC and County Policy. The Hydraulics manual is only available in digital format
and can be found on the FCDMC public web site at:

http://www.fcd.maricopa.gov/Pub/manuals/hydraulics.aspx

Refer to the Revisions section of the manual for a history of the changes made.

The objective of the Drainage Design Manual, Hydraulics, is to provide criteria and design
guidance for storm drainage facilities in Maricopa County. This manual provides a convenient
source of technical information that is specifically tailored to the unique hydrologic,
environmental and social character of Maricopa County; and a consistent set of criteria that,
when used by the local governing agencies and the land development community, will result in
uniform drainage practices throughout the County.

This document is only advisory and, in conformance with A.R.S. 48-3641.6, is intended to
inform the general public of the Flood Control District of Maricopa County’s current approach or
opinion to the requirements of the various federal, state and county floodplain and drainage
related ordinances or regulations, including, where appropriate, the Flood Control District of
Maricopa County’s current recommended minimum practice, procedure or method of action
based on that approach or opinion. This document is not intended to impose additional
requirements or penalties on regulated parties or confidential information. Submissions made
using other methodology shall be acceptable to the Flood Control District of Maricopa upon
submission of scientific documentation and evidence showing that such methodology yields
results that are consistent and in accordance with the requirements of the various ordinances and
regulations. However, the burden of proof is on the applicant and may affect submittal review
times.

Approved for use by:
\\ — gK’L 9\%\\3
Timothy S. Phillips, P.E. Date

Chief Engineer and General Manager
Flood Control District of Maricopa County
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1.1 PURPOSE

The objective of the Drainage Design Manual for Maricopa County, Hydraulics (Hydraulics Man-
ual) is to provide criteria and design guidance for storm drainage facilities in Maricopa County.
There are two reasons to develop such a manual: 1) it provides a convenient source of technical
information that is specifically tailored to the unique hydrologic, environmental, and social char-
acter of Maricopa County; and 2) it provides a consistent set of criteria that, when used by the
local governing agencies and the land development community, will result in uniform drainage
practices throughout the county. Use of the Hydraulics Manual will result in improved hydraulic
' performance of drainage facilities, uniformity in design practices across jurisdictional boundaries,
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and reduction of conflict between the regulatory agencies and the land development community.
Recommended policy and standard requirements are provided in a separate volume and are
jurisdictional specific. That is, each jurisdictional entity (municipal or county) will have its own
policies and standards. In many cases, these may be the same or only slightly modified for each
jurisdiction. For this reason, the user is encouraged to review the policies and standards for the
jurisdiction in which the project is located.

1.2 BACKGROUND

The first edition of this manual was produced by a team of consultants and the Flood Control Dis-
trict of Maricopa County. Beginning in 1987, the manual was developed through a highly interac-
tive process involving work groups for each major topic. The work groups were composed of the
engineering consultant, the Flood Control District, representatives of the various communities in
Maricopa County, and representatives of home builders and land developers. The work groups
were charged with advising the consultant about applicability of technical criteria, special prob-
lem areas to be addressed, and resolving conflict over potential differences in drainage stan-
dards between communities.

The first edition was made available to the public in 1991. By that time, several communities had
policies, standards, criteria, and/or guidelines already in place. As a result, many communities
elected to utilize this manual in conjunction with their own policies, criteria, etc.

In 1998, the City of Phoenix, which was in the process of updating its drainage manual, started a
collaborative effort with the Flood Control District of Maricopa County to meld their drainage man-
uals. The purpose was threefold. First, various technical aspects of both the City and County’s
manuals required updating due to advances in the engineering science and further experience
with applications unique to Maricopa County. Second, advances in computer technology pro-
vided the opportunity to develop a living document that would be posted on the internet that
encompassed unique engineering software for the design/evaluation of drainage facilities.
Thirdly, Volumes | (Hydrology) and Il (Hydraulics) of the Drainage Design Manual for Maricopa
County, included recommended uniform policy requirements. As identified above, several com-
munities had policies that varied, however slightly, from the recommended uniform policies. This
third edition has afforded the opportunity for individual jurisdictional entities to have their own pol-
icies and standards to suit their particular needs within the confines of federal and state laws/reg-
ulatory requirements. Thus, the Hydrology and Hydraulics Manuals serve as technical manuals,
thereby affording each community flexibility in setting policies.

1.3 SCOPE

The Drainage Design Manual for Maricopa County, Hydraulics, is divided into ten chapters that
address the major subject areas of hydraulic design. The intent of this manual is to provide gen-
eral design guidance for designs that are common to the Maricopa County environment. Com-
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plex designs requiring specific expertise are not included in this manual; however, where design
exceeds the scope of this manual, the user is referred to documentation appropriate for that
design. The following sections briefly summarize each of the chapters in the manual.

1.3.1 Introduction

Chapter 1 defines the purpose, background, and scope of the manual along with a brief summary
of each chapter. It also includes a discussion of public safety associated with drainage structures.

1.3.2 Hydrology

Chapter 2 provides an overview of the hydrology criteria for drainage structures; the flood hydrol-
ogy that is recommended for use in Maricopa County is contained in the Hydrology Manual. That
manual provides for the use of the Rational Method for small, uniform watersheds, and for use of
the Unit Hydrograph Method for larger watersheds with diverse surface conditions. The Hydrol-
ogy Manual provides design rainfall criteria that have been developed specifically for Maricopa
County, rainfall loss methods that are based on the best practical technology that is available for
estimating surface retention losses and infiltration rates, and unit hydrograph procedures that
have been selected and developed for the various land-uses in Maricopa County.

1.3.3 Street Drainage

Chapter 3 provides design guidelines for the drainage of streets using curbs and storm drain
inlets. An overall approach to stormwater management includes using the street system to trans-
port runoff to storm drain inlets, and for transporting runoff from storms that exceed the capacity
of the storm drain system. Design criteria, design procedures, and design aids are provided for
streets and gutters, intersections, and roadside ditches. Catch basins are discussed in regard to
alternative types and suggested applications, capacities, and design procedures. The proce-
dures used in this chapter were primarily adapted from the Federal Highway Administration
Hydraulic Engineering Circular No.12 (HEC-12), Drainage of Highway Pavements (EHWA,
1984).

1.3.4 Storm Drains

Chapter 4 provides coverage of storm sewers. A comprehensive treatment of storm sewers is
provided including use of design aids for catch basins, manholes, and various types of storm
sewer junctions.

1.3.5 Culverts and Bridges

Chapter 5 provides coverage of the design information required for the design of culverts. This
includes the necessary design aids, guidance for treatment of culvert inlets and outlets, and
scour protection at the culvert outlet. Use of example problems helps to illustrate the procedures
to be used for most practical applications. The charts and procedures for culvert design used in
this chapter were taken from the Federal Highway Administration Hydraulic Design Series No. 5
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(HDS-5), Hydraulic Design of Highway Culverts (EHWA, 1985). Some brief guidelines are pre-
sented to follow when designing inverted siphons. The design of bridges requires special exper-
tise and experience in regard to hydraulic analyses, design of flow training works, and estimates
of pier and abutment scour. Therefore, only an overview of the hydraulic analyses for bridge
openings is presented.

1.3.6 Open Channels

Chapter 6 is devoted to the analysis and treatment of both natural and artificial channels. The
scope of this chapter covers the more commonly encountered open channel design applications
by designers who do not possess special design skills in open channel hydraulics. Applications
involving rivers and large washes or channels, which are considered as non-rigid, require special
design skills, and the design of these channels should not be attempted with the design tech-
nigues contained in this chapter. The design procedure presented provides an appropriate level
of analysis for most design problems that will be encountered for artificial channels. The design
procedure assumes a rigid channel, and is valid for both subcritical and supercritical flows. Chan-
nel linings of concrete, soil cement, riprap, wire-enclosed rock (gabion), and grass are discussed
in the manual. The analysis of natural channels is discussed in broader terms than is the treat-
ment of artificial channels. Although the basic theory is the same for both channel types, more
complex flow conditions (nonuniform and unsteady flow) and concepts of sediment transport
often need to be incorporated in the analysis of natural channels.

A guide for the estimation of friction losses in both natural and artificial channels is provided in
Chapter 7. This guide was derived from the U.S. Geological Survey Scientific Investigations
Report 2006-018 (Phillips and Tadayon, 2006).

1.3.7 Hydraulic Structures

The hydraulic structures that are described in Chapter 8 are used to control or alter the flow char-
acteristics, such as velocity, depth, energy, and other hydraulic characteristics, and to affect a
change in the configuration of an open channel, such as channel slope. The purpose of such
structures is to achieve safer and more stable conveyance systems with improved maintainabil-
ity. Channel drop structures are a major topic of this chapter and guidance is provided for the
design of baffle chute drops, vertical hard basin drops, vertical riprap basin drops, sloping con-
crete drops, and grade control structures. Information is provided for the dissipation of energy at
conduit outlet structures with emphasis on riprap protection for outlets with moderate flow condi-
tions and concrete structures for more severe conditions. Guidance is provided for the design or
evaluation of channel transitions, bifurcation structures, channel junctions, spillways, trash racks,
access ramps, supercritical flow chutes, and bends in channels designed for supercritical flow. A
brief discussion is provided on groins and guide dikes. The manual provides instruction in the
theory and use of the hydraulic jump as a means of energy dissipation. The design of various,
appropriate hydraulic jump energy dissipaters are included.
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1.3.8 Stormwater Storage Facilities

Chapter 9 presents the engineering methodologies and details associated with the planning,
analysis, and design of stormwater storage facilities. Detention and retention basins are man-
made storage facilities that are intended to mitigate the effects of urbanization on storm drainage.
They serve to reduce peak discharges and can also reduce the volume of storm runoff down-
stream of the basin under certain conditions. Since detention and retention basins often require a
considerable commitment of land resources by the community or land developer, particular
emphasis is placed on planning basins that are amenities, and, where possible, incorporate mul-
tiple-use concepts. National stormwater quality standards are being promulgated and criteria for
use of detention and retention basins that will not jeopardize the quality of surface water and
groundwater resources are presented. The theory and procedure for performing routing of an
inflow flood through such facilities is provided.

1.3.9 Pump Stations

The criteria for use of pump stations in Maricopa County are provided in Chapter 10; however,
the intent is to provide only an overview of the conditions that should be considered in the design
of stormwater pumping facilities. Stormwater pump stations are used where gravity discharge is
infeasible, such as depressed highway intersections, or for the controlled release of outflow, such
as from a detention or retention facility. Reference to another readily available document for the
rigorous design of stormwater pump stations is also provided.

1.3.10 Sedimentation

Chapter 11 provides an overview of sediment transport theory. There is a general discussion of
scour and sedimentation. It provides basic concepts of sedimentation engineering and analytical
methods and design procedures for sediment yield and scour estimation in support of the goal of
minimizing maintenance. It identifies considerations to be taken in the design of culverts,
bridges, channel, and stormwater storage facilities to minimize maintenance from scour and sed-
imentation. It is not intended to be all-inclusive, but instead, its purpose is to identify the issues
and provide references for further consideration by the design engineer.

1.4 SAFETY

During storm events, people are known to intentionally or inadvertently enter water that is dan-
gerous during flood conditions. Or, worse, purposely boat or float in drainage facilities during high
runoff levels. It is not possible to develop drainage facilities that are without hazard, that will pre-
clude people from doing unintelligent acts, and that will also be hydraulically efficient. These
objectives are, for the most part, mutually exclusive. However, reasonable levels of protection
can be provided to people exercising reasonable judgement even when the structure is perform-
ing its primary function, i.e., efficiently passing storm water.
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An overriding goal of any public improvement project is to protect, maintain, and enhance the
public health, safety and general welfare by establishing requirements and procedures to control
the adverse affects of stormwater runoff and pollution.

The issue of safety includes the following principles:

« Stormwater naturally accumulates, frequently in amounts that present hazards to prop-
erty, traffic, and life and health.

« Because of the accumulation of stormwater, certain levels of hazards cannot be elimi-
nated.

» There are three levels of safety to consider, in order of priority:
+ Life and Health
+  Traffic
* Property

Public access and safety are inherent elements in the design of all drainage facilities. These ele-
ments are of primary importance, particularly in the case of multiple-use facilities where public
use is encouraged in areas subject to potential flooding. The primary factors associated with
safety at stormwater storage or conveyance facilities are user education, advance warning,
potential water depth/velocity, slopes, escape routes from flooded areas, and time to drain.

These factors can be addressed in two ways. The first relates to the need to identify and commu-
nicate potential hazards to the public. For example, with proper signage, users can be made
aware of the existence of potential hazards, such as flooding, high velocity flows, etc. User edu-
cation is a fundamental element in safety design for a stormwater facility. Clear, concise signage
with illustrative graphics can inform the public of the primary flood control purpose of the facility
and describe the various features and their potential danger during a flood.

The second relates to the design of the facility to include safety devices that can be readily main-
tained. Appropriate steps should be taken to mitigate potentially dangerous conditions. Where
the dangerous condition cannot be prevented, appropriate measures should be implemented to
keep users away from hazardous locations. Advance warning (alarms or lights triggered by
upstream water levels) should be considered for multiple-use facilities, particularly where flash
flooding and rapid basin inflow is possible.

Safety devices can be divided into two types:

Devices that Limit or Deter Access

+ Fencing

* Guard rails
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. « Warning signs
» Safety barriers

Devices that Permit Escape

« Safety nets & cables

« Safety racks (to prevent persons already in a flood hazard from passing to an area of
more severe hazard)

« Egress facilities (mild slopes, stepped walls, ladders, etc.)

An important distinction between these two categories is that devices that permit escape, may
also impede the flow of stormwater into or through drainage facilities.

Safety devices for drainage facilities should be considered for both dry weather and runoff condi-
tions. Dry weather hazards include traffic and personal safety. Examples of traffic hazards
include improper placement of guardrails on structures, unprotected drops at structures located
near roads, and grading, all of which promote vehicle rollovers. Dry weather hazards include
vertical drops or walls that may present hazards to the public that would be attractive to them for
unsafe recreation.

. The basic concept of this proposed approach to safety is to apply more restrictive measures as
hazards increase. The primary purpose for constructing drainage facilities is the efficient convey-
ance of stormwater to minimize property damage and to permit traffic flow across and parallel to
drainageways; therefore, safety in this context refers to protection from life and health hazards.

Safety considerations by hydraulic topic are enumerated below:
1.4.1 Street Drainage

Streets are used for the conveyance of stormwater. Excessive stormwater depths threaten safe
vehicular passage, including passage of emergency vehicles. Gutter flow depth should not
exceed 8 inches for the design storm used as the basis for stormwater storage. Refer to govern-
ing agencies drainage policy and standards manual for guidance. When grated catch basins are
used, the engineer should design them to optimize hydraulic efficiency, bicycle and pedestrian
safety, and structural adequacy.

1.4.2 Storm Drains & Culverts

During design, conduit entrances may require additional consideration for safety and for debris
transported by stormwater. Frequently, trash collection devices are also used as safety devices.
The need for trash collection or safety devices should be determined during planning and before
the design of drainage facilities.

. Access barriers at conduit outlets prevent access and potential entrapment during dry periods.
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Access barriers serve a similar safety function as trashracks. It is rare that cost-effective access
barriers and trash collectors can be retroactively added without a reduction of intended system
design capacity.

When any of the following conditions are met, trashracks should be required on the entrances
and access barriers on outlets to all conduits or other hydraulic structures:

« When a conduit or hydraulic structure outfalls into a channel with side slopes steeper than
4(H): 1(V) for hydraulically smooth (concrete and soil cement) banks, 3(H): 1(V) for riprap
linings, 2(H): 1(V) gabion embankments, and 1(H): 1(V) stepped side slopes.

» Conduits and hydraulic structures with a cross sectional area of 20 square feet or less.

« Conduits and hydraulic structures with a cross sectional area greater than 20 square feet
and longer than 200 feet in length.

« Conduits and hydraulic structures with energy dissipaters at the end.

« Conduits and hydraulic structures being used as outlets from multiple-use detention facili-
ties.

« Conduits and hydraulic structures with sufficient bend that the opposite ends cannot be
clearly seen.

Flap gates can be considered for substitution for access barriers on conduit outlets when it can
be shown that sedimentation will not prevent the flap gate from opening or that the design of the
outlet structure will reduce downstream sedimentation that would prevent the flap gate from
opening.

1.4.3 Open Channels

Deep channels with steep side-slopes and high flow velocities can be a hazard to the health,
safety, and welfare of the general public. Therefore, the design engineer should always consider
the safety aspects of any design. Fencing should be provided for all supercritical channels
regardless of depth. Depending upon velocity, shallower subcritical channels may require fenc-
ing. Concrete, shotcrete, or smooth sided soil cement channels meeting certain criteria should
have emergency escape ladders or equivalent. Refer to the governing agencies drainage poli-
cies and standards manual for guidance. In instances where open channels connect conduits
that meet the geometric and hazard requirements previously listed, safety devices are recom-
mended to restrict access by the general public along the entire reach of that channel. An exam-
ple would be a concrete lined channel with 1(H):1(V) side slopes.

1.4.4 Hydraulic Structures

Hydraulic structures constructed in Maricopa County will usually be subject to public access.
Designs for hydraulic structures should address the issue of safety. First, signage should be pro-
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vided to identify the potential hazard of flooding or dangerous flow measures to the public. Sec-
ond, appropriate measures should be designed to keep the public away from hazardous
locations. For example, vertical drop structures should not exceed 2.5 feet in height, and ade-
quate fencing or railings should be provided along all other walls, such as wing walls or training
walls.

1.4.5 Stormwater Storage

Often higher flood flow is directed into a multiple-use stormwater storage facility by an overflow
side channel spillway or by a drop structure. A large volume of water entering the facility at high
velocity can literally wash away an individual who is on or near the inlet structure. The design of
an inlet that minimizes the velocity of incoming water will greatly enhance safety and should be
included in the criteria for inlet structure design. Railing or fencing should be provided at the top
of structural walls.

Within a stormwater storage facility, safety concerns increase with an increase in potential water
depth. A facility with a potential water depth of 2 to 3 feet (less than the head height of most
users) is typically less dangerous than a facility with a potential water depth of 5 to 6 feet, or
more. For reasons of safety, potential water depth in detention/retention facilities should be kept
to a minimum. When possible, potential water depth of 3 feet or less is recommended for small
stormwater storage basins immediately next to residential areas.

In all facilities, regardless of depth, slopes in flood-prone areas should be kept as shallow as pos-
sible. This will allow users who find themselves caught in flooded areas (or users who deliber-
ately enter flooded areas) to walk out and up to non-flooded zones. It is recommended that
slopes in flood-prone areas be 4(H): 1(V) or flatter.

For facilities that feature permanent pools, public safety should be a primary criterion in the
design. The pond edge should be designed to minimize safety hazards. Water depth should be
limited to 1.5 to 2 feet within 8 feet of the shoreline. Where the permanent pool design depth
exceeds these recommendations at the pond edge, other safety measures should be consid-
ered.

In addition to slopes, consideration should be given to bottom conditions in flood-prone areas.
Soils that provide firm footing when saturated are safer than soils that do not. In severe cases of
unsuitable soils, partial or total removal may be necessary.

In addition to gentle slopes, routes out of flood-prone areas should be provided. Barriers that
could trap a user in a flood-prone area should be avoided. Safe, well-signed exit routes that are
negotiable under wet conditions should be developed.

User safety should be of primary concern with the design of outlets or drains. They should be
designed so that it is not possible for a user to be trapped during wet or dry conditions (see dis-
cussion above regarding trashracks and access barriers). This is particularly important when
considering children using the outlet structures as a playground.
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A properly designed trashrack can prevent clogging by debris as well as prevent a person from
being swept into the outlet structure and pipe. In addition, where hydraulic conditions at the outlet
structure can lead to the formation of a vortex, the design should include anti-vortex protection. It
is important to note, however, that an outlet structure is not a safe structure during flood condi-
tions, whether it is a horizontal pipe outlet or a riser type structure mounted to a horizontal pipe-
line. Powerful inlet velocities can draw a person underwater at the outlet structure regardless of
the existence of a trashrack or grate. Signage is important to alert the public of this danger. In
addition, trashracks should be designed to prohibit, to the extent practical, a small child being
forced through the openings.

All site furnishings, such as benches, trash receptacles, and picnic tables should be secured to
prevent them from becoming waterborne-debris that could clog the outlet structure.

Safety should also be considered downstream of outlet structures. Release flows, even though
they may be controlled, can present a hazard. Specific conditions downstream of an outlet should
be evaluated in terms of safety. To protect the public, structural walls should have fencing or rail-
ing along the top of an outlet structure.

1.5 SUPPLEMENTAL DISCIPLINES

1.5.1 Geotechnical Engineering

Geotechnical investigations may be required for designs of embankments, infiltration wells (for
draining retention basins), storm sewers, berms, levees, culverts, and rigid lined channels.
Determination of foundation characteristics and evaluation of soil materials proposed for con-
struction is routinely required for many drainage projects. Samples obtained from borings and
exploratory pits should be tested under laboratory conditions to evaluate more precisely the soil
and rock classification properties, strength, permeability, compatibility and other specialized tests
pertinent to the specific project conditions. The results of these analyses are used to develop
guidelines for economic and safe designs. This Drainage Design Manual does not go into the
requirements and procedures for geotechnical studies. Nonetheless, the designer must always
recognize the importance of this information and secure this expertise as appropriate for the proj-
ect at hand.

1.5.2 Structural Engineering

Structural engineering expertise is required in applications where standard details (i.e. MAG,
ADOQT, etc.) do not meet the project’s needs. Here, the structural engineer assesses the antici-
pated loads or forces that the drainage structure must endure and specifies the materials and
geometry for the structure. This Drainage Design Manual does not provide guidance for struc-
tural analysis. When the design engineer faces situations where the available standard details
can not be applied or there is reason to doubt the applicability of a standard, a structural engineer
must design the drainage improvement for structural integrity.
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1.5.3 Environmental Expertise

Stormwater drainage improvements often co-exist, interact, or interfere with other man-made or
natural resources. The designer of drainage improvements must consider these during the
design process. Depending upon the project at hand, specialty studies related to archeology,
waters of the U.S., historic properties, wildlife, hazardous waste, etc. might be required. With
recognition of these various issues, the designer must realize the need for a specialist to assist
with the design of the stormwater drainage improvement/project. Often times, alternative align-
ments or configurations are required to avoid or mitigate these other resources. This manual
does not delve into these resource issues nor provide guidance as to their mitigation.

1.6 REFERENCES
Phillips, J.V., and Tadayon, S., 2006, Selection of Manning’s roughness coefficient for natural
and constructed vegetated and non-vegetated channels, and vegetation maintenance plan

guidelines for vegetated channels in Central Arizona: U.S. Geological Survey Scientific
Investigations Report 2006-5108, 41 p.

United States Department of Transportation, Federal Highway Administration, 1984, Drainage
of Highway Pavements, Hydraulic Engineering Circular No. 12.

——, 1985, Hydraulic Design of Highway Culverts, Hydraulic Design Series No.5.
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In many areas about to be urbanized, the runoff has been so minimal that natural channels do
not exist. However, surface depressions normally exist and will provide an excellent basis for the
initial siting of open channels. This condition is also true for open channels that are to be used
primarily for road or highway drainage.

Drainage plans illustrate selected alternatives, including the footprint of facilities or land uses,
approximate sizes, and physical impact on the land. General requirements for structures and
their overall size and impacts are also determined during the master planning phase; however,
detailed selection of structure types, sizing of riprap, structural design, and selection and detail-
ing of peripheral elements (inlets, trashracks, fencing, etc.) are completed in later phases using
the criteria outlined in this manual.

2.4 REFERENCES

Flood Control District of Maricopa County (FCDMC), 2007, Uniform Drainage Policies and
Standards for Maricopa County, Arizona.

——, 2008, Drainage Design Manual for Maricopa County - Hydrology, 4th Edition.

U.S. Army Corps of Engineers (USACE), 1998, HEC-1 Flood Hydrograph Package, User's
Manual.
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3 STREET DRAINAGE
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3.1 SYMBOLS
. The following symbols will be used throughout Chapter 3.

a = Gutter depression, inches

a’ = Inlet depression, inches

A = Clear opening area, or flow area, sq ft

A, = Clear area of grate, sq ft

C, = Orifice coefficient

C, = Weir coefficient

d = Depth of flow at curb measured from the normal cross slope, ft (i.e., d = 7S,)

d,; = Depth of flow at lip of curb opening, ft

d, = Effective depth of flow at the center of the curb-opening orifice, ft

E = Hydraulic efficiency of an inlet shorter than the length required for total

interception (Q;/0)

E, = Ratio of flow in the depressed section to total gutter flow

g = Gravity, 32.2 ft/sec?

H = Height of curb opening catch basin, curb-opening orifice, or orifice throat width, ft

L = Length of curb opening, grate or slot, ft

L, = Curb-opening length required to intercept 100% of the gutter flow, ft

= Manning’s roughness coefficient
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Perimeter of the grate, disregarding bars and side against the curb, ft

Total gutter flow rate, cfs

Allowable flow rate per gutter, cfs

Amount of street flow intercepted by inlet, cfs
Flow rate in paved area, cfs

Theoretical gutter carrying capacity, cfs

Flow rate in width 7, cfs

Hydraulic radius, ft

Ratio of frontal flow intercepted to frontal flow
Ratio of side flow intercepted to total side flow
Longitudinal street slope, ft/ft

Equivalent cross slope, ft/ft

Pavement cross slope, ft/ft

Cross slope of a depressed gultter, ft/ft

Cross slope of a depressed gutter section measured from the normal cross slope

of the pavement (a/I), ft/ft
Width of flow, spread, ft

Spread of flow on the pavement for a composite section, ft

Velocity of flow in the gutter, ft/sec

Gutter velocity where splash-over first occurs, ft/sec
Width of grate, width of slotted drain slot or width of gutter, ft

Depth of flow, ft

Reciprocal of pavement cross-slope, 1/S,, ft/ft
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3.2 INTRODUCTION

3.2.1 General Discussion

The intent of this chapter is to provide guidelines and procedures for the removal of stormwater
flow from urban roadways. Removal of stormwater from roadways during frequent events mini-
mizes the nuisance of flow on the roadway to traffic thus allowing traffic to move safely and effi-
ciently. The removal of stormwater from roads is also essential to reducing maintenance cost.

3.2.2 Source of Data

This chapter describes methodology that should be used for the estimation of street flow capac-
ity, allowable spread, and catch basin design. The procedures, equations, and nomographs in
this section are adapted from the Federal Highway Administration, Hydraulic Engineering Circu-
lar No. 22 (HEC-22), Urban Drainage Design Manual (USDOT, FHWA, 1996) and U.S. Depart-
ment of Transportation, Federal Highway Administration (FHWA), March 1984, Hydraulic
Engineering Circular No. 12, Drainage of Highway Pavements. Policies and Standards relative
to Street Drainage are listed in the Policy and Standards Manual.

3.3 PROCEDURES

3.3.1 General Considerations

The procedures are established for the collection of storm drainage on urban streets. Storm
drainage may outfall to a designed storm drain or channel, a natural channel or a retention facil-
ity. Typical urban street sections can be obtained from the appropriate governmental agency.

Catch Basin Selection
Catch basins used for drainage can be divided into four main categories, curb-opening catch

basins, grated catch basins, combination catch basins and slotted drain catch basins. Typical
catch basin inlets are shown in Figure 3.1. Catch basins may be further classified as being on a
continuous grade or in a sump. The continuous grade condition exists when the street grade is
continuous past the catch basin and the water can flow past. The sump condition exists when-
ever water is restricted to the catch basin area because the catch basin is located at a low point.
This may be due to a change in grade of the street from positive to negative or due to the crown
slope of a cross street when the catch basin is located at an intersection.

Curb-opening catch basins are effective in the drainage of roadways. Curb-openings are rela-
tively free of clogging tendencies and offer little interference to traffic operation. They are a viable
alternative to grates in many locations where grates would be in traffic lanes or would be hazard-
ous for pedestrians, individuals using mechanical aids for commuting, and bicyclists. A
depressed-curb opening is hydraulically more efficient than an undepressed curb-opening.
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Grated or gutter catch basins refers to an opening in the gutter covered by one or more grates
through which water falls. As with other catch basins, grated catch basins may be depressed or
undepressed and are more efficient than curb-opening catch basins when located on a continu-
ous grade. When grated catch basins are used, the engineer should design them to optimize
hydraulic efficiency, bicycle and pedestrian safety, and structural adequacy. Grated catch basins
shall not extend into traffic lanes.

The interception capacity of a combination catch basin on a continuous grade consisting of a
curb-opening and grate placed side by side is not appreciably greater than that of the grate
alone. The interception capacity is computed using only the grate for this situation. A combina-
tion catch basin with the curb-opening longer than the grate has additional capacity. The curb-
opening in such an installation intercepts debris which might otherwise clog the grate and has
been termed a “sweeper” by some. A combination inlet with a curb-opening upstream of the
grate has an interception capacity equal to the sum of the two inlets, except that the frontal flow
and thus the interception capacity of the grate is reduced by interception of the curb.

In a sump, combination inlets are very desirable. The curb-opening provides a relief if the grate
should become clogged.

A slotted drain is a slot opening in the pavement which intercepts sheet flow and conveys it
through a pipe (normally corrugated steel). Slotted drains are most effective when street slopes
are shallow. Slotted drains can be used on curbed or uncurbed sections and offer little interfer-
ence to traffic operations.
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FIGURE 3.1
CATCH BASIN INLETS

(a) Curb Opening Catch Basin Inlet

(b) Grated Catch Basin Inlet

(c) Combination Catch Basin Inlet

(d) Slotted Drain Catch Basin Inlet
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Site Specific Design Considerations
Figure 3.2 is a typical illustration of the variations in grade when local streets intersect. When

local streets intersect arterial or collector streets, the grades of the arterial or collector street
should be continued uninterrupted.

When collector and arterial streets intersect, the grade of the more major street should be main-
tained as much as possible. For drainage purposes, no form of valley gutter should be con-
structed across an arterial street. Occasionally, with agency approval, valley gutters may be
considered on collector streets.

Conventional valley gutters may be used to transport runoff across local streets when a storm
drain system is not required and when approved by the governmental agency. The valley gutter
should be sufficient to transport the runoff across the intersection with encroachment equivalent
to that allowed on the street.

The theoretical carrying capacity of each gutter approaching an intersection shall be calculated
based upon the effective slope, as outlined herein.

When the gutter slope will be continued across an intersection — as when valley gutters are in
place — use the slope of the gutter flow line crossing the street to calculate capacity.

When the gutter flow must undergo a direction change at the intersection greater then 45
degrees, the slope used for calculating capacity shall be the effective gutter slope, defined as the
average of the gutter slopes at 0 feet, and 50 feet upstream from the point of direction change.

When the gutter flow is intercepted by an inlet on continuous grade at the intersection, the effec-
tive gutter slope shall be utilized for calculations. Under this condition, the points for averaging
shall be 0 feet, 25 feet, and 50 feet upstream from the inlet.

In highly concentrated business areas where large volumes of pedestrian traffic are likely, con-
sider using walk-over curbs (where pavement grade is raised to match the curb elevation at the
crosswalk) at intersections. If used, however, two catch basins would be required at nearly every
corner as flow may not be allowed to continue around the corner.

Where concentration of pedestrians occurs, depth and flow area limitations may need modifica-
tion. Designing for pedestrian traffic is as important as designing for vehicular traffic. Ponding
water and gutter flow wider than 2 feet is difficult for pedestrians to negotiate.

Storage Facilities
In some areas it may be favorable to retain street drainage within retention facilities. This is

acceptable with approval from the appropriate governmental agency. Please refer to Chapter 8
for storage facility design.
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Roadside ditches are commonly used in rural areas to convey runoff from the highway pavement,

and from areas which drain toward the highway. Where practicable, the flow from major areas
draining toward curbed highway pavements should be intercepted by ditches.

These examples show the minimum required
inlets. Additional inlets may be necessary based
upon allowable carrying capacity of gutters.

FIGURE 3.2
TYPICAL STREET INTERSECTION DRAINAGE TO STORM DRAIN SYSTEM

Direction of Flow ___——"""
Typical Crown of Local Street
. Crown
————) R e RS el ) s—

If carryover would cross
local street,

80% interception rate
for inlets allowable.

1
1
Inlets on & ‘ %
continuous grade
or sump. -H '

Local or Collector to Arterial

oL
I

Arterial to Arterial

(One Continuous Crown)

Inlets on
continuous grade
Zero carryover.

The following criteria pertain to the design of open channels along roadsides. For additional cri-
teria for open channels, see Chapter 6.
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Roadside ditches adjacent to public streets are discouraged in urban areas and require approval
from the governing agency. When they are allowed, adhere to the criteria outlined in this section.

Depth of flow in roadside ditches for the design storm shall be limited to preclude saturation of
the adjacent roadway subgrade. Where curbs exist and roadside ditches are used in lieu of
storm drains, catch basins or scuppers should be provided as needed to drain the pavement into
the drainage ditch.

Geometric considerations in the design of channel cross sections should incorporate hydraulic
requirements for the design discharge, safety, minimization of right-of-way acquisition, economy
in construction and maintenance, and good appearance.

Channel side slopes should be as mild as practical and should be no steeper than 4:1 where ter-
rain and right-of-way permit. The advantages of mild slopes are that the potential for erosion and
slides is lessened, the cost of maintenance is reduced, and the safety of errant vehicles is
enhanced. Safety considerations are subject to the requirements of the local jurisdiction.

Trapezoidal channel bottoms should be a minimum of 4 feet wide for maintenance purposes. V-
shaped channels may also be used when approved by the governing agency.

Local soil conditions, flow depths, and velocities within the channel are usually the primary
hydraulic considerations in channel geometric design; however, terrain and safety considerations
have considerable influence. Steeper side slopes of rigid, lined channels may be more economi-
cal and will improve the hydraulic flow characteristics. The use of steeper slopes is normally lim-
ited to areas with limited right-of-way where the hazard to traffic can be minimized through the
use of guardrails or parapets.

Rural Crown Ditch: In mountainous terrain where large cuts are required, crown ditches con-
structed on top of the cut embankment will intercept runoff preventing it from eroding the face of
the cut slope. A typical crown ditch is shown in Figure 3.3.

FIGURE 3.3
CROWN DITCH
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3.3.2 Applications and Limitations

Street Capacity
When estimating the total capacity of a roadway (curb to curb or sidewalk to sidewalk) Manning’s

equation as expressed in Equation (3.1) shall be used.

- &) 0.67 0.5
0 A( 21,067 (3.1)
where: Q = Total flow, cfs
n = Manning’s roughness coefficient. A n-value of 0.015 or 0.016
is typically used for paved streets unless special conditions
exist.
A = Flow area, sq ft
ry = Hydraulic radius, ft
S = Slope of energy grade line, assumed equal to longitudinal

street slope, ft/ft

When the allowable pavement spread has been determined, the theoretical gutter carrying
capacity shall be computed using the modified Manning’s formula as expressed in Equation (3.2)
or shown on Figure 3.4.

0.56
Q, = (T) S_\I‘.6750.5 T2.()7 (32)
where: Q; = Theoretical gutter carrying capacity, cfs
T = Spread of flow on pavement, ft
Sy = Pavement cross slope, ft/ft
S = Longitudinal slopes, ft/ft
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FIGURE 3.4
NOMOGRAPH FOR TRIANGULAR GUTTERS
(USDOT, FHWA, 1984, HEC-12, CHART 3)
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For gutters with composite cross-slopes, pavement spread is determined using the relationships
presented in Figure 3.5.

FIGURE 3.5
CoMPOSITE CROSS-SLOPE GUTTER SECTION

To determine discharge in a gutter with a composite cross-slope, a multi-step analysis is
required. First, find Q,, using Equation (3.3). Next, find the total gutter flow (Q) using Equation
(3.5) or Figure 3.6. Then determine the ratio of flow in the depressed section to total gutter flow
using Equation (3.4). Gutter flow (Q,,) can then be determined using Equation (3.6).

0.56
. 0, - (T) 51675057267 (3.3)
where: Qs = Flow rate in paved area, cfs
T = Spread of flow on pavement for a composite section, ft
S = Longitudinal slope, ft/ft
Sy, = Pavement cross-slope, ft/ft
E =1/1+ Sw/S, 3.4
0 767 (B4)
1 £ SH'/SA\' -
I
£
w
where: E, = Ratio of flow in the depressed section to total gutter flow
Sy = Pavement cross-slope, ft/ft
W = Width of gutter, ft
T = Width of flow, spread, ft
S, = Cross-slope of a depressed gutter ( s, + guuier depression § ift

W

(Equation (3.4), Reference: USDOT, FHWA, 1996, HEC-22, Equation 4-4)
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FIGURE 3.6
RATIO OF FRONTAL FLOwW TO TOTAL GUTTER FLOW
(USDOT, FHWA, 1984, HEC-12, CHART 4)

) e
b— % o
[/
/
s /,%/ VA
0.6
| ]
w
0.4 /
0.2
0 I
0 0.2
O
= : 35
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9, = 2-9 (3.6)
where: Q, = Flow rate in depressed section of gutter, cfs
Qs = Flow rate in paved area, cfs
Q = Total gutter flow rate, cfs
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Curb-Opening Catch Basins
On-Grade - The length (L,) of curb opening catch basin required for total interception of gutter
flow on a pavement section with a straight cross slope is expressed as:

0.42 0‘3( 1 )(’f’ (3.7)

L. = 0.6 S —_—
d Q nS,

where: Q = Total gutter flow rate, cfs
S = Longitudinal slope, ft/ft
S, = Pavement cross-slope, ft/ft
n = Manning’s roughness coefficient
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FIGURE 3.7
CURB OPENING AND SLOTTED DRAIN INLET LENGTH FOR TOTAL INTERCEPTION
(USDOT, FHWA, 1984, HEC-12, CHART 9)

N

a - for gutter depression a-ori;' gLl Sx Q

a’- forinlet depression T (FTY¥s)

~w —
LT = 0.6 0042 80.3 (I /ﬁsx )0-6
50-
FOR COMPQSITE CROSS SLOPES, USE S. FOR §S,. 40-
Se:S: +Syle | Syra/w
g 30
S Lt
D
=z LFT) 20+
§ -80
- ~70
% SX! Se
oool £ i g o
9 & [ ... P40 =
ool = e R el 6 -
-‘_o""‘ '-0-03 -30 “\~~‘\. 5 7
L obr - 0.04 4
- -20
- 0.06 3 4
0.02 - Qo8 -
- Q.| 2
0.1 [
.10 1
Loz -9
i-s |
l-? o
6 0.8
S 0.6 -
EXAMPLE: P 0.5 1
GIVEN: n=0.016 ; $=0.01 0.4 4
$x30.02 ; Q=4 FT/s
0.3 -

FIND: Ly=34 FT

3-14 August 15, 2013



Drainage Design Manual for Maricopa County Hydraulics: Street Drainage

The efficiency (E) of curb-opening catch basins shorter than the length required for total intercep-
tion is:

where: {3 Length of curb opening, grate or slot, ft

ooy
I

Curb opening length required to intercept 100% of the gutter
flow, ft
Figure 3.8 provides a solution of Equation (3.8) and the equation is applicable with either straight
cross slopes or compound cross slopes.

FIGURE 3.8
CURB OPENING AND SLOTTED DRAIN INLET INTERCEPTION EFFICIENCY
(USDOT, FHWA, 1984, HEC-12, CHART 10)
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The length of catch basin required for total interception by depressed curb-opening catch basins
or curb openings in depressed gutter sections can be found by using an equivalent cross slope,
S,. S, can be calculated using Equation (3.9).

Se 3 S.\‘+S\1‘E0

where: S'w =

E, =
Sy =

E, is the ratio of flow in the depre

(3.9)

Cross slope of the gutter (at the inlet) measured from the
cross slope of the pavement, ft/ft (S:‘, = a/12Wsee Figure
3.7)

Ratio of flow in the depressed section to total gutter flow
Pavement cross-slope, ft/ft

ssed section to the total gutter flow, and S, is the cross slope of

the gutter measured from the cross slope of the pavement, S,. Figure 3.9 can be used to deter-
mine the spread, and then Figure 3.6 can be used to determine E,,.

FIGURE 3.9

FLow IN COMPOSITE GUTTER SECTIONS
(USDOT, FHWA, 1984, HEC-12, CHART 5)
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The length of curb-opening required for total interception can be significantly reduced by increas-
ing the cross slope or the equivalent cross slope. The equivalent cross slope can be increased
by use of a continuously depressed gutter section or a locally depressed gutter section.

Using the equivalent cross slope, S, Equation (3.7) becomes:

o 042,03 106
L, = 060"*s (”S) (3.10)

Figure 3.7 and Figure 3.8 are applicable to depressed curb-opening catch basins using S, rather
than S..

Sumps - The capacity of a curb-opening catch basin in a sump depends on water depth at the
curb, the curb opening length, and the height of the curb opening. The catch basin operates as a
weir for depths of water up to the curb-opening height and as an orifice at depths greater than 1.4
times the opening height. At water depths between 1.0 and 1.4 times the opening height, flow is
in a transition stage.

The weir location for a depressed curb-opening catch basin is at the edge of the gutter, and the
effective weir length is dependent on the width of the depressed gutter and the length of the curb-
opening. The weir location for a curb opening catch basin that is not depressed is at the lip of the
curb-opening, and its length is equal to that of the curb-opening catch basin.

The equation for the interception capacity of a depressed curb opening-catch basin operating as
a weir is:

0, = C,(L+18W)d"’ (3.11)
where: Q;, = Amount of street flow intercepted by inlet, cfs
C, = Weir coefficient = 2.3

= Width of grate or depressed gutter, ft

d = Depth of flow, ft (measured from water surface to projected
cross slope)

L = Length of curb opening, or slot, ft
The weir equation is applicable to depths at the curb approximately equal to the height of the

opening plus the depth of the depression. Thus, the limitation on the use of Equation (3.11) for a
depressed curb opening catch basin is:
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d<h+Z (3.12)
12

where: h Height of curb opening catch basin, curb opening orifice, or

orifice throat width, ft

a Gutter depression, inches

Experiments have not been conducted for curb opening catch basins with a continuously
depressed gutter, but it is reasonable to expect that the effective weir length would be as great as
that for a catch basin in a local depression. Use of Equation (3.11) will yield conservative esti-

mates of the interception capacity.

The weir equation for curb opening catch basins without depression (7 = 0) becomes:

15
0, =C,Ld (3.13)

where: G 3.0

d

L
The depth limitation for operation as a weir becomes: d < i

Depth of flow, ft

Length of curb opening or slot, ft

Curb opening catch basins operate as orifices at depths greater than approximately 1.44. The
interception capacity can be computed by Equation (3.14):

0, = C,hL(2gd,)"” (3.14)
where: C, = Orifice coefficient = 0.67
g = Gravity, 32.2 ft/sec?
d, = Effective depth at the center of the curb opening orifice, ft
h = Height of curb opening catch basin, curb-opening orifice, or

orifice throat, ft

L = Length of curb opening, ft

Equation (3.14) is applicable to depressed and undepressed curb opening catch basins and the
depth at the catch basin includes any gutter depression.
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Height of the orifice in Equation (3.14) assumes a vertical orifice opening. As illustrated in Figure
3.10, other orifice throat locations can change the effective depth on the orifice and the dimen-
sion (d,—h/2). A limited throat width could reduce the capacity of the curb-opening catch basin
by causing the catch basin to go into orifice flow at depths less than the height of the opening.

FIGURE 3.10
CURB OPENING CATCH BASIN INLETS
(Modified from: USDOT, FHWA, 1984, HEC-12, Figure 21)
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(b) Inclined Throat
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-«

d =4

(c) Vertical Throat

Figure 3.11 provides solutions for Equations 3.11 and 3.14 for depressed curb-opening catch
basins, and Figure 3.12 provides solutions for Equations 3.13 and 3.14 for curb-opening catch
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basins without depression. Figure 3.13 is provided for use for curb openings with inclined or ver-
tical orifice throats.

FIGURE 3.11
DEPRESSED CURB OPENING INLET CAPACITY IN SUMP LOCATIONS
(USDOT, FHWA, 1984, HEC-12, Chart 12)
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FIGURE 3.12
CURB OPENING INLET CAPACITY IN SUMP LOCATIONS
(USDOT, FHWA, 1984, HEC-12, Chart 13)
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FIGURE 3.13
CURB OPENING INLET CAPACITY FOR INCLINED AND VERTICAL ORIFICE THROATS
(USDOT, FHWA, 1984, HEC-12, Chart 14)
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Grated Catch Basins

On-Grade - Grated catch basins intercept all of the frontal flow until splash over (the velocity at
which water begins to splash over the grate) is reached. At velocities greater than splash over,
grate efficiency in intercepting frontal flow is diminished. Grates also intercept a portion of the
flow along the length of the grate, or the side flow, dependent on the cross slope of the pave-
ment, the length of the grate, and flow velocity.
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The ratio of frontal flow to total gutter flow, £, for a straight cross slope is:

N Q“_ o ” 2.67
%= T ‘—(‘—9 (3.15)
where: Q, = Flow rate in width (1), cfs
Q = Total flow, cfs
W = Width of grate or gutter, ft
T = Spread of flow on the pavement, ft

Figure 3.6 provides a graphical solution of £, for either straight cross slopes or depressed gutter
sections.

The ratio of side flow, (Q,) to total gutter flow (Q) is:

o

% _ S g (3.16)
o 0

Flow rate outside of width (77), cfs

Flow rate in width of grate or gutter (W), cfs

‘ where: Qs
Qu

The ratio of frontal flow intercepted to total frontal flow, R, is expressed:

Ry=1-0.09(V-V,) (3.17)
where: R; = Ratio of frontal flow intercepted to total frontal flow
V = Velocity of flow in the gutter, ft/sec
V, = Gutter velocity where splash over first occurs, ft/sec

This ratio is equivalent to frontal flow interception efficiency. Figure 3.14 provides a solution of
Equation (3.17) which takes into account grate length, bar configuration and gutter velocity at
which splash-over occurs. The gutter velocity needed to use Figure 3.14 is total gutter flow
divided by the area of flow.
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FIGURE 3.14
GRATE INLET FRONTAL FLOW INTERCEPTION EFFICIENCY
(USDOT, FHWA, 1984, HEC-12, Chart 7)
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The ratio of side flow intercepted to total side flow, R, or side flow interception efficiency, is

expressed:
_ 1
R, = e (3.18)
|+ 0.15V"
2.3
sk
where: Sy = Pavement cross slope, ft/ft
L = Length of grate, ft
V= Velocity of flow in the gutter, ft/sec

Figure 3.15 provides a solution of Equation (3.18).

A deficiency in developing empirical equations and charts from experimental data is evident in
Figure 3.15. The fact that a grate will intercept all or almost all of the side flow where the velocity
is low and the spread only slightly exceeds the grate width is not reflected in the figure. Error due
to this deficiency is very small. In fact, where velocities are high, side flow interception can be
neglected entirely without significant error.
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FIGURE 3.15
GRATE INLET SIDE FLOW INTERCEPTION EFFICIENCY
(USDOT, FHWA, 1984, HEC-12, Chart 8)

| pre——
0.8~ e — \1\
0.6 B ..
e —~ e i W
P N T e .
03 L\\‘\ \ \\ NG { A*,./

NSNS RN

N
N\ N NG A S N N\
t 11
0.08 T A ‘{l e e
P =y crmp i m e e W W o AN
A S AN NS NN N N
i S N

NN | .

803 L /;‘: N \\‘\\\}\ o Y Y

002 N \\N\\ \
A3

NN

N
008 AY Y\ N : NS N

5
006} ExampLE: \\ AN AN— X
0oal GIVEN: S i N 1N

>
! AN ¢ b}
003t iarr \\ S e \\ A
I R e e s N N D

0.0 N \ N

The efficiency, E, of a grate is:

E = RE,+R(1-E,) (3.19)
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The first term on the right side of Equation (3.19) is the ratio of intercepted frontal flow to total
gutter flow, and the second term is the ratio of intercepted side flow to total side flow. The second
term is insignificant with high velocities and short grates.

The interception capacity (Q;) of a grate catch basin on grade is equal to the efficiency of the
grate multiplied by the total gutter flow:

Q; = EQ = QIREy+R(1-Ey)] (3.20)

Sump - The efficiency of catch basins in passing debris is critical in sump locations because all
runoff which enters the sump must be passed through the catch basin. Total or partial clogging of
catch basins in these locations can result in hazardous ponding conditions. Grate catch basins
alone are not recommended for use in sump locations because of the tendencies of grates to
become clogged. Combination catch basins or curb-opening catch basins are recommended for
use in these locations.

A grate catch basin in a sump location operates as a weir to depths dependent on the bar config-
uration and size of the grate and as an orifice at greater depths. Grates of larger dimension and
grates with more open area, that is, with less space occupied by lateral and longitudinal bars, will
operate as weirs to greater depths than smaller grates or grates with less open area.

The capacity of grate catch basins operating as weirs is:

0,=C,Pd"~ (3.21)
where: Cy = Weir coefficient = 3.0
P = Perimeter of the grate, disregarding bars and side against
curb, ft
d = Depth of flow at curb, ft

The capacity of a grate catch basin operating as an orifice is:

0.5
Q; = C,4,(2gd) (3.22)
where: C, = Orifice coefficient = 0.67
Ag = Clear opening area of the grate, sq ft
d = Depth of flow at curb, ft

= Gravity, 32.2 ft/sec?
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Use of Equation (3.22) requires the clear opening area of the grate. Tests of three grates for the
Federal Highway Administration showed that for flat bar grates, such as P-/-7/8-4 and P-1-1/8
grates, the clear opening is equal to the total area of the grate less the area occupied by longitu-
dinal and lateral bars.

Figure 3.16 is a plot of Equation (3.21) and Equation (3.22) for various grate sizes. The effects of
grate size on the depth at which a grate operates as an orifice is apparent from the chart. Transi-
tion from weir to orifice flow results in interception capacity less than that computed by either the
weir or the orifice equation. This capacity can be approximated by drawing in a curve between
the lines representing the perimeter and net area of the grate to be used.

FIGURE 3.16
GRATE INLET CAPACITY IN SUMP CONDITIONS
(USDOT, FHWA, 1984, HEC-12, Chart 11)
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Combination Catch Basins

On-Grade - The interception capacity of a combination catch basin consisting of a curb opening
and grate placed side-by is not appreciably greater than that of the grate opening alone. Capac-
ity is computed by neglecting the curb opening. A combination catch basin is sometimes used
with the curb opening or part of the curb opening placed upstream of the grate. A combination
catch basin with a curb opening extending upstream of the grate has an interception capacity
equal to the sum of the grated catch basin and of the portion of the curb opening inlet upstream
of the grate. The frontal flow and thus the interception capacity of the grate is reduced by the
flow intercepted by the curb opening.

Sump - Combination catch basins consisting of a grate and a curb opening are considered
advisable for use in sumps where hazardous ponding can occur. The interception capacity of the
combination catch basin is essentially equal to that of a grate alone in weir flow unless the grate
opening becomes clogged. In orifice flow, the capacity is equal to the capacity of the grate plus
the capacity of the curb opening.

Equation (3.21) or Figure 3.16 can be used for weir flow in combination catch basins in sump
locations. Assuming complete clogging of the grate, Equation (3.11), Equation (3.13), and Equa-
tion (3.14), or Figure 3.11, Figure 3.12 and Figure 3.13 for curb-opening catch basins are applica-
ble.

Where depth at the curb is such that orifice flow occurs, the interception capacity of the catch
basin is computed by adding Equation (3.22) and Equation (3.14):

0, = 0.674,(2gd)" +0.67hL(2gd,)"’ (3.23)
where: Q; = Amount of street flow intercepted by inlet, cfs

Ag = Clearopening area of the grate, sq ft
g = Gravity, 32.2 ft/sec?
d = Depth of flow at curb, ft
h = Height of curb opening portion of catch basin, curb-opening

orifice or orifice throat, ft

L = Length of curb opening, ft

d, = Effective depth at the center of the curb opening orifice, ft

Trial and error solutions are necessary for depth at the curb for a given flow rate using Figure
3.11, Figure 3.12, Figure 3.13, or Figure 3.16 for orifice flow.
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Slotted Drain Catch Basins

On-Grade - Wide experience with the debris handling capabilities of slotted drain catch basins is
not available. Deposition in the pipe is the problem most commonly encountered; however, the
catch basin is accessible for cleaning with a high pressure water jet.

Flow interception by slotted drain catch basins and curb-opening catch basins is similar in that
each is a side weir and the flow is subjected to lateral acceleration due to the cross slope of the
pavement. Analysis of data from the HEC-12 tests of slotted drain catch basins with slot widths
greater than or equal to 1.75 inches indicates that the length of the slotted drain catch basin
required for total interception can be computed using Equation (3.7). Figure 3.7 is therefore
applicable for both curb-opening catch basins and slotted drain catch basins. Similarly, Equation
(3.8) is also applicable to slotted drain catch basins and Figure 3.8 can be used to obtain the
catch basin efficiency for the selected length of the catch basin.

Using Figure 3.7 and Figure 3.8 for slotted drain catch basins is the same as using them for curb-
opening catch basins. It should be noted, however, that it is much less expensive to add length
to a slotted drain catch basin to increase interception capacity than it is to add length to a curb-

opening catch basin.

Sump - Slotted drain catch basins in sump locations perform as weirs to depths of about 0.2 ft,
dependent on slot width and length. At depths greater than about 0.4 ft, they perform as orifices.
Between these depths, flow is in a transition stage. The interception capacity of a slotted drain
catch basin operating as an orifice can be computed by:

0. = 0.8LW(2gd)"” (3.24)

where: Amount of street flow intercepted by slotted inlet, cfs

ES)
I

=  Length of slotted inlet, ft

Width of slot, ft

=  Depth of water at slot, d > 0.4 ft
= Gravity, 32.2 ft/sec?

Q o S r~
I

Equation (3.24) becomes:

0, = 094Ld"’ (3.25)

when: W = 0.15ft(1.75 inches)
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The interception capacity of slotted drain catch basins at depths between 0.2 and 0.4 feet can be
computed by using the orifice equation. The orifice coefficient varies with depth, slot width, and
the length of the slotted drain catch basin.

Figure 3.17 provides the solutions for weir flow, transition flow and orifice flow.

FIGURE 3.17
SLOTTED DRAIN INLET CAPACITY IN SUMP CONDITION
(USDOT, FHWA, 1984, HEC-12, CHART 15)
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Guidelines

Inlets in sumps are generally much more efficient and economically justifiable than inlets on a
continuous grade, so the street designer should strive to adjust grades, when practical, to pro-
vide sumps for inlets. A sump is created at each intersection of a side street with a major street
where the crown of the side street is extended at least to the quarter point of the major street.
This provides an efficient pick up point. However, on the downstream side of the side street,
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incoming storm drainage will tend to flow on down the major street and bypass a catch basin.
Therefore, where conditions permit, the side street may be depressed for a short distance
upstream from the curb return to provide a second efficient pick up point, if the side street is
bringing a large volume of runoff. Another alternative is multiple catch basins to intercept the
excessive runoff. The most economical alternative shall be used.

To account for a potential reduction of inflow capacity due to clogging, the design of the inlet
should include a factor of safety. Here the area or length required is adjusted by clogging or
reduction factors as set forth by the standards used by the jurisdictional entity. For Maricopa
County, clogging or reduction factors are set forth in the Policies and Standards Manual.

3.4 APPLICATION

This section offers design procedures for street drainage and presents design examples. Equa-
tions presented in this chapter shall be used for design purposes. Nomographs presented in this
chapter can be used for design concept evaluations or initial evaluations.

3.4.1 Design Procedures
Design procedures for street drainage on a continuous grade are as follows:

1. For a given longitudinal street slope and cross slope at a location determine the flow rate
that would provide a flow spread that is equal to the allowable spread.

2. Determine if the drainage area draining to the location used in Step 1 will generate the
discharge determined in Step 1. If not choose a different location for Step 1. Continue
the iterative process until the drainage area flow rate is consistent with the allowable
spread flow rate.

3. Determine if there are conflicts with the placement of a catch basin at this location. Con-
flicts could be but are not limited to, side streets, driveways, utilities that would be costly
to relocate, etc. Should there be conflicts, move the catch basin location upstream.

4. Size a catch basin to intercept the calculated flow. Determine the efficiency of the catch
basin and determine the flow rate, if any, that will by pass the catch basin.

5. Choose a location downstream in which the drainage area contributing to the location will
generate a flow rate that when added to the by pass flow rate determined in Step 4 is
equal to the flow rate that would generate a spread that is equal to the allowable spread.

6. Continue steps 3 through 5 to termination of the project. Design examples for these pro-
cedures are shown in Section 3.4.2.
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3.4.2 Design Examples

Example 1

Determine the total discharge (Q) for the composite gutter section.

Given: Allowable spread T = 121t
Cross-slope S, = 0.02ft/ft
Gutter depression a = 1inchor0.0833 ft
Longitudinal Slope S = 0.008 ft/ft
Gutter Width W = 1421t
Manning’s roughness value n = 0.015

NOTE: For MAG, (1979) Details, a is typically 0.37 inches.

Step 1:
Determine the flow spread (7;) for the pavement section.
T=W+T,
T,=T-W=12ft—142 = 10.58 f1
Step 2:
Determine the discharge (Q,) in the paved section using Equation (3.3) and/or Eigure 3.4.

0, = (O-j)\.;.mso.s 7267 (3.3)

n

0.56 2.67

= 02
Q; (0.015) Wi

Use Figure 3.4 to determine the discharge (Q,). To do this, connect the values for S and S, with a
straight line that intersects the turning line. Now draw a straight line from the turning line through

the value 7 to the discharge line. Read the value Qn.

1.67

% 0.008" % 10.58%%7 = 2.64 ¢fs
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Qn = 0.04
0.04 0.04
=T e 2 e BT R
Q= = T oos ofs
Step 3:
Determine the total discharge (Q) using Equations 3.4 and 3.5.
- 875,
EO =1/41+ = (3.4)
SW/S\‘
- -1
-t
W

To solve Equation (3.4), determine §,,, S,,/S, and T/W.

0.0833 /1 fi fi
E =&48 s L4 0.02L = 0.0787%
woow TY 142 fi i
L
Sw _ 0.0787 _ 44,
s, 0.02
T_ 12 _ gys
w142
By substitution:
E, =1/{1+ 2 = 0348
[1 + } 1
8.45—1

Determine the total discharge using Figure 3.5 and Equation (3.5). To determine the value E,
using Figure 3.6, begin with the 17/T value and go vertically up until you intersect the S,/S, value.
Project horizontally to the £, axis and read value.

E, = 033

Use Egquation (3.5) to solve for the total discharge using O, and E, from Figure 3.4 and Figure
3.6.

48 2.67

= =5 = = 3.99cfs say 4 cf (3.5)
(1-E,) 1.0-033 Lk b

Q
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Example 2
Determine the length of a curb-opening inlet on grade for the interception of the gutter flow deter-

mined in Example 1.

Flow

A
% <—|
g A
L A
5 7 Section A-A
Given: Total gutter flow Q = 4cfs
Cross-slope S, = 0.02ft/ft
Gutter depression a = 1inchor0.0833 ft
Longitudinal Slope S = 0.008 ft/ft
Gutter Width W = 1421
Manning’s roughness value n = 0.015
Clogging factor = 1.25 x required length
Gutter depression (at inlet) a’ = 2inchesor0.167 ft

NOTE: For MAG, (1979) Details, a’is a minimum of 2.37 inches.

Step 1:

Determine the equivalent cross-slope using Equation (3.9). Note, use gutter depression at inlet.

Se = S.\‘ T S,n'Er) @
L w 1.42f1 St

E, = 0.35 from Example 1

ft ft ft
= 0.02= +0.12& 35 =0. g2
S, OOZﬁ 012ﬁ><03 0062ﬁ

Step 2:

Using Equation (3.10) solve for length.

0.6
B 0.6Q0'4250'3( 1 )

3.10
nSc
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0.42 ).6

L, = 0.6x4"*x0.008" x( = 16.6 1

1 (
0.015 x 0.0()J

To use Figure 3.7 to determine the length of curb opening, first draw a straight line through the »
and S values to intersect the turning lane. Then draw a straight line from the turning line through
the S, value intersecting the second turning line. From the second turning line draw a straight
line to the Q value. Read the value L,.

L, = 17 feet
Step 3:
Determine length with a clogging factor of 1.25.
L, (with clogging factor) = L, x 1.25
= 16.6 X 1.25 = 20.75
Try a curb opening inlet catch basin with a 10-foot wing. Total Length, L = 13 7.

Step 4:

The curb opening provided is 13 feet; therefore, determine the catch basin efficiency (E), the flow
intercepted (Q,) and the bypass flow.

Use Equation (3.8) to determine the efficiency of the catch basin provided.

T 1.8
E= 1—(1-L—) (3.8)
i
1.8
E = 1—[ ——13—] = 0.83
20.75

Q; = 4¢fsx0.83 =33 cfs

Ql)ypass =0~ Qi

4cfs—3.3cfs

0.7 cfs

To use Figure 3.8 to determine the efficiency, begin with the L/, value and go vertically up to the
efficiency curve (E) and then project horizontally to the efficiency value.

E = 0.83
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Example 3

Determine the interception capacity of a single grated inlet on grade for the flow rate determined

in Example 1.

Given: Total gutter flow
Flow in pavement section

Cross slope

Gutter depression

Cross slope of a depressed gut-
ter ft/ft

Longitudinal slope

Gutter width

Manning’'s Roughness Coeffi-
cient

Ratio of flow in the depressed
section to total gutter flow
Allowable spread

E,

T

4 cfs
2.64 cfs (from Example 1)

0.02 ft/ft

1in or 0.0833 ft
0.0788 ft/ft (from Example 1)

0.008 ft/ft
1.42 ft
0.015

0.35 (from Example 1)

12 ft

Note: Assume grate is equivalent to the P-/-7/8-4 grate presented in HEC-22

Step 1:
Determine flow rate Q,, in gutter width:
0, =0-0
= 4-2.64=1.36cfs
Step 2:

Determine velocity of flow in gutter width; 7.

T
/W\.< Ts >
VI o

Qﬁ__/

sCE
aord Sy
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Determine d; and d, in figure above

d, = (T-W)S, = (12 ft— 1.42f1) X 0.021? =021/t

fi

TS, +a=12fx 0.02-% +0.0833 f1 = 0321

d 2

Determine flow area of Q,,.
(dy—d;)x W)
2

(021 fi x 1.42 fi) + (

Flow area = d, x W+(

(0.32 f1—0.21 f1) x 1.42./'1)
2

0.376 sq ft

Use Q, = V4 to determine velocity

Qv _po 136 _ 560,
A, 0.376 sq ft
Step 3:

Determine splash over velocity (V) from Figure 3.14.

Length of grate = 3 feet, extend vertically from the length of grate value a line to the
P-1-7/8-4 curve, then extend a line horizontally to the splash-over velocity axis, read value.

V, = 6.1fps
Step 4:

Using Equation (3.17) or Figure 3.14 determine the ratio of frontal flow intercepted to total frontal
flow.

Ry=1-0.09(V~V,) = 1-0.09(3.6 fps — 6.1 fps) 3.17

= 1.22 say 1.0 or 100%

With a clogging factor the width of opening perpendicular to flow is 0.5 times the actual width of
the grate. Therefore R actual is equal to R with clogging Rx0.5 = 05.

To use Figure 3.14 to determine R, extend a line vertically from the length of grate value to the P-
1-7/8-4 curve, then extend a line horizontally to the diagonal V' line to the value determined in Step
2 and then vertically down to the R axis, read value. Maximum R value is equal to 1.
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Step 5:

Using Equation (3.18) or Figure 3.15 determine the ratio of side flow intercepted to total side flow,
applying a 1.25 clogging factor to length of grate, L.

1 1

R, = __ - = 0.09 3.18
1+ 0.15V" 1+ 0.15(3.6) -
_L_)2'3 (_3—.(_)_)2.3
Sv\‘(1.25 (0.02) 1.25

To use Figure 3.15 to determine R, extend a line horizontally from the S, value to the diagonal L
line with the L value adjusted for clogging, extend the line vertically to the diagonal V' line with the
V value determined in Step 2, then horizontally extend a line to the R, axis and read the value.

R, = 0.09
Step 6:

Using Equation (3.19) determine the efficiency of the grate.

E = RE,+R(1-E,) 3.19

0.5x0.35+0.09% (1-0.35)

Il

0.234
Step 7:
Determine flow rate Q; intercepted

0, = (O)(E) = 4%x0.234 = 094 ¢fs
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Example 4
Determine the capacity of a combination curb opening inlet for the flow rate determined in Exam-

ple 1.

Given: Total gutter flow Q = 4cfs
Cross slope Sy = 0.02 fi/ft
Gutter depression a = 1inor0.0833 ft
Longitudinal slope S = 0.008 ft/ft
Gutter width W = 1421t
Manning’s Roughness Coeffi- n = 0.015
cient
Total curb opening length = 141t
Curb opening length upstream = 1Mft
of grate
Grate length = 3ft
Gutter depression at inlet a = 2inchesor0.167 ft
Y T
7
>
e —

o |

aord

Step 1:
Compute the interception capacity (Q;.) of the curb opening upstream of the grate.
From Example 2: L, = 16.6 with clogging factor L, = 16.6 x 1.25 = 20.75

Use Equation (3.8) to determine efficiency of curb opening.

r L 1.8
E=1- 1__} (3.8)
Ny
- 1.8
E=1- 1—L} =0.74
2075
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Qi c

Step 2:

Il

4 cfs x0.74 = 2.97 cfs say 3 ¢fs

Determine interception capacity (Qig) of the grate.
Flow to grate Q,=0-0, =4 cfs=3.0cfs—1.0cfs
Step 2.1:

By assuming the flow spread 7, calculate the discharge O, in the paved section adjacent to grate
using the procedure listed in Example 1 Step 2. This is an iterative process.

Assume: Ts = 4.2 ft
@, = 022¢fs
Step 2.2:
Determine the total discharge following procedures listed in Example 1 Step 3.
. Note: Use gutter depression-value at inlet.
s = 0167, 602 = g.138L
s 1.42 ft
Sw_ 0.138 _ (oo
S, 0.02
T_ A2+ 143 o0
w 1.42
E, = 1/{1+ 088 =078
[1 . _6.88 J 1
3.96 -1
0, - g _ 032 _ | efs

T (1-E,) (1-078)
O, from Step 2.2 equals O, from Step 2 therefore the assumption of 7, = 4.2 feet in Step 2.1 is
correct. Should Q, not equal Q,, a different value for 7; would need to be assumed.
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Step 3:
Determine flow rate (Q,,) in gutter width.
g, = g=0,
= 1.0 ¢f5—0.22 ¢fs = 0.78 cfs
Step 4:
Determine velocity of flow in gutter width using procedures listed in Example 3, Step 2.
Note: 7= T,+ W = 42ft+ 142 ft = 5.62 ft
d, = 0.084 f1
dy = 0.28 ft
Flow area = 0.26 sq ft
V = 3fps
Step 5:
Determine splash over velocity (7)) from Eigure 3.14.
V, = 6.1fps
Step 6:

Determine the ratio (R,) of frontal flow intercepted to total frontal flow for the grate. Use proce-
dures listed in Example 3, Step 4.

R,= 128 if greater than 1, say 1

With a combination curb opening and grate no clogging factor is applied to the grate.
Step 7:

Determine the ratio (R,) of side flow intercepted to total side flow for the grate. Use procedures
listed in Example 3, Step 5. No clogging factor applied.

R, = 0.19
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. Step 8:

Using procedures listed in Example 3, Step 6 determine efficiency of the grate.

E = R/E()+R.S'(l _E())
E = (1)(0.78)+ (0.19)(1-0.78) = 0.82
Step 9:

Determine the flow rate (Qig) intercepted by the grate.
Qjp = OXE = 1¢fsx0.82 = 0.82¢fs
Step 10:
Determine the total flow (Q;) intercepted by the combination catch basin.
0; = Q;,tQ;, = 3.0cfs +0.82¢fs = 3.82¢fs

Qbypa.w = 0-0, = 4efs—382¢fy = 0.18¢fs
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Example 5

Determine length of curb opening inlet in a sump location.

Given: Total flow rate Q = 4cfs
Allowable spread T = A2t
Cross-slope S, = 0.02 ft/ft
Gutter depression at inlet a = 2inchesor0.167 ft
Width of gutter W = 1421t
Height of curb opening H = 5inchesor 0.417 ft
Weir coefficient Cyh = 23
Clogging factor = 1.25 applied to inlet length

Step 1:
Determine depth at inlet (d;)

d.

1

(8 % (T)

d.

]

(S)x(T) = 0.02 fft X 12 feet = 0.24f eet
Step 2:
Check that
d.<h+ l‘—‘z

0.24 f1 < 0.417 + 12—2

0.24 ft < 0.58 ft
Step 3:
Using Equation (3.11) determine length

5)
Q, = C,(L+18W)d, 3.1
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or

O £
L= ———n 180 = 4%15
C,ds (2.3)(0.24 )
Using Figure 3.11 extend a vertical line up from the discharge rate value to the water depth value

determined in Step 1, read P value.

—(1.8)(1.42 feet) = 12.24 feet

P=15
P=L+18W
P-18W =1L

15—-(1.8)(1.42) = 12.44 feet
Step 4:
Apply clogging factor to inlet length

L x clogging factor = 12.44 x 1.25 = 15.55 feet

Example 6
‘ Determine size of a grate inlet in a sump condition.
Curb
Gutter
T 5
W Ts
Sx
Given: Total flow rate Q = 2cfs
Allowable spread T = 121t
Cross-slope Sy, = 0.02 ft/ft
Gutter depression a = 0
' Width of gutter w = 2
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3.0

3 ftby 2 ft
2 applied to grate perimeter

Weir coefficient

O
<
1

Grate dimensions

Clogging factor
Step 1:

Determine depth at inlet (d)
d = (S)x(T) = 0.02ft/ft x 12.0 feet = 0.24
Step 2:

Use Equation (3.21) to solve for P where P is equal to the perimeter of the grate in feet disregard-
ing bars and the length of the side against the curb.

0,=C,Pd"” 3.21

w

2 cfs

c.d" 3.0%024'7°

I
~

= 5671t

Using Figure 3.16 extend a vertical line up from the discharge rate value to the water depth value
determined in Step 1, read P value.

P = 5.5 feet

Step 3:

Apply clogging factor to perimeter of grate.

P xclogging factor = 5.67 feetx2 = 11.34 feet

for 2 grates end toend P = 10 ft

for 3 gratesendtoend P = 13 ft

Use 3 grate inlets or try a different type of catch basin.
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4.1 SYMBOLS

The following symbols will be used throughout Chapter 4.

August 15,

= The central angle of the bend, degrees

= The horizontal angle of divergence or convergence between two sections,
degrees

= Area of water normal to flow, sq ft

= Rational equation runoff coefficient

= Diameter of storm drain, ft

= Specific energy, ft

= Energy grade line

= Acceleration due to gravity, 32.2 ft/sec?
= Hydraulic grade line

= Headloss due to a bend, ft

= Headloss due to friction, ft

= Headloss at inlet, ft
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o

s o

N < <

Headloss due to a junction, ft
Headloss due to a manhole, ft
Minor headlosses, ft

Headloss at outlet, ft

Headloss due to transition (contraction or expansion) in pipe size, ft

Pipe friction loss coefficient, dependant on Manning’s n
Bend loss coefficient

Coefficient for transition loss due to contraction of flow
Coefficient for transition loss due to expansion of flow
Junction loss coefficient

Entrance loss coefficient

Horizontal length of a storm drain, ft

Manning's roughness coefficient

Rate of flow, cfs

Radius of curvature, ft

Hydraulic radius, ft

Friction slope, ft/ft

Invert slope, ft/ft

Time of concentration, min.

Velocity, ft/sec

Vertical distance from invert to hydraulic grade line, ft

Elevation in reference to a known vertical datum, ft
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4.2 INTRODUCTION

This chapter describes methodology that should be used for the hydraulic design of a storm drain
system. In this manual, a storm drain system refers to a coordinated group of inlets, underground
conduits, manholes, and various other appurtenances which are designed to collect stormwater
runoff from the design storm and convey to a point of discharge into a major or regional drain out-
fall. The size of a storm drain system is based on a designated design storm. The design storm is
a storm with a specific storm duration and return period. The design storm will vary from commu-
nity to community. The designer shall determine the appropriate design storm from the governing
agency.

Storm drains should generally only be considered for minor watercourses. Storm drains typically
are not economical for the flows conveyed within larger watercourses. Therefore, the storm drain
system will collect runoff to a point where storm drains become too large to be economical and
will then discharge into a major or regional watercourse outfall consisting of a man-made chan-
nel, or natural watercourse.

The designer of the storm drain system will have to use professional judgement when dealing
with the conflicts that can occur with existing utilities. When the designer has to deviate from the
requirements of this chapter, he or she should contact the governing agency as soon as possible
to explain the situation and agree upon an acceptable solution. This will expedite the design pro-
cess.

There are many computer programs available to help in the design of storm drain systems.
These programs, however, may determine the various headlosses by methods different than
those presented in this chapter. It is therefore recommended that the designer of any storm drain
system check with the governing agency before using a particular program.

4.3 PROCEDURES

4.3.1 General Considerations

The following considerations are intended to aid the designer in the design process for a storm
drain system. The considerations discussed may not be applicable to all storm drain systems that
are being designed. Also, the design approaches discussed may not be all of the alternatives a
designer may have to take into consideration.

Manhole Design Considerations

A manhole is generally placed in a storm drain system at locations of pipe size/slope change,
pipe horizontal alignment change, pipe intersections, and at other periodic locations to provide
access to the system for maintenance. The following discussion applies to manholes and man-
holes/junctions.

Often a closed conduit designed for open channel flow operates as a pressure conduit. This may
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result when storm runoff exceeds that used for design purposes or simply because junction
losses or manhole/junction losses were underestimated or neglected in the design. In storm
drain systems, junctions in closed conduits can cause major headlosses across the junction. If
these losses are not included in the hydraulic design, the capacity of the conduit may not be ade-
quate for the desired design flow.

For a straight flow through condition at a manhole, pipes should be positioned vertically so that
the crowns are aligned. An offset in the plan is allowable provided the projected area of the
smaller pipe falls within that of the larger. Aligning the crowns of the pipes is the most hydrauli-
cally efficient.

When two inflowing laterals intersect in a manhole, the horizontal alignments of those laterals is
important. For example, if two lateral pipes are aligned opposite each other such that the out-
flows impinge directly upon each other, the magnitude of the losses can be extremely high.

If the installation of directly opposed inflow laterals is necessary, the installation of a deflector, as
shown in Figure 4.1 will result in significantly reduced losses. The research conducted on this
type deflector is limited to the ratios of D,/D; = 1.25. The tests indicate that it would be conserva-
tive to assume the coefficient of pressure change at 1.6 for all flow ratios and pipe diameter ratios
when no catch basin is considered, and 1.8 when the catch basin flow is more than 10 percent of

Qo-

Lateral connector pipes should not be located directly opposite; rather, their centerlines should
be separated laterally by at least the sum of the two lateral pipe diameters. Some jurisdictions
require greater separation, and therefore, the design engineer should check jurisdiction specific
standards. Studies have shown that this reduces headlosses as compared to directly opposed
laterals, even with deflectors. Sufficient data has not been collected to determine the effect of off-
setting laterals vertically.

Jets issuing from the upstream and lateral pipes must be considered when attempting to shape
the inside of manholes. Tests for full flow revealed that very little, if anything, is gained by shaping
the bottom of a manhole to conform to the pipe invert. Shaping of the invert may even be detri-
mental when lateral flows are involved, as the shaping tends to deflect the jet upwards, causing
unnecessary headloss. From a practical point of view, limited shaping of the invert is necessary
in order to handle low flows and to reduce sedimentation.

Figure 4.1 details several types of deflector devices that have been found efficient in reducing
losses at junctions and bends. In all cases, the bottoms are flat, or only slightly rounded, to han-
dle low flows. Numerous other types of deflectors or shaping of the manhole interiors were tested
by the University of Missouri. Some of these devices which were found inefficient are shown in
Figure 4.2. The fact that several of these inefficient devices would appear to be improvements
indicates that special shapings deviating from those in Figure 4.1 should be used with caution,
possibly only after model tests.

Tests indicate that rounding entrances or the use of pipe socket entrances do not have the effect
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on reducing losses that might be expected. Once again, the effect of the jet from the upstream
pipe must be considered. Specific reductions to the pressure change factors are indicated with
each design figure.

FIGURE 4.1
EFFICIENT MANHOLE SHAPING
(University of Missouri, 1958)

Directly opposed lateral with deflector
Q (head losses are still excessive with

this method, but are significantly

less than when no deflector exists.)

Bend with straight deflector

Bend with curved deflector

l Infine upstream main and 90° lateral
' with deflector
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FIGURE 4.2
INEFFICIENT MANHOLE SHAPING

Offset lateral with deflector

B
0

Inline upstream main and 90" lateral
with divider

| Inline upstream main and 90" lateral
- | with deflector

Although these modifications look like improvements, studies have proven these
designs to be less efficient than the designs in Eigure 4.1.

Use caution when deviating from recommended designs.

Other Junction Considerations
Lateral pipe entering a main line pipe storm drain generally should be connected radially (spring
line to spring line). Lateral pipe entering a main line box structure should conform to the following:

a. Lateral pipe 24 inches or less in diameter should be no more than 5 feet above the invert.
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b. Lateral pipe 27 inches or larger in diameter should be no more than 18 inches above the
invert, with the exception that catch basin connector pipe less than 50 feet in length may be no
more than 5 feet above the invert.

Exceptions to the above requirements may be permitted where it can be shown that the cost of
bringing laterals into a main line box conduit in conformance with the above requirements would
be excessive.

Debris/Access Barrier Considerations

An access barrier is a device for preventing people and animals from entering storm drain pipes.
Protection barriers may consist of large, heavy breakaway gates, single horizontal bars across
catch basin openings, or fencing around an exposed inlet or outlet. See Chapter 8 for more infor-
mation on the hydraulic analysis of trashracks. Chapter 1 overviews safety related considerations
for drainage structures including storm drains.

In some areas, there may be a high potential for debris to enter a storm drain which could block
it. In these situations, a trashrack on an open inlet end of a storm drain pipe may be helpful. The
governing agency should be contacted for determining how best to minimize the impact of the
debris on the storm drain system.

Outlet Considerations

When a storm drain outlets into a natural channel, an outlet structure must be provided which
prevents erosion and property damage. Velocity of flow at the outlet should agree as closely as
possible with the existing channel velocity.

a. When the discharge velocity is low or subcritical, the outlet structure should consist of a
concrete headwall, wingwalls, and an apron. See Chapter 6 for velocity tolerances for unlined
and grass lined channels.

b. When the discharge velocity is high or supercritical, the designer should also consider
adding bank protection in the vicinity of the outlet and an energy dissipator structure.

See Chapter 5 and Chapter 8 for additional information concerning conduit outlet structures.

The orientation of the outfall is another important design consideration. Where practical the outlet
of the storm drain should be positioned in the outfall channel so that it is pointed in a downstream
direction. This will reduce excessive flow disturbance and the potential for excessive erosion. If
the outfall structures can not be oriented in a downstream direction, the potential for outlet scour
must be considered. For example, where a storm drain outfall discharges perpendicular to the
direction of flow of the receiving channel consideration should be given to the possibility of ero-
sion on the opposite channel bank. If erosion potential exists, a channel bank lining of riprap or
other suitable material should be installed in the bank. Alternatively an energy dissipator struc-
ture could be used at the storm drain outlet.
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Inlet Design Considerations

In general, the interception of flow from a natural watercourse directly into a storm drain system
should be avoided. If avoiding this situation is not possible, then an inlet structure should be pro-
vided. Strong consideration should be given to the use of a debris or sediment basin upstream of
the inlet structure. The inlet structure should generally consist of a headwall, wingwalls to protect
the adjacent banks from erosion, and a paved inlet apron. Wall heights should conform to the
height of the water upstream of the inlet, and should be adequate to protect both the fill over the
drain and the embankments. Headwall and wingwall fencing, an access barrier, and a trashrack
to promote public safety should be considered. Chapter 8 provides more considerations on inlets/
outlets for storm conduits. See Chapter 1 for more information on safety and fencing.

Transition from Large to Small Conduit
As a general rule, storm drains are designed with sizes increasing in the downstream direction.

However, when studies indicate it may be advisable to decrease the size of a downstream sec-
tion, the conduit may be decreased in size in accordance with the following limitations:

a. For slopes of 0.0025 ft/ft (0.25 percent) or less, only conduits 78 inches and greater may
be decreased in size a maximum of 6 inches.

b. For slopes of more than 0.0025 ft/ft, only conduits 36 inches and greater may be
decreased in size. Each reduction should be limited to a maximum of 6 inches for pipe larger
than 48 inches in diameter. Reductions exceeding the above criteria should be approved by the
governing agency.

The pipe size reductions should include approved transitions; should result in a more economical
system; and should not cause any adverse impacts.

4.3.2 Applications and Limitations

Presented in this section are the general procedures for hydraulic design and evaluation of storm
drains. Calculations to determine a hydraulic grade line in a storm drain system begin with a
known hydraulic grade elevation at some downstream point. To this point are added the various
headlosses that occur in the subject segment to determine the upstream hydraulic grade line ele-
vation. The following discussions and equations are to be used in the calculation of headlosses
for a storm drain system. Criteria to be used in the estimation of a hydraulic grade line for a storm
drain are discussed in the Criteria subsection of this chapter.

Energy Equation
Most procedures for calculating hydraulic grade line profiles are based on the energy equation

and can be expressed as:

2 2

V v
i ¥ H8,L = — Y, +S,L+ headlosses (4.1)
2g 2g »
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‘ The various terms used in Equation (4.1) are identified in Figure 4.3 and Figure 4.4. Minor losses
have been included in the energy equation because of their importance in calculating hydraulic
grade line profiles.

FIGURE 4.3

STORM DRAIN PROFILE PRESSURE FLOW CONDITIONS

/ Energy Grade Line

(MopIFIED FROM Los Angeles County Flood Control District, 1982)

(1)

N

Hydraulic Grade Line

Soffit

Invert

N

S, L+additional headlosses

(2)

\

As depicted, Y4 and Y, include the pressure components since they are above the soffit of the

pipe.
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FIGURE 4.4
STORM DRAIN PROFILE OPEN FLOW CONDITIONS

/— Energy Grade Line
N N

S,L+addiﬁonal head losses

V2/29 __%<

Hydraulic Grade Line
Soffit

(1)

N
N4

In this presentation of design methods, provision is made to identify pipes by use of numbered
subscripts. The number one (1) is used to identify the upstream main pipe, the number two (2) is
used to identify the downstream main pipe, and the number three (3) is used for incoming or
branching flow.

The general procedure for the hydraulic calculations is to establish the downstream control ele-
vation. From there the hydraulic calculations proceed upstream from point of interest to point of
interest. For example, from one junction to another junction or from a junction to the beginning of
a bend. At the lower end of each point of interest the pipe friction losses from the downstream
section are added to the downstream hydraulic grade line. The losses through the point of inter-
est are added at the upstream end of the point of interest. The procedures for calculating the var-
ious headlosses encountered in a storm drain system are presented in the following Head
Losses Section. Figure 4.5 may be used to assist in the accounting and computing of the losses.
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FIGURE 4.5
HYDRAULIC GRADE LINE CALCULATION SHEET
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Q = Rate of flow K = 2gn/2.21 h, = Headloss due to a
bend
V = Velocity S¢ = Friction slope h; = Headloss due to a
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Equation (4.2) is a simplification of a more complex equation and is a convenient method for
locating the approximate point where pressure flow may cease (may become open channel
flow). It is derived by substituting specific energy ( £ ) for the quantity V2/2g + Y in Equation (4.1)
and rearranging the results. For S,~ use the average friction slope between the two points of
interest.

EZ_E]

[ o= L
R

(4.2)

Head Losses

The headlosses that need to be determined are: friction, transition, junction, manhole, bend, inlet
and exit. These losses need to be determined individually and then added together to determine
the overall headloss for each segment of the storm drain. The methods for determining the vari-
ous headlosses presented in this section were selected for their wide acceptance and ease of
use.

Friction Losses

Friction losses for closed conduits carrying stormwater, including pump station discharge lines,
will be calculated from Manning's equation or a derivation thereof. The Manning's equation is
commonly expressed as follows:

0 = 1.411186AR2/351/2 (4.3)
where: Q = Rate of flow, cfs
n = Manning’s roughness coefficient
= Flow area, sq ft
= Hydraulic radius, ft
S¢ = Friction slope, ft/ft

The equation for determining pipe friction slope can be expressed as,

54
e
S, = K——— (4.4)
i 2gR4/3

where: % Velocity, ft/sec

Acceleration due to gravity, 32.2fr/sec2

g

The value of K is dependent only upon the roughness coefficient (n) for the pipe. The Manning’s
n-values for various pipe materials are given in Table 4.1. The value of K can be estimated using

Equation (4.5).
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)
&= 2gn
221

where:

VALUES OF ROUGHNESS AND FRICTION FORMULA COEFFICIENTS FOR CLOSED CONDUITS

The loss of head due to friction throughout the length of reach (L) is calculated by:

hy = S;L

where:

August 15, 2013

g = Acceleration due to gravity, 32.2/'1/56:(:2

TABLE 4.1

Conduit Material

Manning's n

Asbestos Cement Pipe 0.013
Brick 0.015
Cast Iron Pipe
Cement lined & seal coated 0.013
Concrete (monolithic)
Smooth forms 0.013
Rough forms 0.017
Concrete Pipe 0.013
Corrugated Metal Pipe
(1/2 x 2 2/3 inch corrugations)
Plain 0.024
Paved invert 0.020
Spun asphalt lined 0.013
Corrugated Polyethylene Pipe
15" Diameter 0.018
18” to 36" Diameter 0.020
Plastic Pipe (smooth) 0.013
Vitrified Clay
Pipes 0.013
Liner plates 0.013

Friction headloss, ft

=y
=
1l

'\
1

Reach length, ft

(4.5)
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Transition Losses

There are two types of pipe transitions that can occur in a storm drain system that would add
headloss to the energy grade line. The transition types are expansion and contraction. Figure
4.6 shows the two types of transitions that can be encountered. The headloss due to the expan-
sion of flow for a storm sewer flowing under open channel conditions is expressed as:

B, = A(ﬁ _ ﬁ) (4.7)
2g 2g
where: h; = Transition headloss, ft
ke =  Coefficient for transition loss due to expansion
V, = Upstream velocity, ft/sec
V, = Downstream velocity, ft/sec
g = Acceleration due to gravity, 32.2 ft/sec?
Note: V, is greater than 1,

The values for the transition coefficient, «,, for enlargements are given in Table 4.2.

The headloss due to the contraction of flow under open channel flow conditions is expressed as:

v: ¥
g = /"c(—“ _ _j (4.8)
2¢g 2g
where: k. = Coefficient for transition loss due to contraction
Vy; = Upstream velocity, ft/sec
V, = Downstream velocity, ft/sec
Note: V,is greater than 1,

Values for the transition loss coefficient, &, for contractions can also be found in Table 4.2.
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FIGURE 4.6

TRANSITION LOSS

Flow
—>
L
|

Contraction

Flow
—>
D
[«]

Expansion

TABLE 4.2

STORM SEWER ENERGY L0OSS COEFFICIENTS UNDER OPEN CHANNEL CONDITIONS
(ASCE, 1992)

(a) Contractions (K ) (b) Expansion (K,)

g—? K. 6 2—? = 2—? = 1.5

0 0.5 10 0.17 0.17

0.4 0.4 20 0.40 0.40

0.6 0.3 45 0.86 1.06

0.8 0.1 60 1.02 1.21

1.0 0 90 1.06 1.14
120 1.04 1.07
180 1.00 1.00
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Under pressure flow conditions, the headloss due to contraction and expansion of flow can be

expressed as:

V2
h = k=—
1 zg

where:

%

(4.9)

Headloss due to a contraction or expansion, ft

Coefficient for contraction (k.) or coefficient for expansion
(k,), see below.

Velocity of flow in the smallest diameter pipe, ft/sec

The values for the transition coefficient, &, for gradual enlargements are given in Table 4.3a. For
sudden enlargements, values for the transition coefficients are listed in Table 4.3b. Values for the

transition loss coefficient, &

,(A,

for sudden contractions can be found in Table 4.4.

Table 4.3a
COEFFICIENT ko FOR GRADUAL ENLARGEMENT UNDER PRESSURE FLOW CONDITIONS
(AISI, 1990)
Angle of Cone, degrees
D,/D;y | 2 4 6 8 10 (15 |20 |25 (30 |35 |40 |45 |50 |60
1.1 .01].01 .01 |.02 .03 [.05|.10|.13 |.16 |.18 |.19 | .20 |.21 | .23
1.2 .02 |02 |02 |.03|.04.09|.16|.21 |.25 .29 |.31 |.33 |.35 |.37
1.4 .02 |.03 |.03 |.04|.06|.12 |.23 |.30 |.36 |.41 | .44 | 47 | .50 | .53
1.6 .03 |.03 |04 |.05|.07 |.14 | .26 | .35 | .42 | .47 | .B51 | .54 | .57 | .61
1.8 .03 | .04 |.04 | .05 |.07 | 15 |.28 |.37 | .44 | 50 | .54 | .58 | .61 | .65
2.0 .03 |.04 |04 | .05 |.07 |.16 | .29 | .38 | .46 | .52 | .56 | .60 | .63 | .68
25 .03 |.04 |04 | .05 |.08|.16 |.30 |.39 | .48 | .54 |.58 | .62 | .65 |.70
3.0 .03 | .04 |.04 | .05 |.08 |.16 |.31 | .40 | 48 | .55 | .59 | .63 | .66 | .71
. .03 | .04 | .05 |.06 | .08 | .16 |.31 | .40 | 49 | .56 | .60 | .64 | .67 | .72
4-16 April 2013 (Draft)



Drainage Design Manual for Maricopa County

Hydraulics: Storm Drains

Table 4.3b
COEFFICIENT ko FOR SUDDEN ENLARGEMENT UNDER PRESSURE FLOW CONDITIONS
(AISI, 1990)
Velocity, V; (ft/sec)
D,/D4 | 2 3 4 5 6 7 8 10 |12 |15 |20 |30 |40
1.2 1 [0 [ 10|10 |70 [ .10 [.10 [.09 [.09 [.09 |.09 [.09 |.08
1.4 206 (26 |25 (.24 |24 |24 |24 |23 |23 |.22 |.22 |.21 |.20
1.6 40 (.39 (.38 (.37 [.37 |.36 [.36 | .35 .35 |.34 |.33 |.32 |.32
1.8 51 |49 |48 | 47 | 47 | 46 | 46 | 45 | 44 | 43 | 42 | 41 | 40
2.0 60 |58 |.56|.55 [.65 | .54 .63 | .52 | .52 | .51 | .50 | .48 | .47
2.5 74 |72 |70 |69 | .68 | .67 |.66 |.656 |.64 | .63 |.62 | .60 |.58
3.0 83 [ .80 |.78 .77 [.76 |.75 |.74 .73 |.72 |.70 | .69 | .67 | .65
4.0 92 |89 (.87 |.85 |84 |83 .82 [.80 [.79 (.78 |.76 |.74 | .72
5.0 96 (93 [(91(.89 [.88 |.87 (.86 |.84 |.83 |.82 |.80 |.77 |.75
100 |[1.00[.99 |96 .95 [.93 |.92 [.91 |.89 |.88 |.86 |.84 |.82 |.80
. 1.00 [1.00 [ 98 | .96 | .95 | .94 [ .93 | .91 | .90 |.88 |.86 | .83 | .81
Table 4.4
COEFFICIENT k. FOR SUDDEN CONTRACTION UNDER PRESSURE FLOW CONDITIONS
(AISI, 1990)
Velocity, V, (ft/sec)
D, /D, 2 3 4 5 6 7 8 10 [12 |15 |20 |30 |40
1.1 .03 .04 |04 |04 [ 04 |04 [.04 |04 [.0O4 [.04 [|.05 [.05 |.06
1.2 .07 |.07 [.07 [.07 [.O7 [.07 |.O07 [.08 |.08 [.08 |.09 [.10 | .11
1.4 A7 (A7 (A7 [ A7 [ A7 | A7 | A7 |18 | .18 | .18 | .18 | .19 | .20
1.6 26 [.26 [.26 |.26 [.26 |.26 | .26 | .26 | .26 | .25 | .25 |.26 |.24
1.8 34 |34 (34 | .34 |34 |34 |33 |.33 |.32 | .32 | .31 |.29 | .27
2.0 .38 (.38 (.37 |37 (.37 | .37 |.36 | .36 | .36 | .34 | .33 | .31 | .29
2.2 40 (.40 [ 40 |39 [.39 |.39 | .39 | .38 | .37 | .37 |.35 | .33 |.30
2.5 42 (42 |42 |41 |41 |41 | .40 | 40 | .39 | .38 | .37 | .34 | .31
3.0 44 | 44 | 44 | 43 | 43 | 43 | 42 | 42 |41 |40 | .39 | .36 |.33
4.0 A7 | 46 | 46 | 46 | 45 | .45 | 45 | 44 | 43 | 42 | .41 | .37 | .34
5.0 A48 | .48 |47 | 47 |47 |46 | .46 | 45 | 45 | 44 | 42 | .38 | .35
10.0 49 | 48 | .48 | 48 | 48 | .47 | 47 | .46 | .46 | 45 | .43 | 40 | .36
. 49 | 49 | 48 | 48 | .48 | .47 | 47 | 47 | 46 | 45 | .44 | 41 | .38
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Junction Losses

A junction occurs where one or more lateral pipes enter the main storm drain, at a formed junc-
tion, prefabricated fitting or at a manhole. Multiple pipes coming together at a junction should flow
together smoothly to avoid high headlosses. Figure 4.7 through Figure 4.9 show typical junctions
in plan and profile.

Junction headloss for a single lateral can be determined by applying the Energy Equation and
the Thompson Equation (California Department of Transportation, 1985).

The Energy Equation (Equation (4.1)) at a junction (as displayed in Figure 4.7 through Figure
4.9) is expressed as:

V2/2g+Y,+Z, = V3/2g+Y,+Z,+ headlosses  (4.1)

where: headlosses h; (junction loss) + Ay (transition loss) + & (friction loss)

Vlz/?.g = Main line velocity head upstream of junction, ft
V§/2g = Mainline velocity head downstream of junction, ft
Y; = Upstream hydraulic gradient elevation measured from
invert, ft
Y, = Downstream hydraulic gradient elevation measured from
invert, ft
Z; = Elevation at location Z; ft
Z, = Elevation at location Z, ft
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FIGURE 4.7
FORMED OR PREFAB STORM DRAIN JUNCTION
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FIGURE 4.8
STORM DRAIN JUNCTION AT MANHOLE WITH ALIGNED CROWNS UNDER PRESSURE FLOW
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FIGURE 4.9
FORMED STORM DRAIN JUNCTION WITH ALIGNED CROWNS UNDER PRESSURE FLOW

Energy Grade Line

Hydraulic Grade Line

Equation (4.1) can be rewritten to solve for headlosses
V:/2g-V3/2g+Y,~Y,+Z —Z, = headlosses
Substitute HG, for Y, + Z; and HG, for Y, + Z,
Vi/2g-V3/2g+HG,~HG, = headlosses

headlosses

I

V2/2g—V3/2g+AHG
The Thompson Equation (Equation (4.10a)), a form of the momentum equation, is used to deter-
mine the change in flow depth across a junction.

A+ A, _ O,V, =0V, - 03V;Cos6

AH
62 :

(4.10a)

or

(Qz Vo= 0 V=1 V3C0se)

AHG = g
A, t4,

2
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where: AHG =  Difference in upstream and downstream hydraulic grade line
elevations, ft
A; = Upstream flow area, sq ft
A, = Downstream flow area, sq ft
Q; = Upstream flow rate, cfs
Q, = Downstream flow rate, cfs
Q3 = Lateral flow rate, cfs
V; = Upstream flow velocity, ft/sec
V, = Downstream flow velocity, ft/sec
V3 = Lateral flow velocity, ft/sec
g = Angle between lateral and main line storm drain (See Figure

4.9), degrees

To determine junction headloss /#;, substitute the Thompson Equation into the rewritten Equation
(4.1), assuming transition and friction losses at the junction are negligible.

‘ 2(Q2V2—-Q1V]—Q3V3C0S9)
(A1 +A2)g

+Vi/2g-V3/2g = (4.10b)

Should friction losses be determined not to be negligible Equation (4.10c) should be used.

2(0,V,— 0V, - 0,V,Cos0 S+ S
(@575~ OV, —©5F5Cos )+V$/2g—V§/zg+(~———f‘ )L - 1, (4.10¢)
(4, t4,)g 2 g
where: Sty =  Upstream friction slope, ft
S, = Downstream friction slope, ft/ft
L = Length of transition, ft

Should transition losses be determined not to be negligible but friction losses are negligible, then
Equation (4.10d) should be used for computing junction loss 4;.

2(0,V,— 0V, — 03V;Cos6 Vi v
p, = 22Va= OV, ~ G5 F5Ce )+V$/2g—V$/2g+k.,(—‘——22) (4.10d)
J (4, +4,)g = 1 \2g 2g
where:
‘ kie =  Coefficient for transition loss due to expansion at a junction.
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k.= 3.50 x (Tan 6 /2) 1-22(California Department of Transpor-
tation, 1985). See Figure 4.7 through Figure 4.9 for location

of 6 angle.
V, = Upstream velocity, ft/sec
V, = Downstream velocity, ft/sec

g Acceleration due to gravity, 32.2 ft/sec?
In situations where crowns at a junction are not matching, a pressure momentum approach tor
solving headloss is suggested. A pressure momentum approach is described in Section 4.8.

Straight-Through Manhole Losses (no laterals) - In a straight-through manhole where there is

V2

no change in pipe size or rate of flow, the loss can be estimated by: /%, , = 0.052— (4.11)
g
where: hmn = Headloss due to a manhole, ft
V = \Velocity, ft/sec

Bend Losses at Manholes (no laterals) - The bend loss at a manhole is determined using
Equation (4.12). The bend loss coefficient, k;, can be determined using Figure 4.11.

2
b = ki (4.12)
where: hnn =  Headloss due to a manhole, ft
k, = Bend loss coefficient
V = \Velocity, ft/sec
g = Acceleration due to gravity, 32.2 ft/sec?
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FIGURE 4.10
BEND LOss COEFFICIENT
(MODIFIED FROM AlSI, 1990)
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Bend Losses at Curved Sewer - For bend loss at a curved sewer, the loss is calculated using

Equation (4.13).

2
iy = ksz—g (4.13)
where: h, = Headloss due to a bend, ft
k, = Bend headloss coefficient
V = \Velocity of flow in the bend, ft/sec

The value of the bend loss coefficient, &,, depends upon the angle of the bend. It can be esti-
mated from Equation (4.14) (USDOT, 2001).

k, = 0.0033A (4.14)

Bend headloss coefficient

where: kg,

A Angle of curvature or deflection, degrees

Bend losses should be included for all closed conduits, those flowing partially full as well as those
flowing full.

Inlet Losses - At open inlets to a storm drain system, an inlet will function the same as a culvert
inlet. Under inlet control, the hydraulic grade line at the entrance can be estimated by using the
appropriate procedures and figures presented in the Culvert Chapter. Under outlet control,
entrance losses can be calculated using Equation (4.15).

VZ
h. =k

i = ey (4.15)

where: h; Headloss at inlet, ft

Ken Entrance loss coefficient

The k,, in the equation is equivalent to %, values listed in Table 5.1.

en
In addition to the entrance loss, losses associated with a protection barrier or trashrack over the
inlet should be taken into consideration. Procedures to estimate headlosses due to barriers or
trashracks can be found in Section 8.2.5.

Exit Losses - When a storm drain outfalls to a retention basin, lake, or open channel, additional
headloss occurs due to the change in velocity at the outlet of the pipe, and due to the changes in
flow direction. The exit headloss at storm drain outlets is expressed as (Clark County Regional
Flood Control District, 1990):
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V()
h =10 (4.16)

Headloss at outlet, ft

s
=
0
-
@
=5
o]
I

Average outlet velocity, ft/sec

SN
I

4.4 CRITERIA
4.41 Main Line Hydraulic Grade Line

Presented in this section are the general criteria for hydraulic design and evaluation of storm
drains. Calculations to check the pressure (hydraulic grade) of water surface elevations in the
storm drain system begin with a known hydraulic grade elevation at some downstream point. To
this are added the various losses that occur to determine the upstream hydraulic grade elevation.
These losses are commonly referred to as headlosses. The procedures for calculating the vari-
ous headlosses are presented in the Head Losses section of this chapter.

If the hydraulic grade line is above the pipe crown at the upstream junction, full flow calculations
may proceed. If the hydraulic grade line is below the pipe crown at the upstream junction, then
open channel flow calculations must be used.

To expedite computations, the storm drain hydraulic grade line elevation determined at a junction
should first be compared to the elevation of the top of the downstream pipe and the gutter.
Because of the usual losses that occur at a junction, the upstream hydraulic elevations and the
water elevation in the catch basin can be much higher than the elevation of the downstream
storm drain hydraulic grade line. Comparison to limiting conditions will indicate whether the
design may be continued upstream or re-designed to accommodate limiting conditions.

The general procedures for establishing the quantity of flow and layout are the same for a closed
conduit flowing either as an open channel or as a pressure conduit. Because of the nature of
hydraulic elements in circular conduits, it may be reasonably assumed that open channel flow will
occur only when the flow depth is less than 80 percent of the conduit diameter.

Even though a conduit may be designed to carry stormwater as open channel flow, losses at
bends and junctions will frequently cause pressure flow to occur for some distance upstream of
the “loss” area. Situations may occur in steep terrain where the flow often interchanges between
open channel and pressure flows. Because it is not economical to size conduits to avoid pressure
flow under all storm runoff and flow conditions, it follows that it is reasonable and even necessary
to design the conduits as flowing full. Planned management of stormwater runoff is also easier to
achieve if the hydraulic grade line is kept higher than the crown of the conduit. The discharge
through a circular pipe flowing full is constant for a given pipe diameter and hydraulic gradient.
Once the hydraulic gradient intercepts the elevation of the inflow at a catch basin, no further run-
off can be admitted to the pipe network. This phenomenon in the field would be evidenced by
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runoff passing directly over the catch basin to flow down the street (or overland) until it enters the
system elsewhere. Another indication is water standing in sumps (storage facility ponding) until
there is sufficient capacity in the storm drain to admit the ponded water. The designer should size
the pipes so that the hydraulic grade line is below the inlet elevation for the design storm fre-
quency. The separation distance between the inlet elevation and the hydraulic grade line is set by
the reviewing agency as a standard for storm sewer design.

Often a closed conduit designed for open channel flow operates as a pressure conduit. This may
result when storm runoff exceeds that used for design purposes or simply because junction
losses were underestimated or neglected in the design. In storm drain systems, junctions in
closed conduits can cause major losses in the energy grade line across the junction. If these
losses are not included in the hydraulic design, the capacity of the conduit may not be adequate
for the design flow.

Although not always feasible, the recommended procedure is to design storm drains to flow
under pressure because this maximizes conveyance while minimizing capital expenditure.
Whether or not the final design assumes the pipe is flowing partially or completely full, a hydraulic
grade line must be computed and displayed on a profile drawing of the conduit. The design shall
establish the hydraulic grade line to be below an inlet, ground or manhole rim elevation. When
the hydraulic grade line rises above ground level, stormwater can be found shooting out of catch
basins or popping manhole covers, which can lead to damage and inconvenience to pedestrian
and vehicular traffic.

4.4.2 Determination of Controlling Water Surface Elevation

A storm drain system may discharge into one of the following:

1. A body of water such as a storage facility, reservoir, or lake.
2. A natural watercourse or open channel (either improved or unimproved).
3. Another closed conduit.

The controlling water surface elevation at the point of discharge is commonly referred to as the
tailwater elevation. The tailwater elevation at the storm drain outfall must be considered carefully.
Evaluation of the hydraulic grade line for a storm drain system begins at the system outfall with
the tailwater elevation.

Generally, it shall be assumed that the tailwater elevation at the storm drain outlet is equivalent to
the water surface elevation within the receiving channel or facility which has the same return
period as the storm drain design discharge, unless otherwise approved by the governing agency.
In general the two types of tailwater conditions are:

1. Tailwater elevation above the crown elevation. In such situations the control shall conform
to the following criteria:

a. In the case of a conduit discharging into a storage basin, the control shall be the stor-
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age basin water surface elevation coinciding with the design peak flow to the storage
basin.

b. In the case of a conduit discharging into an open channel, the tailwater elevation shall
be the water surface elevation of the channel coinciding with same return period as
the storm drain design peak discharge.

C. In the case of a conduit discharging into another conduit, the control shall be the high-
est hydraulic grade line elevation of the outlet conduit immediately upstream or down-
stream of the confluence.

2. Tailwater elevation at or below the crown elevation. The tailwater shall be the crown ele-

vation at the point of discharge.

4.4.3 Connector Pipe Hydraulic Grade Line

Connector pipes connecting catch basins to storm drains can be sized and/or evaluated by esti-
mating headlosses due to friction and inlet losses at catch basin. The designer should consider
the catch basin connector pipes to be flowing full. The headloss due to friction can be estimated
by using Equation (4.6). The headlosses at the inlet of the connector pipe can be estimated by
using Equation (4.17). Equation (4.17) is modified from Equation (4.15):

2

V
hi = (1 +ken)2_(;, (4-17)

where: h; Headloss at inlet, ft

Ken Entrance loss coefficient

The k,, in the equation is equivalent to &, values listed in Table 5.1.

en

4.5 DESIGN STANDARDS

Design standards may vary from community to community. The designer shall adhere to policies
and standards of the governing agency. For a detailed description of design standards the
designer is referred to the Policy/Standards Manual of the governing agency. When the designer
has to deviate from the standards for storm drain design, they should contact the governing
agency as soon as possible to explain the situation and come to an agreement on a solution.
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4.6 DESIGN EXAMPLE

OBJECTIVE:

Design and evaluation of an existing and proposed storm drain system.
PROBLEM STATEMENT:

FIGURE 4.11
INITIAL STORM DRAIN LAYOUT FOR EXAMPLE PROBLEM
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S010030
Formed Abrupt Transition

= Proposed Street Alignment

M010035
Ground=1274 22"
Sub Basin 0111

J010040
/— Ground=1273.55"
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<— Existing Strest
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Determine the initial and final system design of the initial storm drain layout presented in Figure
4.11 by calculating peak design discharge, size of storm drain pipes required and the associated
hydraulic and energy grade lines (HGL and EGL respectively). Storm drain segments 010005
through 010030 represent the proposed storm drain system whereas storm drain segments
010035 and 010040 represent the existing storm drain.

GIVEN:
1. Minimum connector pipe size is equal to 15 inch diameter.
2. Minimum storm drain pipe size is equal to 18 inch diameter.
3. Design event is the 2-year storm.

4. Drainage areas, runoff coefficients, and rainfall intensity to be used for estimating peak
discharges for Catch Basins 0105, 0106, 0107, 0108, and flow in storm drain segment
010035 are listed in Table E.1.

5. Regional retention basin bottom elevation = 1265.0 ft
6. Pipe 010040’s inlet invert elevation and Junction J010040’s outlet elevation = 1266.8 ft
7. 18 inch minimum cover required over pipe (18 inch + pipe wall thickness).

8. The design requirement for the catch basin HGL elevation is at least 1 ft below the catch
basin inlet elevation (freeboard is 1 ft).

9. At M010025 and M010020, no special shaping for bends are proposed.

10. There is an existing buried utility between M010025 to S010030. The client has
requested that the storm drain be sized to travel over the existing utility. The maximum
pipe diameter available to use in these sections is a 18 inch pipe, which will safely lay
over the utility without having to go under the utility line. There is a formed abrupt transi-
tion at S010030.

11. Use City of Phoenix Standard Drawings (2005) for Catch Basin Type.

12. Initial storm drain size and estimated travel time between concentration points assumed
full conditions.

13. Storm drain outlet pipe invert elevation at retention basin is set 0.5 ft above basin bottom.
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SOLUTION:

Step 1.

4-30

Compute Peak Discharge at Catch Basins
Given the hydrologic parameters listed in Table E.1 calculate the peak discharge at
catch basin locations. Utilizing the estimated peak discharges, determine inlet capaci-
ties and inlet dimensions per Chapter 3, Street Drainage. Parameters for estimating
inlet capacities and dimensions are listed in Table E.2. Results for sizing inlets are
also listed in Table E.2.

TABLE E.1

SUBBASIN PARAMETERS

Sub Basin
Sub Basin Area Runoff Length Slope Time of EZ:;” Sub Basin
ID Coefficient 9 P Concentration Y Runoff
(2YR)
(acres) (ft) (ft/ft) (min) (in/hr) (cfs)
1 2 3 4 5 6 7 8
0105 0.47 0.91 390 0.0077 10.00 2.80 1.20
0106 0.86 0.91 1000 0.0170 10.00 2.80 2.20
0108 0.67 0.91 510 0.0059 10.00 2.80 1.70
0107 0.47 0.91 450 0.0111 10.00 2.80 1.20
0111 50.00 0.85 1350 0.0074 15.00 2.40 102.00
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TABLE E.2
STREET AND INLET PARAMETERS AND DIMENSIONS

Street and Inlet

Inlet ID

Station

Average
Upstream
Gutter Slope

Slope at
Inlet
(Sx)

| Cross | Flow by

to Inlet
(Column
25)

Total
Flow to
Inlet

Depth of
Flow
Upstream Of
Inlet

Spread Of | 00

Flow In
Street

|

Velocity

Depth Of
Sump

Inlet Type '

Catchbasin | Intercepted

Depth
|

Flow

Flow By

Flow By | Top of Curb
To Inlet ID Elev |
|

V, Sump

Elev

(fuft)

(fuft)

(cfs)

(cfs)

(ft)

(ft)

(fps)

(ft)

(ft)

(cfs)

(cfs)

(ft)

"

2

3

4

5

7

8

9

10

1"

12

13

14

15 16

17

0105

38+00 RT

0.0120

0.0200

0.00

1.20

020 |

6.79

238

P1569M1-3

3.50

0.80

0107 1274.73

1271.23

0106

34+10LT

0.0091

0.0270

0.00

220

0.27

7.66

263 |

P1569M2-36

3.50

220

127474

1271.24

0108

33+50 RT

0.0095

0.0200

1.70

0.22

P1569M2-6,6

1.70

1274.23

1270.63

0107

28+50 RT

0.0095

0.0270

2.00

0.26

7.31

2.62

0.39

P1569M1-3

358

2.00

[ 1274.23 |

1270.65

] |
|

Step 2.

21

2.2

August 15, 2013

1. Inlet type identifications are from the City of Phoenix Standard Drawings (2005).

Layout Initial Storm Drain System

Layout storm drain system and determine pipe lengths and slopes, the locations of
manholes and junctions, preliminary pipe sizes and design peak discharge. The fol-
lowing steps relate the procedures utilized to layout the initial system.

Considering proposed catch basin, manholes and existing storm drain, a preliminary
schematic of the storm drain system was drawn. Figure 4.11 displays the layout of the
initial storm drain system.

Considering design constraints such as storm drain and connector pipe soffit elevations,
and the invert elevation of catch basins (catch basin v depths) initial storm drain slopes
are estimated.

For this example an assumed hydraulic grade line (HGL) was estimated by taking into
consideration, dimensions of the existing storm drain system, design criteria (listed under
given) and ground elevations. Assuming that the system will be in full flow conditions, the
hydraulic grade line of the proposed system at the junction with the existing system was
set above the 48-inch pipe and approximately 2 feet below the surface. At the upstream
end of the proposed system the assumed hydraulic grade line was set approximately 2
feet below the surface (setting a target elevation of 2 feet below the surface will help
insure that there is at a minimum of 1 foot of freeboard below the catch basin inlet). A
slope was then determined between the two points (slope = 0.0025 ft/ft). The assumed
hydraulic grade line slope was then used as the initial pipe slope for the main line and for
the connector pipes (an assumption was made that the connector pipe HGL slope will be
the same as for the main line). Figure 4.13 displays a HGL profile for the initial storm
drain layout.

The initial profile (soffit profile) of the storm drain was laid out by matching the storm drain
soffit of the proposed system to the soffit of the existing storm drain and utilizing the storm
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4-32

drain slope determined above and proceeded up stream to the beginning of the proposed
system.

The next step was to determine the initial soffit profile for the collector pipes and v depths
of catch basins. To determine catch basin v depth and collector pipe soffit profiles, initial
collector pipe size were estimated. Initial collector pipe size was estimated utilizing the
following steps and assumptions:

Assume full flow.

Greatest design peak discharge for connector pipes = 2.20 cfs.

Connector pipe slope = 0.0025 ft/ft (slope is the same for all connector pipes).
Manning's Roughness (n) = 0.013.

For pipes flowing full, pipe diameter can be estimated utilizing the following equation:

p=1n(12)"

(0.013)(2.20)

3/8
) = 1.07 feet
0.0025

b = 1.33(

D 12.80 inches - use minimum pipe diameter of 15 inches for all connector pipes.

Catch basin v depth is a catch basin dimension cited in the Uniform Standard Details for
Public Works Construction (Maricopa Association of Governments, 1998) measured from
the top of curb to the catch basin invert. Minimum v depth is typically 3.5 feet. In this
example the v depth for catch basins were set so that the initial collector slope of 0.0025
ft/ft between the catch basin and the main line storm drain could be obtained (soffit eleva-
tions of main line and collector pipe are matched).
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2.3

24

4-34

The peak discharge at JO10005 was calculated utilizing the following steps (refer to Table

E.3).

2.3.1

2.3.2

2.3.3

234

Sum contributing drainage areas to catch basins 0105 and 0106.

Ay = 1.33 acres

Calculate the weighted runoff coefficient, C,:

C :A1C1+A2C2+"'+A11+1CH+1
w Al +A2+...A”+|
o = (047)(0.91) +(0.86)(0.91) _ ¢,

v 0.47+0.86

Using the longest time of concentration (7, = 10 minutes), for the contributing

areas, and the 2-year design storm, determine rainfall intensity from rainfall inten-
sity-duration-frequency relation graphs provided in the Hydrology Manual.

i = 2.8in/hr
Determine the design peak discharge, O,, using the Rational Method:

Qd - CwiAT
0, = (091)(2.80)(1.33) = 3.4cfs.

The initial storm drain size for storm drain segment 010005 was estimated utilizing the fol-
lowing steps:

241

Calculate the initial size of storm drain segment 010005 using the peak dis-
charges determined in Step 2.3.4, pipe slope estimated in Step 2.2, the assump-
tion that the pipe is flowing full and the following equation:

3/8

p - 133(22)

5

(0.013)(3.4)\3/8 ;
D = 1.33(—— = 1.27 feet

+/0.0025
D = 152 inches - use minimum pipe diameter of 18 inches.
: ; 3.4
A full flow, velocity = € = 3% — 1,02 fr/sec
ssuming full flow, v ity =177 fi

Velocity is less than desired 5 ft/sec cleansing velocity. Check that the velocity of
flow from one half the design peak discharge is greater than the minimum velocity
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of 2 ft/sec (criteria may vary from community to community). To check for mini-
mum velocity a computer program was utilized to facilitate a solution using Man-
ning’'s equation. Estimated pipe size, slope, and one half the design peak
discharge was used to estimate velocity.

Velocity at half design peak discharge = 2.65 ft/sec.

2:5 The estimated travel time in storm drain segment 010005 was determined utilizing the fol-
lowing steps:

2.5.1 Using the velocity, V; calculated in Step 2.4, determine the travel time (7,,)
between J010010 and J0O10005 using the following equation:
L
T ,= =
cd
y80
m

where:

T, = time in drain, ft

V' = velocity, ft/sec

60/m =60 sec per 1 min

190 7 _
. = 1. .
(1.92 ft/sec)(60 sec/min) 165 min

Travel time =

2.6 Calculate peak discharge at J010010.
2.6.1 Sum contributing drainage areas to catch basins 0105, 0106 and 0108.
Ay = acres
2.6.2 Calculate the weighted runoff coefficient, C,, using procedures listed in Step 2.3.2.
C,, = 1081

2.6.3 Using the longest time of concentration, 7. = 11.65 minutes, (7, from Step 2.3.3
plus the travel time from Step 2.5.1 as compared to the 7, estimated for the con-

tributing drainage area to Catch Basin 108), and the 2-year design storm, deter-
mine rainfall intensity from rainfall intensity-duration-frequency relation graphs
provided in the Hydrology Manual.

i =2.6in/hr
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2.7

2.8

2.9

4-36

2.6.4 Determine the design peak discharge, Qg, using the Rational Method:
Qu’ - Cu‘I-AT
0, = (0.91)(2.60)(2.00) = 4.7 cfs.

The initial storm drain size for storm drain segment 010010 was estimated utilizing the fol-
lowing steps:

2.7.1 Calculate the preliminary size of storm drain segment 010010 using the peak dis-
charges determined in Step 2.6.4, pipe slope estimated in Step 2.2 and proce-

dures presented in Step 2.4. The selected pipe size shall be sufficient to convey
the design peak discharge.

D = 18inches

V= 2.65ft/sec
Velocity at half design peak discharge = 2.9 ft/sec

Using procedures in Step 2.5 estimate travel time for storm drain segment 010010.
2.8.1 Travel time = 0.06 min
Calculate peak discharge at JO10015.

2.9.1 Sum contributing drainage areas to catch basins 0105, 0106, 0107 and 0108.

A = 2.47acres.

2.9.2 Calculate the weighted runoff coefficient, C,, using procedures listed in Step 2.3.2.
c, = 091

2.9.3 Using the longest time of concentration, 7, = 11.71 minutes (7, from Step 2.3.3

plus the travel time from Step 2.5.1 and 2.8.1 as compared to the 7, estimated for

the contributing drainage area to Catch Basin 0107), and the 2-year design storm,
determine rainfall intensity from rainfall intensity-duration-frequency relation
graphs provided in the Hydrology Manual.

i = 2.6in/hr

2.9.4 Determine the design peak discharge, Q,, using the Rational Method:
Qd - Cu'iAT
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0, = (0.91)(2.60)(2.47) = 5.8 cfs.

2.10 The initial storm drain size for storm drain segments 010015, 010020, 010025 and

010030 was estimated using the following steps:

2.10.1 There are no inlets draining to the storm drain segment 010015, 010020, 010025
and 010030 therefore use the peak discharge determined in Step 2.9, pipe slope
estimated in Step 2.2 and procedures presented in Step 2.4.

Results of the evaluation are presented below.

Pipe Size Velocity at 1/2
Pipe Segment P ; Capacity Velocity, ft/sec | Design Peak,
inches
ftisec
010015 181 Full Flow 3.3 3.0
010020 181 Full Flow 3.3 3.0
010025 18 Full Flow 3.3 3.0
010030 24 Full Flow 1.9 3.0
(Assume)

Step 3.

3.1

3.2

18 inch diameter pipe is used to avoid conflicts with existing utilities. Appropriateness of the 18 inch diameter
pipe will be checked while determining the hydraulic grade line for the system.

Estimate design peak discharge for storm drain segments 010035 and 010040
(existing storm drain).

Estimate design peak discharge for storm drain segment 010035.

3.1.1  Sub-basin 0111 drains to pipe segment 010035. Design discharge for segment
010035 was estimated in Step 1.

0, =102.0 cfs

To determine the longest time of concentration for the overall drainage area draining to
storm drain segment 010040 (existing storm drain drainage area versus proposed storm
drain drainage area) the flow travel time for storm drain segments 010015, 010020,
010025, 010030 and 010035 needs to be determined. Using procedures in Step 2.5.1
estimate travel time for storm drain segments and then the respective time of concentra-
tion for each storm drain segment.
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3.2.1

3.2.2

Proposed Storm drain segment:

3.2.1.1 Summation of travel time for storm drain segments 010015, 010020,
010025, and 010030 = 2.80 minutes

3.2.1.2 Add above flow travel time to time of concentration estimated in Step
2.9.3.

Time of concentration = 14.41 minutes.
Existing 48 inch storm drain segment 010035.
3.2.2.1 Travel time for storm drain segment 010035 = 0.62 minutes.

3.2.2.2 Add above flow travel time to time of concentration estimated in Step 1
(Sub-basin 0111 = 15.00 minutes).

Time of concentration = 15.62 minutes.

Calculate peak discharge at J010040.

3.3.1

3.3.2

3.3.3

3.34

Sum contributing drainage areas to catch basins 0105, 0106, 0107, 0108 and
Sub-basin 0111.

Ay = 52.47 acres

Calculate the weighted runoff coefficient, C, using procedures listed in Step 2.3.2.
C, = 0833

Using the longest time of concentration, 7, = 15.62 minutes (controlling 7, from
Step 43.2), and the 2-year design storm, determine the rainfall intensity from rain-
fall intensity-duration-frequency relation graphs provided in the Hydrology Manual.

i = 2.35in/hr

Determine the design peak discharge, Q,, using the Rational Method:
Q(I = Cn'iAT
0, = (0.853)(2.35)(52.47)= 105.2 cfs.
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‘ TABLE E.3

MAINLINE DESIGN DISCHARGE AND PIPE PARAMETERS

Main Storm Drain

Runoff/Mainline Discharge Storm Drain - Normal Flow
\ \ \
[
| Invert Invert
Conveyance | Contributing | Composite | Composite Time of Rainfall Design | Time in| Manning's
| Elevation | Elevation Size Slope Velocity | Length
ID Area (A7) C(Cy) Area (CA) | Concentration | Intensity = Discharge (Inlet) (Outlet) [ ‘ Drain n
(min) (in/hr) (cfs) (ft) (ft) (in) (ft/ft) (fps) (ft) (min)
1 2 3 4 5 6 7 8 9 8 9 0 | 1 12 13
010005 | 1.33 0.91 1.21 | 10.00 2.80 3.40 1270.79 1270.31 1-18 Pipe 0.0025 1.92 190 1.65 0.013
T [ m———
010010 2.00 0.91 1.82 11.65 2.60 4.70 1270.31 1270.29 | 1-18 Pipe | 0.0025 2.66 10 0.06 0.013
010015 | 2.47 0.91 225 1.71 2.60 5.80 1270.29 1270.24 | 1-18 Pipe | 0.0025 3.28 20 0.10 0.013
010020 i 247 0.91 2.25 } 11.71 2.60 5.80 1270.24 | 1270.05 | 1-18 Pipe 0.0025 3.28 75 0.38 0.013
010025 247 0.91 225 11.71 2.60 5.80 1270.05 | 1269.80 | 1-18 Pipe | 0.0025 3.28 100 0.51 0.013
010030 247 0.91 225 1.71 2.60 5.80 1269.30 1268.80 | 1 -24 Pipe 0.0025 1.85 200 1.81 0.013
| e w, N
010035 | 50.00 0.85 42.50 ‘ 15.00 2.40 102.00 1268.30 ‘ 1266.80 | 1 -48 Pipe 0.0050 8.12 300 0.62 0.013
010040 5247 0.85 4476 15.62 2.35 105.20 1266.80 1265.50 | 1-48 Pipe | 0.0163 8.37 80 0.013

Step 4. Hydraulic Grade Line Evaluation Procedure

Design peak discharges and initial pipe sizes to be used in calculating the hydraulic grade line for
the proposed and existing storm drain system have been determined in Steps 2 and 3. The next
step is to set up a calculation sheet to aid in the hydraulic grade line calculations.

The general procedure for hydraulic grade line calculations is to establish the downstream con-
trol elevation and proceed upstream from one point of interest to another point of interest (i.e.
from one junction to another, from one junction to a structure or from one junction to the begin-
ning of a bend).

Table E.3 is an example of a hydraulic grade line calculation sheet. The calculation sheet aids the
designer in keeping data organized. In this example the first row of data, is for storm drain seg-
ment 010005. In descending order, each following row lists data in a downstream direction for
each storm drain segment. Since the proposed storm drain (storm drain segment 010035) con-
nects into an existing storm drain, a row should be left blank to separate the data for the two
storm drain systems. The row following the blank row is for storm drain segment 010035, the
next row for storm drain segment 010040 and the last row for the analysis is for the outlet.
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The hydraulic grade line computational procedure is as follows:

41

4.2

4-40

Calculate starting/controlling water surface elevation.

Review stormwater storage facilities requirements in Chapter 9. Tailwater conditions are a
function of the storage-discharge relationship of the given facility.

4.1.1 This example uses a maximum ponding depth of 4.9 ft

4.1.2 Estimated starting water surface elevation (refer to Section 4.4.1 of the drainage
design manual) = 1265.0 + 4.90 = 1269.90 ft

Calculate outlet headloss.
4.21 Soffit elevation at outlet pipe is = 1265.5+ 4.0 = 1269.50 ft. The starting water sur-
face elevation is greater then the soffit elevation at the outlet, therefore use full

flow conditions.

4.2.2 Using Equation (4.16) calculate the headloss at the outlet.

%
h, = 2 4.16
2g
Vo = Q
y
2
D
i = g
"2
52
A= nz=12.57sqft
y = 1052 _ 4437 frcec
o~ 1257
2
837 _ 4109

1 = —
¢ (2N32.2)
4.2.3 Enter the headloss of 1.09 ft in the appropriate column of the calculation sheet.

4.2.4 Sum the headlosses for the storm drain segment, and calculate the hydraulic and
energy grade lines and list in the appropriate column.

HGL =1269.90 ft + 1.09 ft (exit loss) = 1270.99
EGL = 1269.90 ft + 1.09 ft (exit loss) + 1.09 ft (velocity head) = 1272.08 ft
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4.3 Calculate headlosses for storm drain segment 010040.
4.3.1 Using Equation (4.4), calculate the friction slope:
Vz
2gR4 3

Sp=K

Calculate the K value using Equation (4.5):

where:

n (Manning’s Roughness) = 0.013

g = acceleration due to gravity = 32.2 ft/sec?

K = 2gn2
221
2
K = (2)(32'22)2(10'013) = 0.0049 ft

Calculate the hydraulic radius:

R = ‘% (Normal flow conditions),
D "
R = = (Full flow conditions)
where:

A = area of flow in pipe, sq ft
P = wetted perimeter of pipe, ft
D = diameter of pipe, ft

Since storm drain segment 010040 is in full flow condition:

R =221 = 10

Calculate the velocity:

V = Q
A

¥ = 1052 _ 8.37 ft/sec
12.57

August 15, 2013
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4.3.2

4.3.3

4.3.4

Solving Equation (4.4):

2
S, = 0.0049 Rl = 0.0053 fi/ft

(2)(32.2)(1%7)

The headloss due to friction is calculated using Equation (4.6):

/’f = Sf'L (4.6)

hf = (0.0053)(80) ft = 0.42 ft

The HGL at the upstream end of pipe 010040 (downstream end of J010040) is
equal to (Tailwater Elevation) + (headloss due to friction for pipe segment
010040).

HGL = 1270.99 ft + 0.42 ft=1271.41 ft

Calculate junction headloss at structure J010040.

4.3.41 The first step is to determine if the HGL is above or below the soffit at
the junction. If the HGL is above the soffit proceed assuming full flow
conditions. Verify by checking that the HGL at the upstream end of
pipe segment 010040 is high enough to inundate the junction soffit.

Storm drain segment 010040’s soffit elevation at junction J010040
#1266.80 ft (invert elevation) + 4 ft (pipe diameter) = 1270.80 ft

From Step 4.3.3 HGL at downstream end of J010040 = 1271.41 ft

Assume full flow conditions.

4.3.4.2 Calculate junction loss utilizing Equation (4.10b).

2 Vo—0.,V, —0:V,C0s0° Vv o y2
hy = (9Fy= 7= 8l Co) 111 (4.10b)
- (4,+4,)g 2g 2g

where:

05 = Q10040 = design peak discharge for storm drain segment 010040 = 105.2 cfs

0, = 010035 =difference in design peak discharge between storm drain segments
010040 and 010030 = 99.4 cfs

05 = 010030 = design peak discharge for storm drain segment 010030 = 5.8 cfs
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4.3.5

Ay = Ay040 = full flow area for storm drain segment 010040 = 12.57 sq ft
A= Ay10035 = full flow area for storm drain segment 010035 = 12.57 sq ft
Ay = Ay10030 = full flow area for storm drain segment 010030 = 3.14 sq ft
Vs = V0040 = full flow velocity for Qa0 = 8-37 ft/sec

Vi = V0035 = full flow velocity for Q0035 = 7.91 ft/sec

V3 = V10030 = full flow velocity for Q4039 = 1.85 ft/sec

p = (2)((105.2)(8.37) - (99.4)(7.91) — (5.8)(1.85)(c0s90°)) 7912 g3
J (12.57 + 12.57)(32.2) (2)(322) (2)(32.2)

/7_' = 0.11 ft

/ B

Record friction and junction headlosses and summation of headlosses for storm
drain segment 010040 in appropriate calculation sheet columns. Calculate HGL
and EGL and record.

Total Head Loss = 0.42 ft + 0.11 ft = 0.53 ft

Downstream HGL Elevation = 1270.99 ft

Upstream HGL Elevation = 1271.52 ft

Downstream EGL Elevation = 1272.08 ft

Upstream EGL Elevation = 1272.61 ft

Upstream Soffit Elevation = 1266.80 ft + 4.0 ft = 1270.80 ft

4.4 Calculate headlosses for storm drain segment 010035.

4.4.1

442

August 15, 2013

Using procedures from Step 4.3.1 and 4.32 calculate friction slope and headloss
for storm drain segment 010035. Based on HGL elevation at J010040 storm drain
segment 010035 starts in full flow.
8.12>
4/3

(2)(32.2)(1"7)
The headloss due to friction is calculated using Equation (4.6):

hy=SAL (4.6)

h, = (0.0050)(300) /7= 1.50 ft

Sy = 0.0049 = 0.0050 ft/ft

Calculate manhole headlosses at M010035 using Equation (4.11).
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443

2

V
hyy = 0,055 4.11
by = 005552~ 0051
mh : (2)(322) =

Record friction and manhole headlosses and summation of headlosses for storm
drain segment 010035 in appropriate calculation sheet columns. Calculate HGL
and EGL elevations and record.

Total Head Loss = 1.50 ft + 0.05 ft = 1.55 ft

Downstream HGL Elevation = 1271.52 ft

Upstream HGL Elevation = 1273.07 ft

Downstream EGL Elevation = 1272.61 ft

Upstream EGL Elevation = 1274.09 ft

Upstream Soffit Elevation = 1268.30 ft+ 4.0 ft = 1272.30 ft

Start HGL calculations for storm segment 010030 (proposed storm drain segment). HGL
for proposed storm drain segment commences at J010040 with an HGL elevation of
1271.52 ft determined in step 4.3.5. Full flow conditions exist.

4.5.1

452

Using procedures from Step 4.3.1 and 4.32 calculate friction slope and headloss
for storm drain segment 010030. Based on HGL elevation at J010040 and the
upstream soffit elevation, storm drain segment 010030 starts in full flow.

].85°
(2)(32.2)(0.5%%)

S, = 0.0049 = 0.0007 fi/ft

The headloss due to friction is calculated using Equation (4.6):
he= S;L (4.6)
/1/- = (0.0007)(200) ft=0.14 ft

Calculate transition headlosses at S010030. Structure S010030 is an abrupt tran-
sition (expansion) from a 18 inch pipe (010025) to a 24 inch pipe (010030).

Determine if the HGL elevation at the inlet of storm drain segment 010030 indi-
cates that the storm drain is flowing full. In the example, pipes, 010030 and

010025 are flowing full (pressure flow conditions).

45.2.1 Calculate the transition headloss using Equation (4.9) and Table 4.3b:

k, = e (4.9)
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4.6

453

4.6.1

August 15, 2013

D
4522 To use Table 4.3b, first calculate — = 24 _ 1.33 (say 1.4)

=~

o0

where:

D, is equal to the upstream pipe diameter.

D, is equal to the downstream pipe diameter.

Second, calculate the smallest pipe segment velocity (storm drain seg-
ment 010025 is estimated to be flowing full).

Q(JI(JOZS
Voroozs = ﬁ
010025

Voro0as = 38 C"fS2=Lﬂ/SGC
1.77 jt

Use Table 4.3b to determination of the sudden expansion coefficient:

k, = 0.25 (hand calculated)

k, =0.20 (4-way interpolation, used for this example)

45.2.3 Calculate the transition headloss:
.

ho= k. Vo025~
t - "e(2)(32.2)
2
2 328
h = 020555052003

Record friction and transition headlosses and summation of headlosses for storm
drain segment 010030, in appropriate calculation sheet columns. Calculate HGL
and EGL elevations and record.

Total Head Loss = 0.14 ft + 0.03 ft = 0.17 ft

Downstream HGL Elevation = 1271.52 ft (refer to Step 4.5)
Upstream HGL Elevation = 1271.69 ft

Downstream EGL Elevation = 1272.61 ft

Upstream EGL Elevation = 1271.74 ft

Upstream Soffit Elevation = 1269.30 ft + 2.0 ft = 1271.30 ft

Calculate headlosses for storm drain segment 010025.

Using procedures from Step 4.3.1 and 4.3.2 calculate friction slope and headloss
for storm drain segment 010025. Based on HGL elevation at S010030 storm drain
segment 010025 starts in full flow.
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4.6.2

46.3

2
S, = 0.0049 o < = 0.0030 ft/ft
: (2)(32.2)(0.375*7)

The headloss due to friction is calculated using Equation (4.6):
hy = SeL (4.6)
hy = (0.0030)(100 f1)= 0.30 ft

Calculate manhole bend losses at M010025. Manhole M010025 is used to turn/
bend flow from pipe 010020 to pipe 010025. Use Figure 4.10 to estimate bend
loss coefficient and Equation (4.12) to estimate headloss due to a bend.

46.2.1 Using the results of Step 4.6.1 calculate HGL elevation immediately
downstream of M010025 to determine if the manhole is in pressure
flow. In the example, pipes, 010025 and 010020 are flowing full.

46.2.2 Using bend angle identified in the schematic (62 degrees) and Figure
4.10, determine the bend loss coefficient (k,):

k, = 0.69 (hand calculated)
k, =0.68 (4-way interpolation, used for this example)

46.2.3 Calculate the bend loss at manhole headloss using Equation (4.12):

VZ

i = Ky 4.12

mh

% _ Q010020
010020 = 77—
010020

3.8 ¢fs

177 /1

2
VO 10020

mh b(2)(322)
3.28°

= 0.68—=———=0,11
I = 06853205 = 011 #

Voroo20 = = 3.28 ft/sec

Record friction and manhole bend headlosses and summation of headlosses for
storm drain segment 010025, in appropriate calculation sheet columns. Calculate
HGL and EGL elevations and record.

Total Head Loss = 0.30 ft + 0.11 ft = 0.41 ft

Downstream HGL Elevation = 1271.69 ft
Upstream HGL Elevation = 1272.10 ft
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Downstream EGL Elevation = 1271.74 ft
Upstream EGL Elevation = 1272.27 ft
Upstream Soffit Elevation = 1270.05 ft + 1.50 ft = 1271.55 ft

4.7 Calculate headlosses for storm drain segment 010020.

4.7.1 Using procedures from Step 4.3.1 and 4.3.2 calculate friction slope and headloss
for storm drain segment 010020. Based on HGL elevation at M010025, storm
drain segment 010020 starts in full flow.

2
S, = 0.0049 R 75 = 0.0030 ft/ft

(2)(32.2)(0.375"7)

The headloss due to friction is calculated using Equation (4.6):
he= SL (4.6)

hy = (0.0030)(75fr) - 0.23 ft

4.7.2 Calculate manhole bend losses at M010020. Manhole M010020 is used to turn/
bend flow from storm drain segment 010020 to storm drain segment 010015. Use
Figure 4.10 to estimate bend loss coefficient and Equation (4.12) to estimate
headloss due to a bend.

4.7.21 Using the results of step 4.7.1, calculate HGL elevation immediately
downstream of M010020 to determine if the manhole is in pressure
flow. In the example storm drain segments, 010020 and 010015 are
flowing full.

4.7.2.2 Using bend angle identified in the schematic (28 degrees) and Figure
4.10, determine the bend loss coefficient(k,,):

(k,) = 0.19

4.7.2.3 Calculate the manhole headloss using Equation (4.12):

VZ

h"lh = khz_g 412
Q010015
Voroors = Aoy
010015
5.8 ¢fs
Voroors = —‘/.2:3-28 ¢
1.77 ft

2
V()]()()IS

o = K573 32.2)
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= 0.19£8——= 0.03 ft

hln/l (2)(322) ————

4.7.3 Record friction and manhole bend headlosses and summation of headlosses for

storm drain segment 010020, in appropriate calculation sheet columns. Calculate
HGL and EGL elevations and record.

Total Head Loss = 0.23 ft + 0.03 ft = 0.26 ft

Downstream HGL Elevation = 1272.10 ft

Upstream HGL Elevation = 1272.36 ft

Downstream EGL Elevation = 1272.27 ft

Upstream EGL Elevation = 1272.53 ft

Upstream Soffit Elevation = 1270.24 ft + 1.50 ft = 1271.74 ft

Calculate headlosses for storm drain segment 010015.

4.8.1

4.8.2

Using procedures from Step 4.3.1 and 4.3.2 calculate friction slope and headloss
for storm drain segment 010015. Based on HGL elevation at M010020 storm
drain segment 010015 starts in full flow.

2
S, = 0.0049 B o5 = 0.0030 ft/ft
‘ (2)(32.2)(0.375 )

The headloss due to friction is calculated using Equation (4.6):
h/» = SL (4.6)
h, = (0.0030) x (20 f7) = 0.06 ft

Calculate junction headloss at structure JO10015.

4.8.2.1 The first step, is to determine if the HGL is above or below the soffit at
the junction. If the HGL is above the soffit, proceed assuming full flow
conditions. Verify by checking that the HGL at the upstream end of
pipe segment 010015 is high enough to inundate the junction soffit.

Storm drain segment, 010010’s soffit elevation at junction JO10015 =
1270.29 ft + 1.5 ft (pipe diameter) = 1271.79 ft.

From Step 4.7.3 and 4.8.1, the HGL at downstream end of J010015 =
1272.36 ft + 0.06 ft = 1272.42 ft. Junction is submerged. Assume full
flow conditions.

4822 Calculate junction loss utilizing Equation (4.10Db).
; 2(Q2V2—Q1V]—Q3V3Cos9°)+ V¢ Vs
T = ———
. (4, +4,)g 2g 2g

(4.10Db)

April 2013 (Draft)



Drainage Design Manual for Maricopa County Hydraulics: Storm Drains

where:

0, = 0010015 = design peak discharge for storm drain segment 010015
=5.8cfs

0, = Q10010 = design peak discharge for storm drain segment 010010
=47 cfs

03 =0pgo; = difference in design peak discharge between storm

drain segments 010015 and 010010 = 1.6 cfs (peak
flow at inlet 107 = 1.6 cfs)

A5 =A10015 = full flow area for storm drain segment 010015
=1.77 sq ft

Ay =A410010 = full flow area for storm drain segment 010010
=1.77 sq ft
Ay =Apyy7 = full flow area for storm drain segment P0107 = 1.23 sq ft
Vs =Voi0015 = full flow velocity for Qpq0015 = 3.28 ft/sec
Vi =Vo10010 = full flow velocity for Qyqp010 = 2.66 ft/sec
V3 ="Vporo7 = full flow velocity for Qpgqp7 = 1.63 ft/sec

p = (2)((5.8)(3.28) — (4.7)(2.66) — (1.6)(1.63)(c0s90°)) | 4 14
J (1.77 + 1.77)(32.2) '

—0.17

4.8.3 Record friction and junction headlosses and summation of headlosses for storm

drain segment 010015 in appropriate calculation sheet columns. Calculate HGL
and EGL and record.

Total Head Loss = 0.06 ft + 0.05 ft = 0.11 ft

Downstream HGL Elevation = 1272.36 ft

Upstream HGL Elevation = 1272.47 ft

Downstream EGL Elevation = 1272.53 ft

Upstream EGL Elevation = 1272.64 ft

Upstream Soffit Elevation = 1270.29 ft + 1.50 ft = 1271.79 ft

4.9 Calculate headlosses for storm drain segment 010010.

4.9.1

August 15, 2013

Using procedures from Step 4.3.1 and 4.3.2 calculate friction slope and headloss
for storm drain segment 010010. Based on HGL elevation at JO10015 storm drain
segment 010010 starts in full flow.

2
S, = 0.0049 246 — = 0.0020 ft/ft

(2)(32.2)(0.375*")
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The headloss due to friction is calculated using Equation (4.6):

hy = S;L

(4.6)

hy = (0.0020)(10 /)= 0.02 ft

4.9.2 Calculate junction headloss at structure J010010.

49.21

49.2.2

The first step, is to determine if the HGL is above or below the soffit at
the junction. If the HGL is above the soffit proceed assuming full flow
conditions. Verify by checking that the HGL at the upstream end of
pipe segment 010005 is high enough to inundate the junction soffit.

Storm drain segment 010005’s soffit elevation at junction J010010 =
1270.31 ft + 1.5 ft (pipe diameter) = 1271.81 ft

From Step 4.8.3 and 4.9.1 HGL at downstream end of J010010 =
1272.47 ft + 0.02 ft = 1272.49 ft. The junction is submerged. Assume
full flow conditions.

Calculate junction loss utilizing Equation (4.10b).

h; = 205V~ iV, = 05¥5Cos®) | Vi V3 (4.10b)
‘ (4, +4,)g 2g g

where:

05 = Q10010 = design peak discharge for storm drain segment 010010
=4.7 cfs

0O, = OQ10005= difference in design peak discharge between storm

drain segment 010010 and P0108 = 3.0 cfs

03 = Opp103 = design peak discharge for storm drain segment PO10
=1.7cfs

A= Ay010 = full flow area for storm drain segment 010010
=1.77 sq ft

Ay = Ay0005 = full flow area for storm drain segment 010005
=1.77 sq ft

Ay = Apgos = full flow area for storm drain segment P0108
=1.23 sq ft

Vs = V10010 = full flow velocity for Qpqgg19 = 2.66 ft/sec

Vi = Voi000s = full flow velocity for Qpqgpps = 1.69 ft/sec

Vi ="Vpoos = full flow velocity for Qpg1pg = 1.38 ft/sec
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_ 2((4.7)(2.66) — (3.0)(1.69) — (1.7)(1.38)(c0590°)) | 4 04— 0 11
(1.77 + 1.77)(32.2) ' '

h.
J

Record friction and junction headlosses and summation of headlosses for storm
drain segment 010010 in appropriate calculation sheet columns. Calculate HGL
and EGL and record.

Total Head Loss = 0.02 ft + 0.06 ft = 0.08 ft

Downstream HGL Elevation = 1272.47 ft

Upstream HGL Elevation = 1272.55 ft

Downstream EGL Elevation = 1272.64 ft

Upstream EGL Elevation = 1272.66 ft

Upstream Soffit Elevation = 1270.31 ft + 1.5 ft = 1271.81 ft

4,10 Calculate headlosses for storm drain segment 010005.

4.101

4.10.2

Using procedures from Step 4.3.1 and 4.3.2 calculate friction slope and headloss
for storm drain segment 010005. Based on HGL elevation at JO10010 storm drain
segment 010005 starts in full flow.

5
1.92

S, = 0.0049 75 = 0.0010 ft/ft
' (2)(32.2)(0.375 ")

The headloss due to friction is calculated using Equation (4.6):
hf - S/L (4.6)
/1,‘ = (0.0010)(190 fr)=0.19 ft

Record friction and junction headlosses and summation of headlosses for storm
drain segment 010005 in appropriate calculation sheet columns. Calculate HGL
and EGL and record.

Total Head Loss = 0.19 ft

Downstream HGL Elevation = 1272.55 ft

Upstream HGL Elevation = 1272.74 ft

Downstream EGL Elevation = 1272.66 ft

Upstream EGL Elevation = 1272.80 ft

Upstream Soffit Elevation = 1270.79 ft + 1.5 ft = 1272.29 ft

Step 5. Connector Pipe Hydraulic Grade Line Evaluation Procedures

Design peak discharges and initial pipe sizes to be used in calculating the hydraulic grade line for
proposed connector pipes draining catch basins have been determined in steps 1 and 2. Two

August 15, 2013

types of headlosses are primarily associated with connector pipes segments, losses due to fric-
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tion and inlet headlosses. The hydraulic grade line and energy grade line in the main storm drain
at the junction is used as the starting HGL for the connector pipe. THe HGL and EGL at the
upstream end of the connector pipe is computed using the velocity in the connector pipe.

5.1

4-52

Calculate headlosses for connector pipe P0107.

5.1.1

Determine starting water surface elevation. From Step 4.8.3 starting HGL at
J010015 is equal to 1272.47 ft.

Using procedures from Step 4.3.1 and 4.3.2 calculate friction slope and headloss
for connector pipe P0107. Based on HGL elevation at JO10015 connector pipe
P0107 starts in full flow. Note catch basin at 0107 also intercepts 0.4 cfs overflow
from 0105 for a total interception of 1.6 cfs.

2
Sy = 0.0049 L0 = 0.0006 ft/ft

(2)(32.2)(0.31%7)

The headloss due to friction is calculated using Equation (4.6):
h/- = S/-L (4.6)
h, = (0.0006)(36 f7) = 0.02 ft

Calculate inlet headloss for inlet number 0107.

5.1.3.1 To calculate the inlet headloss for 0107, Table 5.1 from Chapter 5 must
be used to determine the entrance loss coefficient. For the example
the type of structure used to determine the coefficient was “Pipe, Con-
crete: headwall, square edge’, (k,,):

k, =0.5

en

51.3.2 Equation (4.17) is then used to calculate the headloss at the inlet:
3

%
/7,- = (1 +k(,],)z'g 4407
1.30°
= (1405)—="—=0.04
b =1 ) 2)(32.2) ft

Record friction and inlet headlosses and summation of headlosses for connector
pipe P0107 in appropriate calculation sheet (see Table E.5) columns. Calculate
HGL and EGL and record. Check to verify that there is 1 ft of freeboard between
the EGL and the inlet elevation.

Total Head Loss = 0.02 ft + 0.04 ft = 0.06 ft
Downstream HGL Elevation = 1272.47 ft
Upstream HGL Elevation = 1272.53 ft
Downstream EGL Elevation = 1272.64 ft
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Upstream EGL Elevation = 1272.57 ft
Curb opening inlet/gutter Elevation = 1273.73 ft

52 Calculate headlosses for connector pipe P0108.

5.2.1

5.2.2

& 52.3

524

August 15, 2013

Determine starting water surface elevation. From Step 4.9.2 starting HGL at
J010010 is equal to 1272.55 ft.

Using procedures from Step 4.3.1 and 4.3.2 calculate friction slope and headloss
for connector pipe P0108. Based on HGL elevation at J010010 connector pipe
P0108 starts in full flow.

2
Sy = 0.0049 L = 0.0007 ft/ft

(2)((32.2)(0.31*7))

The headloss due to friction is calculated using Equation (4.6):
hf = S/-L (4.6)

hy = (0.0007)(35 ft) = 0.02 ft

Calculate inlet headloss for inlet number 0108.

5.2.3.1 To calculate the inlet headloss for 0108, Table 5.1 from Chapter 5 must
be used to determine the entrance loss coefficient. For the example
the type of structure used to determine the coefficient was “Pipe, Con-
crete: headwall, square edge”, (k,,):

k, =0.5

en

5.2.3.2 Equation (4.17) is then used to calculate the headloss at the inlet:
2

hy = (14 k) 4.17
2
ho= (1+0.5)—=35 =004
i 2)(322)

Record friction and inlet headlosses and summation of headlosses for connector
pipe P0108 in appropriate calculation sheet (see Table E.5) columns. Calculate
HGL and EGL and record.

Total Head Loss = 0.02 ft + 0.04 ft = 0.06 ft
Downstream HGL Elevation = 1272.55 ft
Upstream HGL Elevation = 1272.61 ft
Downstream EGL Elevation = 1272.66 ft
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5.3
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Upstream EGL Elevation = 1272.64 ft
Curb opening inlet/gutter Elevation = 1273.73 ft

Calculate headlosses for connector pipe P0106.

5.31

5.3.2

5.3.3

5.34

Determine starting water surface elevation. From Step 4.10.2 starting HGL at
J010005 is equal to 1272.74 ft.

Using procedures from Step 4.3.1 and 4.3.2 calculate friction slope and headloss
for connector pipe P0106. Based on HGL elevation at JO10005 connector pipe
P0106 starts in full flow.

1.79°

Sy = 0.0049 - = 0.0012 fu/ft

(2)(32.2)(0.31*7)

The headloss due to friction is calculated using Equation (4.6):
hf« = S/-L (4.6)
/1/- = (0.0012)(38 ft)=0.05 ft

Calculate inlet headloss for inlet number 0106.

5.:3.3.1 To calculate the inlet headloss for 0106, Table 5.1 from Chapter 5 must
be used to determine the entrance loss coefficient. For the example,
the type of structure used to determine the coefficient was “Pipe, Con-
crete: headwall, square edge’, (k,,):

k, =05

en

5.3.3.2 Equation (4.17) is then used to calculate the headloss at the inlet:

b = (1 +k€”)2V—g 417
1.79°
h; = (1 +0.5)m=0.07ft

Record friction and inlet headlosses and summation of headlosses for connector
pipe P0106 in appropriate calculation sheet (see Table E.5) columns. Calculate
HGL and EGL and record.

Total Head Loss = 0.05 ft + 0.07 ft = 0.12 ft
Downstream HGL Elevation = 1272.74 ft
Upstream HGL Elevation = 1272.86 ft
Downstream EGL Elevation = 1272.80 ft
Upstream EGL Elevation = 1272.91 ft

Curb opening inlet/gutter Elevation = 1274.24 ft
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5.4 Calculate headlosses for connector pipe P0105.

5.4.1

54.2

Determine starting water surface elevation. From Step 4.10.2 starting HGL at
J010005 is equal to 1272.74 ft.

Using procedures from Step 4.3.1 and 4.3.2 calculate friction slope and headloss
connector pipe P0105. Based on HGL elevation at J010005 connector pipe
P0105 starts in full flow. Note catch basin at 0105 only intercepts 0.8 cfs.

2
S, = 0.0049—29_____ - 0.0002 f
’ (2)(32.2)(0.31 °7)

The headloss due to friction is calculated using Equation (4.6):
hf = SfL (4.6)
hy = (0.0002) x (36 f1)=0.01 ft

5.6 Calculate inlet headloss for inlet number 0105.

5.5.1

5.56.2

5.5.3

August 15, 2013

To calculate the inlet headloss for 0105, Table 5.1 from Chapter 5 must be used to
determine the entrance loss coefficient. For the example the type of structure
used to determine the coefficient was “Pipe, Concrete: headwall, square edge”,

(Ken):

K, =05
Equation (4.17) is then used to calculate the headloss at the inlet:
2
2
h; = (1 +k(,”)2—g 4,17
9
0.657
h. = (1+0.5)————=0.01ft
= (14057 322y~ L0118

Record friction and inlet headlosses and summation of headlosses for connector
pipe P0105 in appropriate calculation sheet (see Table E.5) columns. Calculate
HGL and EGL and record.

Total Head Loss = 0.00 ft + 0.01 ft = 0.01 ft
Downstream HGL Elevation = 1272.74 ft
Upstream HGL Elevation = 1272.76 ft
Downstream EGL Elevation = 1272.80 ft
Upstream EGL Elevation = 1272.77 ft

Curb opening inlet/gutter Elevation = 1274.23 ft
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Step 6. Confirm adequate cover over all pipes and check freeboard at all catch basins,
manholes and junctions.

Step7. Complete Table E.4 and Table E.5.

SUMMARIZED RESULTS:

Hydraulic grade line calculation summary sheets are provided as Table E.4 and Table E.5. Fig-
ure 4.13 displays the final HGL profile calculated for the proposed storm drain.
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Hydraulic Data

Conveyance
ID Invert Invert o= =
Elevation | Elevation Size Manning’s | Flow pe5|gn Velocity | v¥/2g K R Slope Sy
n Area | Discharge
(Inlet) (Outlet)
(ft) (ft) (in) (ft*) (cfs) (fps) (ft) (ft) (ftft) (ft/ft)

1 2 3 4 5 6 7 8 9 10 11 12 13
010005 1270.79 | 1270.31 1-18 Pipe 0.013 Y 3.40 1.92 0.06 | 0.0049 | 0.38 | 0.0025 | 0.0010
010010 1270.31 1270.29 1-18 Pipe 0.013 1.77 4.70 2.66 0.11 | 0.0049 | 0.38 | 0.0025 | 0.0020
010015 1270.29 1270.24 1-18 Pipe 0.013 1.77 5.80 3.28 0.17 | 0.0049 | 0.38 | 0.0025 | 0.0030
010020 1270.24 1270.05 1-18 Pipe 0.013 117 5.80 3.28 0.17 | 0.0049 | 0.38 | 0.0025 | 0.0030
010025 1270.05 1269.80 1-18 Pipe 0.013 1.77 5.80 3.28 0.17 | 0.0049 | 0.38 | 0.0025 | 0.0030
010030 1269.30 1268.80 1-24 Pipe 0.013 3.14 5.80 1.85 0.05 | 0.0049 | 0.50 | 0.0025 | 0.0007

Note: Begin Proposed Storm
Drain HGL Evaluation

010035 1268.30 | 1266.80 1 - 48 Pipe 0.013 12.57 102.00 8.1 1.02 | 0.0049 | 1.00 | 0.0050 | 0.0050
010040 1266.80 | 1265.50 1-48 Pipe 0.013 12.57 105.20 8.37 1.09 | 0.0049 | 1.00 | 0.0163 | 0.0053
OUTLET Outlet
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Hydraulic c
rown
Head Losses HGL EGL 4
Data Cont. Elevation
Conveyance
ID
Average Total
Length S 9 ho hy hy Nmn he hy Head Inlet Outlet Inlet Outlet Inlet Outlet
k Loss
(ft) (ft/ft) (fty | f) | () | (f) | (ft) (ft) (ft) (ft) (ft) (ft) (ft) (ft) (ft)
1 14 18 16 17 18 19 20 21 22 23 24 25 26 27 28
010005 190 0.19 0.19 1272.74 | 1272.55 | 1272.80 | 1272.66 | 1272.50 | 1272.02
0.00
010010 10 0.02 | 0.06 0.08 | 1272.55 | 1272.47 | 1272.66 | 1272.64 | 1272.02 | 1272.00
010015 20 0.06 | 0.05 0.11 127247 | 1272.36 | 1272.64 | 1272.53 | 1272.00 | 1271.95
010020 75 0.23 0.03 0.26 1272.36 | 1272.10 | 1272.53 | 1272.27 | 1271.95 | 1271.76
010025 100 0.30 0.11 0.41 1272.10 | 1271.69 | 127227 | 1271.74 | 127176 | 1271.51
010030 200 0.14 0.03 0.17 1271.69 | 1271.52 | 1271.74 | 1272.61 | 1271.55 | 1271.05
0.00
010035 300 1.50 0.05 1.55 | 1273.07 | 1271.52 | 1274.09 | 1272.61 | 1272.72 | 1271.22
010040 80 0.42 | 0.11 0.53 | 1271.52 | 1270.99 | 1272.61 | 1272.08 | 1271.22 | 1269.92
QUTLET 1.09 1.09 1270.99 | 1269.90 | 1272.08 | 1269.90
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Connector Pipe
Head
Catch Between 1'
Length Catch HGL alg aRan
Connector Lateral 2 Inlet | Entrance Basin Below Lip
Of g Basin h; h¢ hiotal at
ID Size ID Loss, Ke Inlet of Gutter
Lateral Depth Inlet ;
Elevation to Inlet
H.G.L'
(ft) (ft) (ft) (ft) (ft) (ft) (ft) (ft) (ft)

1 2 3 4 5 6 7 8 9 10 11 12
P0105 36 15 3.50 0105 0.50 0.01 0.01 0.02 | 127276 | 1274.23 0.47
P0106 38 15 3.50 0106 0.50 0.07 0.05 012 | 1272.86 | 1274.24 0.38
P0108 35 15 3.60 0108 0.50 0.04 0.02 0.06 | 127261 | 1273.73 0.12
P0107 36 15 3.58 0107 0.50 0.04 0.02 0.06 | 127253 | 1273.73 0.20

Note: ' (Column 11)-(Column 10) — 1 ft.
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4.8 APPENDIX 4-A PRESSURE MOMENTUM ANALYSIS

The following pressure plus momentum method for evaluating junctions are offered to aid the
designer in situations in which crowns of pipes at a storm drain junction are not matching. The
method is taken from Orange County Flood Control District Design Manual, July 1972.

Junctions should be analyzed by the specific force (pressure plus momentum, P+M) method if
the incremental increase in flow is more than 10 percent of the flow in the main channel or if the
incremental increase, regardless of magnitude, could adversely affect the system. Structures
flowing at slightly supercritical velocities are especially susceptible to adverse affects from side
inflows.

The P+M method (based on Newton’s second law of motion) has been expanded from the Corps
of Engineers open channel analysis to include all junctions.

The general equilibrium equation is:

Py,+M, = Py+ M, +M;scos®0+P,+P —P,

where: P, = hydrostatic pressure on section 1,
P, = hydrostatic pressure on section 2,
P; = horizontal component of hydrostatic pressure on invert,
P, = horizontal component of hydrostatic pressure on soffit,
P, = axial component of hydrostatic pressure on walls,
Pf = retardation force of friction,
M, = momentum of moving mass of water entering junction at sec-
tion 1,
M, = momentum of moving mass of water leaving junction at sec-
tion 2,
Mjcos ©® =  axial component of momentum of the moving mass of water

entering the junction at section 3.

The expression for pressure acting on an area is:

P = wAy(lbs)

where: W = unit weight of water, Ibs/ft3,

A = cross sectional area of flow, sq ft,

average depth, ft.

kS
I

4-62 April 2013 (Draft)



Drainage Design Manual for Maricopa County Hydraulics: Storm Drains

and for momentum per unit time is:
M = wQV/g(lbsls)

However, since the unit weight of water (w) appears in all terms of the general equilibrium equa-
tion it may be omitted and the dimension for P+M becomes feet to the third power.

Since most applications of junction analysis involve relatively small elevation changes simplifying
assumption have been made that cosines of the invert slope equal unity and tangents and sines
of the friction slope are equal.

The designer should recognize that components of wall and invert pressures may be either posi-
tive or negative and should be used accordingly.

Often when a confluence is within a transition from trapezoidal to rectangular shape (or reverse),
a portion of the invert and wall pressures are of negative sign. These can be measured by super-
imposing the end areas of the sections over each other and developing a graphical representa-
tion of the negative areas. By adding algebraically the component 4y’s, a reasonable
approximation of the wall and invert pressures is obtained.
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FIGURE 4.A1
CIRCULAR CONDUIT FLOWING PARTIALLY FULL, PIPE INLET
(Orange County Flood Control District, 1972)

Q { df;-T ! L Q, 0
g i “Ye.”T" *
; 1l N
-3 @
©)
P = C d} Py Cody
Bl o
M=K = Sk, | =
AN Mz=Kalds
. (oz-o,)z( »
M =
SCOS 252d32 cos
P.=o

¥ = _ h (h)2
Pw=Azy2"A|y|+"é (A2+A|)+ E (Tz"T”

L(s +s,)
Pr= — g (A+ Ay

For tabulated values of C and K, see Page |3.
See King “Handbook of Hydraulics’, for A, ¥ and T.

5 .
*Where h=2 +0,-0;,,The term (%) (T-T,) is usually negligible,
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. TABLE 4.A1

PRESSURE PLUS MOMENTUM FACTORS FOR PARTIALLY FULL CIRCULAR CONDUITS
(Orange County Flood Control District, 1972)

% K E E [a)_ K C F
.01 23,919  .0000 9188. .51 .0773  .0873  .0958
02 8.403  .0000 1134. .52 .0753 0914  .0912
03 4.507 .0001  326. 53,0736 .0956  .0869
04 2.961 .0002  140.9 54,0719 .0998  .0829
05 2.115  .0003 71.9 .55 © .0703  .1042  .0793
.06 1.620 .0005  42.1 56 .0687 .1087 .0758
.07  1.285 .0007  26.5 57 .0672  .1133  .0726
08  1.058 .0010 17.97 58 .0658 .1179  .0696
.09 0.888  .0013 12.68 59 .0645  .1227  .0668
10 0.760  .0017 9.28 60 .0632  .1276  .0641
‘11 0.662 0021 7.03 61 .0620  .1326  .0617
12 0.s82  .0026 5.45 162 L0608 1376  .0594
13 0.518  .0032 4.31 .63 .0597  .1428  .0572
4 0.466 .0038 . 3.4a "4  .0586  .1428  .0551
15 0.421 0045 2.84 65 .0575  .1534 L0532
16 0.383  .0053 2.36 66  .0565 1589 0514
17 0.351  .0061 1.982 .67 .0559  .16k4  .0496
18 0.324  .0070 1.381 .88  .0547 .00  .0430
.19 0.299 0080 1.438 69 .0538 .1758  .0465
20 0.278  .0091 1.242 .70 .0530 .i81l6  .0450
21 0.259  .0103 1.080 .71  .0521 .1875 .0437
22 0.243  .0115 0.946 .72 .0514  .1935 0424
23 0.228 .0128 0.833 .73 .0506 .1996 .0411
| 24 0.215  .0143 0.740 .74 .0493  .2058  .0400
| 25 12026 0157 0.659 .75 .0492 .2121  .0389
| ’ 126 1916 .0173 0.589 .76 .0485 .2185  .0379
| 27 1817 .0190 0.530 .77 .0479  .2240  .0369
28 1727 .0207 0.479 .78 .0473 .2314  .0359
29 1645 .0226 0.435 .79  .0467 .2380  .0351
30 1569 .0255 0.395 .80  .0462  .2447  .0342
31 1493 .0266 0.361 .81  .0456 .2515  .0334
32 1435 .0287 0.331 .82 0451 .2584  .0327
33 1376 .0309 0.304 .83  .0446  .2653  .0320
34 1320 .0332 0.280 .84  .0441  .2723  .0313
35 1269 .0356 0.259 .85 .0437 .279%  .0307
.36 ‘1221 0381 0.240 .86  .0433  .2865  .0301
a7 1177 .0407 0.222 .87 .0429 .2938  .0295
.38 ‘1135 0434 0.207 .88  .0425 .3011  .0290
.39 -1096 0462 (1931 .89  .0421  .3084  .0285
.40 .1060 0491 .1804 .90 .0418 .3158 .0280
41 11026 .0520 (1689 191 L0414  .3233  .0276
42 -0993 0551 (1585 .92 0411 .3308 .0272
43 .0963 0583 .1489 .93 0408  .3384  .0266
44 .0934 0616 (1402 .94 L0406  .3460  .0265
45 .0907 .0650 (1321 195 10403  .3537  .0261
46 .0882 0684 1248 196 0401  .3615  .0259
47 .0857 0720 1180 .97  .0399  .3692  .0256
48 .0834 0757 .1118 .98  .0398 .3770  .0254
49 .0813 .0795 .1060 .99  .0397 .3848  .0253
.50 0792 .0833 .1007 1.06 .039  .3927  .0252

Tahulated Values
M = k(o/d)2 Pz c.d
hy = F(Q/d%)?
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5.1 SYMBOLS

The following symbols will be used in equations throughout Chapter 5.

9_,- = Angle between outfall and lateral at a junction, degrees
a = Angle of approach, degrees
o, = Coefficient
" = Unit coefficient constant, 180 Ib/ft?
A = Cross sectional area, sq ft

B = Width of culvert opening, ft
C, = Drop height adjustment coefficient at culvert outlet

‘ C, = Road embankment overtopping discharge coefficient
L = Slope correction coefficient
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d = Inlet bevel, in

p = fluid density of water, 1.94 slugs/ft>

d,. = Critical depth, ft

dy = Depth of scour hole, ft

dsg = Diameter of a rock particle for which 50% of the gradation is finer by weight (other per-
centages may also be used)

D = Pipe culvert diameter or box culvert depth, ft

D.I. = Discharge intensity

EL, = Invertelevation at the outlet, ft

EL,, = Outlet control headwater elevation, ft

FALL = Difference between invert elevation and original streambed elevation, ft

g = Acceleration due to gravity, 32.2 ft/sec®

H = Sum of inlet loss, friction loss, and velocity head in a culvert, ft

H,, = Head loss through a bend of a culvert, ft

H, = Head loss through a junction, ft

H, = Head loss due to turning flow at a headwall, ft

H, = \Velocity head, ft

HW = Depth from inlet invert to upstream total energy grade line, ft

HW, = Flow depth above the roadway, ft

h, = Height of hydraulic grade line above outlet invert, ft

h, = Height of tailwater above crown of submerged road, ft

K = Bend loss coefficient

K, = Entrance loss coefficient

K, = Submergence factor

L = Actual length of culvert, ft

L = Adjusted culvert length, ft

L = Length of apron, ft

Ly = Width of roadway crest over the roadway, ft

L, = Length of overflow sections along embankment normal to flow, ft

n = Manning's n-value

n; = Desired Manning's n-value

PI = Plasticity Index from Atterberg limits

0 = Rate of flow, cfs

o, = Rate of flow overtopping roadway, cfs

R. = Hydraulic radius at the end of the culvert (assuming full flow)

S = Slope, ft/ft

S, = Saturated shear strength, Ib/ft?

W = Tailwater depth measured from culvert outlet invert, ft
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t = Time, minutes

T, = critical tractive shear stress, Ib/ft?

14 = Velocity, ft/sec

v, = Approach channel velocity, ft/sec

W, = Width of apron, ft

3 = Change in hydraulic grade line through the junction, ft
Vs = Equivalent depth, ft

Vs = Depth of scour, ft

o = Material standard deviation

5.2 INTRODUCTION

Culverts and bridges are structures that convey stormwater under roads. Their purpose is to pre-
vent water from the more frequent storm events from overtopping and crossing the road as such
conditions inhibit safe passage of vehicles. The intent of this chapter is to provide guidance for
the design of culverts. This includes the necessary design aids/examples and guidance for treat-
ment of culvert inlets and outlets. Some brief guidelines are presented to follow when using
inverted siphons. The design of bridges requires special training and experience in regard to
hydraulic analyses, design of flow training works, and estimates of pier and abutment scour.
Therefore, only an overview of the hydraulic analyses for bridge openings is presented.

5.3 CULVERTS

The charts and procedures for culvert design used in this manual are taken from the Federal
Highway Administration, Hydraulic Design Series Number 5, Hydraulic Design of Highway
Culverts (USDOT, FHWA, HDS-5, 1985). Culvert designers use this reference liberally as it is the
result of years of research and experience in culvert design and at this time represents the state
of the art.

5.3.1 Use of Culverts

Culverts are primarily used for conveying runoff through a roadway embankment. They are
normally aligned with a watercourse or engineered drainage channel. Culverts are typically used
for smaller drainageways. They may also serve as outfall structures for storm drain systems.
Bridges are generally used for larger drainageways such as large washes and rivers.
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5.3.2 Culvert Design Criteria
Sizing
Minimum culvert sizing shall be in accordance with the appropriate jurisdictional standards.

Minimum Velocity

Culverts should be designed to provide adequate velocity to self-clean during partial depth flow
events. Debo and Reese (1995) suggest a minimum velocity of 2.5 feet per second for partial
flow depths. Greater velocities are recommended for installations where sediment loads are
heavy. Alternatively, a sediment trap can be utilized where culvert velocities are lower or exces-
sive sediment deposition is expected.

Maximum Velocity

As a practical limit, outlet velocities should be kept below 15 feet per second unless special con-
ditions exist. The maximum velocity should be consistent with channel stability requirements at
the culvert outlet. As outlet velocities increase, the need for channel stabilization at the culvert
outlet increases. If culvert outlet velocities exceed permissible velocities for the outlet channel lin-
ing material, suitable outlet protection must be provided. Outlet velocities may exceed permissi-
ble downstream channel velocities by up to 10 percent without providing outlet protection if the
culvert tailwater depth is greater than the culvert critical depth of flow under design flow condi-
tions. Table 6.2 and Table 6.3 outline the permissible velocities for several channel lining materi-
als.

Materials

The selection of a culvert material may depend upon structural strength, hydraulic roughness,
durability, and corrosion and abrasion resistance. The culvert materials that should be consid-
ered are concrete (reinforced and non-reinforced), corrugated aluminum, corrugated steel, and
PVC. Culverts may also be lined with other materials to inhibit corrosion and abrasion. Linings
are not recommended to reduce hydraulic resistance because culvert linings have a short life
span and are seldom reapplied as part of normal culvert maintenance. When linings are applied,
the culvert sizing should neglect the reduced roughness from the lining material.

Minimum Cover

Minimum cover of fill over culverts must be provided to maintain the structural integrity of the
structure under anticipated loading conditions. Culvert manufacturers provide minimum cover
requirements for prefabricated pipe. A general rule of thumb for estimating minimum cover
requirements is to provide one-eighth of the barrel diameter or span, with a minimum of 1 foot.
The top of culverts should not extend into the roadway subgrade. Minimum cover should be mea-
sured from the top of subgrade, which is the bottom of the pavement structural section.
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Depth for Road Crossing

The allowable headwater depth, allowable flow across the street, and design storm frequency
requirements should be verified with each jurisdictional entity’s policies and standards.

Regardless of the size of the culvert, street crossings shall be designed to convey the 100-year
storm runoff under and/or over the road to an area downstream of the crossing to which the flow
would have gone in the absence of the street crossing. Flows up to and including the 100-year
frequency event should not cause increased flooding to adjacent property or buildings, unless a
drainage easement is acquired for those areas. The ponded headwater elevation should be
delineated on a contour map, or other surveying methods used to identify the area inundated by
the ponded water.

In general, dip sections are not recommended, however, for flows crossing broad shallow
washes where the construction of a culvert is not practical, the road may be dipped to allow the
entire flow to cross the road. Use of dip sections for specific, individual cases must be approved
by the governing agency. The pavement through the dip section should be concrete and should
have a one way slope in the direction of flow with curbs and medians flush with the pavement.
Upstream and downstream cutoff walls and aprons should be provided to minimize the effects of
headcutting and erosion.

Scour and Sedimentation

Possible aggradation or degradation at culvert crossings must be examined in the design of cul-
verts.

An ideal culvert design should pass drainage water through it without upsetting the delicate
balance between hydraulics and sediment transport.

An effective culvert design should minimize scour and deposition. For example, suitable outlet
protection should be provided to minimize scour. To minimize sedimentation problems, inlets
should not be depressed below the natural channel flowline. In addition, multi-barrel installations
tend to reduce the channel velocity, particularly in low flow situations. Where multi-barrel installa-
tions are necessary, provisions should be made to handle sedimentation with minimal mainte-
nance.

Skewed Channels

A good culvert design is one that limits the hydraulic and environmental stress placed on an
existing natural watercourse. This stress can be minimized by designing a culvert that closely
conforms to the natural stream in alignment and grade. Often the culvert barrel must be skewed
with respect to the roadway centerline to accomplish this goal. Alterations to the normal inlet
alignment are often necessary as well.

The alignment of a culvert barrel with respect to a line perpendicular to the roadway centerline at
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the point of crossing is referred to as the barrel skew angle. A culvert aligned normal to the road-
way centerline has a zero skew angle. Directions (right or left) must accompany the barrel skew
angle (Eigure 5.1). Some advantages of following a natural stream alignment include: reduction
of entrance losses, equal depths of scour at the footings, less sedimentation, and less excavation
for installation.

The angle from the culvert face to a line normal to the culvert barrel is referred to as the inlet
skew angle (Figure 5.2). The structural integrity of circular sections is compromised when the
inlet is skewed due to the loss of a portion of the full circular section where the culvert barrel
extends beyond the full section. Although concrete headwalls help stabilize the pipe section,
structural considerations should not be overlooked in the design of skewed inlets. Culverts which
have a barrel skew angle often have an inlet skew angle as well. This is because headwalls are
generally constructed parallel to a roadway centerline to avoid warping of the embankment fill.

In cases where the culvert barrel cannot be aligned with the channel flowline, such as when
runoff is directed along a roadway embankment to a suitable crossing location, the flow enters
the culvert barrel at an angle. The approach angle should be limited to a maximum of 90
degrees. When high velocities exist, inlet losses resulting from turning the flow into the culvert
should be considered. If backwater computations are not employed and the approach channel
velocity is 6 feet per second or greater, the following equation should be used to estimate the
loss. The loss should be added to the other inlet losses in the culvert design computation, if they
aren't included in the appropriate nomographs.

2

H, = (—")sina (5.1)
2g

FIGURE 5.1
BARREL SKEW ANGLE

(USDOT, FHWA, HDS-5, 1985)
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FIGURE 5.2
INLET SKEW ANGLE

(USDOT, FHWA, HDS-5, 1985)

BARREL SKEW ANGLE
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FIGURE 5.3
TyrPicAL HEADWALL/WINGWALL CONFIGURATIONS FOR SKEWED CHANNELS

(USDOT, FHWA, HDS-5, 1985)

FLOW AND CULVERT SKEWED
TO EMBANKMENT

Bends

A straight culvert alignment is desirable to avoid clogging, increased construction costs, and
reduced hydraulic efficiency. However, site conditions may require a change of alignment, either
horizontally or vertically. When considering a nonlinear culvert alignment, particular attention
should be given to erosion, sedimentation, and debris control. Vertical bends are permitted when
they transition from a flatter to a steeper slope, but should not transition from steeper to flatter
slopes because of the potential for sediment deposition in the flatter reach.
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FIGURE 5.4
"BROKEN BACK" CULVERT

(USDOT, FHWA, HDS-5, 1985)

1

// //ou'Tcnonmc/

In designing a nonlinear culvert, the energy losses due to the bends must be considered. If the
culvert operates in inlet control, no increase in headwater occurs unless the bend losses cause
the culvert to flow under outlet control. If the culvert operates in outlet control, an increase in
energy losses and headwater will result due to the bend losses. To minimize these losses, the
culvert should be curved or have bends not exceeding 15 degrees at intervals of not less than 50
feet. Under these conditions, bend losses can be ignored.

If these conditions cannot be met, analysis of bend losses is required. Bend losses are a function
of the velocity head in the culvert barrel. To calculate bend losses, use the following equation:

2

V
H, = K, (52)

H,, is added to the other outlet losses. See Chapter 4, Storm Drains, to determine loss coeffi-
cients (K,) for bend losses in conduits flowing full.

The broken back culvert, shown in Figure 5.4, has four possible control sections: the inlet, the
outlet, and the two bends. The upstream bend may act as a control section, with the flow pass-
ing through critical depth just upstream of the bend. In this case, the upstream section of the cul-
vert operates in outlet control and the downstream section operates in inlet control. Outlet control
calculation procedures can be applied to the upstream barrel, assuming critical depth at the
bend, to obtain a headwater elevation. This elevation is then compared with the inlet and outlet
control headwater elevations for the overall culvert. The controlling flow condition produces the
highest headwater elevation. Control at the lower bend is very unlikely. That possible control
section can be ignored except for the bend losses in outlet control.
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Junctions

Flow from two or more separate culverts or storm drains may be combined at a junction into a
single culvert barrel. For example, a tributary and a main stream intersecting at a roadway cross-
ing can be accommodated by a culvert junction (Eigure 5.5).

FIGURE 5.5
CULVERT JUNCTION

(USDOT, FHWA, HDS-5, 1985)

Loss of head may be important in the hydraulic design of a culvert containing a junction. Attention
should be given to streamlining the junction to minimize turbulence and head loss. Also, timing of
peak flows from the two branches should be considered in analyzing flow conditions and control.
When possible, the tributary flow should be released downstream of the culvert barrel. When this
is not practical, the following procedure should be used to estimate the losses.

For a culvert barrel operating in outlet control and flowing full, the junction loss is calculated using
the equations given below. The loss is then added to the other outlet control losses.

H, = 3+ Hy —Hy, (5.3)

The equation for y'is based on momentum considerations and is as follows:

o o 0,V,— 0V, = 0Q3V5c0s6;
i OS(Al +A2)g

The subscripts 1, 2, and 3 refer to the outlet pipe, the upstream pipe, and the lateral pipe respec-
tively.
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Trashracks and Access Barriers

For trashracks with approach velocities less than 3 feet per second, it is not necessary to include
a head loss for the trashrack; however, for velocities greater than 3 feet per second, such compu-
tations are required. See Hydraulic Structures, Chapter 8, Section 8.6.4.

Flotation and Anchorage

Flotation is the term used to describe the failure of a culvert due to the uplift forces caused by
buoyancy. The buoyant force is produced from a combination of high head on the outside of the
inlet and the large region of low pressure on the inside of the inlet caused by flow separation. As
a result, a large bending moment is exerted on the end of the culvert. This problem has been
noted in the case of culverts under high head, with shallow cover, on steep slopes, and with pro-
jecting inlets. The phenomenon can also be caused by debris blocking the culvert end or by dam-
age to the inlet. The resulting uplift may cause the inlet ends of the barrel to rise and bend.
Occasionally, the uplift force is great enough to dislodge the embankment. Generally, flexible bar-
rel materials are more vulnerable to failure of this type because of their light weight and lack of
resistance to longitudinal bending. Large, projecting, or mitered corrugated metal culverts are the
most susceptible.

A number of precautions can be taken by the designer to guard against flotation. Steep slopes (1
to 1 or steeper) of adequate height, which are protected against erosion by slope paving or head-
walls, help inlet and outlet stability. When embankment fill heights are less than 1.5 times the
pipe diameter or fill slopes are flatter than 1 to 1, the designer may consider other applications
such as concrete encasement, concrete headwalls, and tie bars to guard against failures caused
by flotation. Limiting headwater buildup also helps prevent flotation. It is desirable to limit design
headwater depths to 1.5 times the culvert height.

Safety
Culverts shall be designed to conform to the safety protocols identified in the introduction to this
manual.

Inlets

Culvert inlets are used to transition the flow from a headwater condition upstream of the culvert
into the culvert barrel. Losses caused by the inlets have been studied extensively for several
types of inlets. The inlet control nomographs in Section 5.3.4 give the required headwater depth
to pass the design discharge through several types of culvert entrances. The hydraulic capacity
of a culvert may be improved by appropriate inlet selection. Since the channel is usually wider
than the culvert barrel, the culvert inlet edge represents a flow contraction and may be the pri-
mary flow control. The provision of a more gradual flow transition will lessen the energy loss and
thus create a more hydraulically efficient inlet condition. Design charts for improved inlets are
contained in Hydraulic Design of Highway Culverts (USDOT, FHWA, HDS No. 5, September
1985). It should be noted that improving culvert inlets will cause the greatest increase in culvert
capacity when the culvert is operating in inlet control.
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The hydraulic performance of culverts operating in inlet control can be improved by changing the
inlet geometry of the headwall. Improvements include bevel-edged, side-tapered, and
slope-tapered inlets. The advantage of these improvements is to convert an inlet control culvert
closer to outlet control by using more of the barrel capacity.

A beveled-edge provides a decrease in flow contraction losses at the inlet and the entrance loss
coefficient, K, is normally reduced to 0.2, which can increase the culvert capacity by as much as

20 percent. Bevels are required on all culverts with headwalls and should be constructed as
shown in Figure 5.6.

Side-tapered inlets have an enlarged face area accomplished by tapering sidewalls as shown in
Figure 5.7. It provides an increase in flow capacity of 25 to 40 percent over square-edged inlets.
There are two types of control sections for side-tapered inlets; face and throat control. The
advantages of side-tapered inlets under throat control are; reduced flow contraction at the throat
and increased head at the throat control section.

Slope-tapered inlets provide additional head at the throat section as shown in Figure 5.8. This
type of inlet can have over 100 percent greater capacity than a conventional culvert with square
edges. The degree of increased capacity depends upon the drop between the face and the throat
section. Both the face and the throat are possible control sections. The inlet face should be
designed with a greater capacity than the throat to promote flow control at the throat and there-
fore greater potential capacity of the culvert. This type of inlet may not be appropriate for flows
containing high sediment loads; caution should be excised for this design condition.

Prefabricated steel inlet end sections (Figure 5.9) are available for corrugated steel pipe that per-
form about as well as a square-edged headwall inlet with an entrance loss coefficient of 0.5.

When there is a potential for inlet uplift failure or inlet damage from other sources, concrete head-
walls are recommended. In some cases, such as when concrete encasement of the pipe is
utilized, metal end sections such as the one shown in Figure 5.9 may be acceptable.
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FIGURE 5.6
INLET BEVEL DETAIL

(USDOT, FHWA, HDS-5, 1985)

Bevel d

FIGURE 5.7
SIDE-TAPERED INLET

(USDOT, FHWA, HDS-5, 1985)
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Bevel
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FIGURE 5.8
SLOPE-TAPERED INLET

(USDOT, FHWA, HDS-5, 1985)

Face Section

v

Bevel
{Optional)

Elevaton

FIGURE 5.9
PREFABRICATED CULVERT END SECTION
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Outlets

The receiving channel at culvert outlets must be protected from high culvert outlet velocities
caused by the flow constriction that is inherent in culvert operation. If the culvert outlet velocity is
greater than the allowable velocity for the receiving channel, protective measures must be pro-
vided.

Projecting culvert outlets are not permitted unless approved by the appropriate governing
agency.

The minimum requirement is to provide a preformed metal or concrete end section, or a headwall
(with or without a wingwall configuration) with a cutoff wall provided at the end of the apron. Cul-
vert outlet designs are presented in Section 5.4. Energy dissipation structures, if needed are pre-
sented in Chapter 8, Hydraulic Structures, Section 8.4.

5.3.3 Design Procedures

Culvert Design Method

This design method provides a convenient and organized procedure for designing culverts, con-
sidering inlet and outlet control.; however, it is recommended that this procedure only be applied
by individuals possessing a solid understanding of culvert hydraulics.

The first step in the design process is to summarize all known data for the culvert at the top of the
Culvert Design Form (Eigure 5.10). This includes establishing a maximum design headwater ele-
vation, considering roadway overflow, roadway subgrade elevation, the finished floor elevation of
any upstream structures, right-of-way or easement requirements for the backwater ponding ele-
vation, and any potential flow diversions. This information will have been collected or calculated
prior to performing the actual culvert design. The next step is to select a preliminary culvert mate-
rial, shape, size and entrance type. The user then enters the design flow rate and proceeds with
the inlet control calculations.
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Inlet Control

The inlet control calculations determine the headwater elevation required to pass the design flow
through the selected culvert configuration if the culvert is operating in inlet control. The inlet con-
trol nomographs in Section 5.3.4 are used in the design process. For the following discussion,
refer to the schematic inlet control nomograph shown in Figure 5.11.

1. Locate the selected culvert size (point 1) and flow rate (point 2) on the appropriate scales of
the inlet control nomograph. (Note that for box culverts, the flow rate per foot of barrel width is
used.)

2. Using a straightedge, extend a straight line from the culvert size (point 1) through the flow
rate (point 2) and mark a point on the first headwater/culvert height (HW/D) scale (point 3).
The first HW/D scale is also a turning line.

3. If another HW/D scale is required, extend a horizontal line from the first HW/D scale (the
turning line) to the desired scale and read the result.

4. Multiply Hw/D by the culvert height, D, to obtain the required headwater (HW) from the invert
of the control section to the energy grade line. HIW equals the required headwater depth. If
trashracks are used, add trashrack losses to HW.

5. Calculate the inlet control headwater elevation.
EL,, = EL,+ HW

where EL; is the invert elevation at the inlet.

6. If the inlet control headwater elevation exceeds the design headwater elevation determined
in the first step and tabulated on Figure 5.10, a new culvert configuration must be selected
and the process repeated. Improvements to the inlet may suffice, or an enlarged barrel may
be necessary, particularly if the outlet control headwater elevation calculated in the following
section also exceeds the design headwater elevation.

Outlet Control

The outlet control calculations result in the headwater elevation required to convey the design
discharge through the selected culvert if the culvert is operating in outlet control. The critical
depth charts and outlet control nomographs of Section 5.3.4 are used in the design process. For
illustration, refer to the schematic critical depth chart and outlet control nomograph shown in Fig-
ure 5.12 and Figure 5.13, respectively.
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Determine the tailwater depth above the outlet invert (777) at the design flow rate. This is
obtained from backwater or normal depth calculations of the downstream channel, or from
field observations. Field observations are important in determining tailwater depths. The area
downstream of the culvert should be examined for features that may create backwater
effects, i.e., channel control, another culvert, etc. If such features are found, appropriate
backwater analysis techniques should be employed to determine the tailwater depth. When
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culverts are in series, the headwater elevation from the downstream culvert should be

checked to make sure that it doesn't back up water affecting the outlet conditions of the
upstream culvert.

2. Enter the appropriate critical depth chart (Figure 5.12) with the flow rate and read the critical
depth (d,). If the computed d,. is greater than D, use D for critical depth. d,. cannot exceed the
top of the culvert.

(Note: The d. curves are truncated for convenience when they converge. If an accurate d,. is

required for d. much greater than 0.9D, consult the Handbook of Hydraulics by Brater and
King, 1976, or other hydraulic references.)

3. Calculate (d,.+ D)/2

4. Determine the depth from the culvert outlet invert to the hydraulic grade line (7,).

h, = TW or(d,+D)/2,whichever is larger

5. From Table 5.1 obtain the appropriate entrance loss coefficient, K, for the culvert inlet config-
uration.

' FIGURE 5.12

CRITICAL DEPTH CHART (SCHEMATIC)
(USDOT, FHWA, HDS-5, 1985)
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6.

Determine the losses through the culvert barrel, H, using the outlet control nomograph
(Eigure 5.13) or appropriate equations if outside the range of the nomograph.

a) If the Manning's n-value given in the outlet control nomograph is different than the
Manning's » for the culvert, adjust the culvert length using the equation:

2
L, = L(—‘) (5.5)
n

Then use L, rather than the actual culvert length when using the outlet control
nomograph.

b) Using a straightedge, connect the culvert size (point 1) with the culvert length on the
appropriate K, scale (point 2). This defines a point on the turning line (point 3).

c) Again using the straightedge, extend a line from the discharge (point 4) through the
point on the turning line (point 3) to the Barrel Losses (H) scale. Read H, which is
the energy loss through the culvert, including entrance, friction, and outlet losses.

d) All other applicable losses should be added to H.

Calculate the outlet control headwater elevation.
EL,, = EL,+H+h, (5.6)
where EL,, is the invert elevation at the outlet.

If the outlet control headwater elevation exceeds the design headwater elevation deter-
mined in the first step, and tabulated on Figure 5.10, a new culvert configuration must be
selected and the process repeated. Generally, an enlarged barrel will be necessary since
inlet improvements are of limited benefit in outlet control.

Evaluation of Results

Compare the headwater elevations calculated for inlet and outlet control. The higher of the two is
designated the controlling headwater elevation. The culvert can be expected to operate with that
higher headwater for at least part of the time.

The outlet velocity is calculated as follows:

1.

5-20

If the controlling headwater is based on inlet control, determine the normal depth and
velocity in the culvert barrel. The velocity at normal depth is assumed to be the outlet
velocity (Figure 5.14). Normal depth for circular and rectangular culverts can be found

using Figure 5.19.
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FIGURE 5.13
OUTLET CONTROL NOMOGRAPH (SCHEMATIC)
(USDOT, FHWA, HDS-5, 1985)
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2.  Ifthe controlling headwater is in outlet control, determine the area of flow and velocity at

the outlet based on the barrel geometry (see Figure 5.15) and the following:

a)Critical depth, if the tailwater is below critical depth.
b)The tailwater depth if the tailwater is between critical depth and the top of the barrel.

c) The height of the barrel if the tailwater is above the top of the barrel.
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FIGURE 5.14
OUTLET VELOCITY - INLET CONTROL
(USDOT, FHWA, HDS-5, 1985)
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Repeat the design process until an acceptable culvert configuration is determined. Once the
barrel is selected it must be fitted into the roadway cross section. The culvert barrel must have
adequate cover, the length should be close to the approximate length, and the headwalls and
wingwalls must be dimensioned.

If outlet control governs and the headwater depth (referenced to the inlet invert) is less than 1.2D,
it is possible that the barrel flows partly full through its entire length. In this case, caution should
be used in applying the approximate method of setting the downstream elevation based on the
greater of tailwater or (d_+ D)/2 . If an accurate headwater is necessary, backwater calculations
should be used to check the result from the approximate method. If the headwater depth falls
below 0.75D, the approximate method should not be used.

If the selected culvert will not fit the site, return to the culvert design process and select another
culvert. After a selected culvert is found to meet the design conditions, document the design to
this point. Culvert design documentation shall include a performance curve which displays cul-
vert behavior over a range of discharges. Development of performance curves is presented later
in this section, and Example 4 in Section 5.3.5 contains a performance curve calculation.

Additional design considerations including stage discharge ratings, roadway overtopping, and
performance curves, are discussed in the following sections.
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Stage Discharge Ratings

All reservoir routing procedures require three basic data inputs: 1) an inflow hydrograph; 2) a
stage versus storage relationship; and 3) a stage versus discharge relationship. Stage, that is
elevation above some base datum, is the parameter which relates storage to discharge providing
the key to the storage routing solution.

Stage versus discharge data can be computed from culvert data and the roadway geometry as
described below under Performance Curves. Discharge values for the selected culvert and over-
topping flows are tabulated with reference to elevation. The combined discharge is utilized in the
formulation of a performance curve.

Culverts are frequently used for detention basin outlet structures. The culvert design methods
presented in this section can be used to develop the stage-discharge relationship for these
structures. If the detention basin discharges into a storm drain system, procedures from Section
4.3 should be used to establish the hydraulic grade line for that stormdrain to check for outlet
control.

Performance Curves

Performance curves are representations of flow rate versus headwater depth or stage for a cul-
vert. Because a culvert has several possible control sections (inlet, outlet, throat), a given instal-
lation will have a performance curve for each control section and one for roadway overtopping.
The overall culvert performance curve is made up of the controlling portions of the individual per-
formance curves for each control section.

Inlet Control - The inlet control performance curves are developed using the inlet control nomo-
graphs of Section 5.3.4. The headwaters corresponding to the series of flow rates are deter-
mined and then plotted. The transition zone is inherent in the nomographs.

Outlet Control - The outlet control performance curves are developed using the outlet control
nomographs of Section 5.3.4. Flows bracketing the design flow are selected. For these flows, the
total losses through the barrel are calculated or read from the outlet control nomographs. The
losses are added to the elevation of the hydraulic grade line at the culvert outlet to obtain the
headwater.

If backwater calculations are performed beginning at the downstream end of the culvert, friction
losses are accounted for in the calculations. Adding the inlet loss to the energy grade line in the
barrel at the inlet results in the headwater elevation for each flow rate. An example of
development of a performance curve is contained in Example 4 in Section 5.3.5.
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FIGURE 5.15
OUTLET VELOCITY — OUTLET CONTROL

(USDOT, FHWA, HDS-5, 1985)
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Roadway Overtopping - A performance curve showing the culvert flow as well as the flow
across the roadway is a useful analysis tool. Rather than using a trial and error procedure to
determine the flow division between the overtopping flow and the culvert flow, an overall perfor-
mance curve can be developed. The performance curve depicts the sum of the flow through the
culvert and the flow across the roadway.
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FIGURE 5.16
CULVERT PERFORMANCE CURVE WITH ROADWAY OVERTOPPING

(USDOT, FHWA, HDS-5, 1985)
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The overall performance curve can be determined by performing the following steps:

1.  Select a range of flow rates and determine the corresponding headwater elevations for
the culvert flow alone. These flow rates should fall above and below the design dis-
charge and cover the entire flow range of interest. Both inlet and outlet control headwa-
ters should be calculated. It is recommended that the 2-, 10-, 50- and 100-year flow
rates be included in the range of flow rates considered.

2. Combine the inlet and outlet control performance curves to define a single performance
curve for the culvert based on the controlling stage for each discharge.

3. When the culvert headwater stages exceed the roadway crest elevation, overtopping
will begin. Calculate the equivalent upstream water surface depth above the roadway
(crest of weir) for each selected flow rate. Use these water surface depths and Equation
(5.7a) or Equation to calculate flow rates across the roadway.

4.  Add the culvert flow and the roadway overtopping flow at the corresponding headwater
elevations to obtain the overall culvert performance curve.

Using the combined culvert performance curve, it is an easy matter to determine the headwater
stage for any flow rate, or to visualize the performance of the culvert installation over a range of
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flow rates. When roadway overtopping begins, the rate of headwater increase will diminish. The
headwater will rise very slowly from that point on. Figure 5.16 depicts an overall culvert
performance curve with roadway overtopping. Example 4 in Section 5.3.5 illustrates the
development of an overall culvert performance curve. The 100-year discharge should be identi-
fied on the performance curve and the corresponding depth of flow over the roadway.

The Federal Highway Administration's computer program, HY8 (USDOT, 1999), can be used in
the development of performance curves. HY8 automates the design methods described in
HDS-5 (USDOT, 1985), and HEC-14 (USDOT, 2006). The U.S. Army Corps of Engineers HEC-2
(USACE, 1990) and HEC-RAS computer programs (USACE, 2001a and 2001b) are also capable
of analyzing culverts. The use of HY8 is preferred for design of culverts that are not subject to
backwater conditions. HEC-RAS is preferred for modeling and design of culverts in river sys-
tems where backwater effects are of concern

Roadway overtopping will begin as the headwater rises to the elevation of the lowest point of the
roadway. This type of flow is similar to flow over a broad crested weir. The length of the weir can
be taken as the horizontal length along the roadway. The flow across the roadway is calculated
from the broad crested weir equation:

-
Q, = K.C.L(HW,) (5.7a)
The charts in provide estimates of the correction factors K, and C,.

If the elevation of the roadway crest varies, for instance where the crest is defined by a roadway
sag vertical curve, the vertical curve can be approximated as a series of horizontal segments.
The flow over each is calculated separately and the total flow across the roadway is the sum of
the incremental flows for each segment (Figure 5.18). If the assumption of horizontal segments
is invalid (HW,,>1.5HW,,), the following formula may be used, assuming the value of C,

remains constant:

_2K,CL(HW - HW3?) (5.7b)
0 5(HW,,—HW,,) |

ra

where: HW,

ra

flow depth above the roadway at the high end of the weir segment, ft.

HW,,, flow depth above the roadway at the low end of the weir segment, ft.

Adapted from Hulsing (1968).

The total flow across the roadway then equals the sum of the roadway overflow plus the culvert
flow. A performance curve must be plotted including both culvert flow and road overflow. The
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headwater depth for a specific discharge, such as the 100-year discharge can then be read from
the curve. Design Example 4 in Section 5.3.5 illustrates this procedure.

FIGURE 5.17
DISCHARGE COEFFICIENT AND SUBMERGENCE FACTOR FOR ROADWAY OVERTOPPING
(USDOT, FWHA, HDS-5, 1985)
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FIGURE 5.18
WEIR CREST LENGTH DETERMINATIONS FOR ROADWAY OVERTOPPING
(USDOT, FHWA, HDS-5, 1985)

Segment 1 Segment 2 Segment 3
I Ly NI L NI L’“\n
I\ 7N\ 7 /|

Elev2 Elev3

5.3.4 Design Aids

Computer programs for culvert design are acceptable provided they are based on USDOT,
FHWA, HDS-5, 1985.

The Culvert Design Form (Figure 5.10) has been formulated to guide the user through the design
process. Summary blocks are provided at the top of the form for the project description, and the
designer's identification. Summaries of hydrologic data are also included. At the top right is a
small sketch of a culvert with blanks for inserting important dimensions and elevations.

The central portion of the design form contains lines for inserting the trial culvert description and
calculating the inlet control and outlet control headwater elevations. Space is provided at the
lower center for comments and at the lower right for a description of the culvert barrel selected.
The design chart should be completely filled out, including consideration of inlet and outlet con-
trol. Table 5.1 and Figure 5.19 through Figure 5.38 should facilitate completion of the Culvert
Design Form.
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TABLE 5.1
ENTRANCE LOSS COEFFICIENTS

OUTLET CONTROL, FULL OR PARTLY FULL ENTRANCE HEAD LOSS

(USDOT, FHWA, HDS-5, 1985)

Type of Structure and Design of Entrance Coefficient, K,
Pipe, Concrete
Projecting from fill, socket end (grove-end) 0.2
Projecting from fill, square cut end 0.5
Headwall or headwall and wingwalls
Socket end of pipe (grove-end) 0.2
Square-edge 0.5
Rounded (radius = 1/12 D) 0.2
Mitered to conform to fill slope 0.7
End-Section conforming to fill slope 0.5
Beveled edges, 33.7° or 45° bevels 0.2
Side-or slope-tapered inlet 0.2
Pipe, or Pipe-Arch, Corrugated Metal
Projecting from fill (no headwall) 0.9
Headwall or headwall and wingwalls square-edge 0.5
Mitered to conform to fill slope, paved or unpaved slope 0.7
End-Section conforming to fill slope 0.5
Beveled edges, 33.7° or 45° bevels 0.2
Side- or slope-tapered inlet 0.2
Box, Reinforced Concrete
Headwall parallel to embankment (no wingwalls)
Square-edged on 3 edges 0.5
Rounded on 3 edges to radius of 1/12 barrel dimension, or beveled on 0.2
sides
Wingwalls at 30° to 75° to barrel
Square-edged at crown 0.4
Crown edge rounded to radius of 1/12 barrel dimension, or beveled top 0.2
edge
Wingwalls at 10° to 25° to barre
Square-edged at crown 0.5
Wingwalls parallel (extension of sides)
Square-edged at crown 0.7
Side- or slope-tapered inlet 0.2
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FIGURE 5.19
CURVES FOR DETERMINING THE NORMAL DEPTH
(Chow, 1959)
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O

DIAMETER OF CULVERT (D) IN INCHES

FIGURE 5.20

INLET CONTROL HEADWATER DEPTH FOR CONCRETE PIPE CULVERTS
(USDQOT, FHWA, HDS-5, 1985)
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FIGURE 5.21
INLET CONTROL HEADWATER DEPTH FOR C.M. PIPE
(USDOT, FHWA, HDS-5, 1985)
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‘ FIGURE 5.22

INLET CONTROL HEADWATER DEPTH FOR CIRCULAR PIPE CULVERTS WITH BEVELED RING
(USDOT, FHWA, HDS-5, 1985)

—180
TR
168 % i & & ENTY::CE
L
I 0.042|0.063 (0,042 |0.083 A
- 0.083 [0.125 (0. 042{0.125 8
144
C A B
- BEVELLED RING
i 132 [ 3000 MINIMUM 300° r
g - 3.6 3.0
_—uzo — C i
E 3.0 i
rlOa = L L
b t ’ ~ -
- - 1000 DIAMETER r t g 20
% — 800 = B
~ ~2.0
-84 - 600 r xr
- - 500 [ )"_" r
- 400" Wlos
-T2 E r z
- k300 [*68 B
® i : I
Z 60 200 < F E|
=z - z &
3 [sa ot : st
- [&] E|°o N r o
@ =r w
W -a8 2L s0 <
> e 9+ 1.0
3 ] co 1.0 g
bl % w f <r
w [~42 & 50 L\’ g
S < 40 B o
5 51 -
- 36 » 30 EXAMPLE — - i
= o f XA
W = —— 8
- ? s B
a[*® _ _——f 8
—_— E
—55 3 L
sz 10 L7 =T
—8
- 24 - i
¢ r
r -]
2 4 -6 .6
L L L
E3 r +
L 18 ] A
. *
E - .52 — .82
L 1s F
Lo

August 15, 2013 5-33




Drainage Design Manual for Maricopa County Hydraulics: Culverts and Bridges

FIGURE 5.23
CRITICAL DEPTH FOR CIRCULAR PIPE

(USDOT, FHWA, HDS-5, 1985)
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FIGURE 5.24
HEAD FOR CONCRETE PIPE CULVERTS FLOWING FuLL
n=0.012

(USDOT, FHWA, HDS-5, 1985)
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FIGURE 5.25
HEAD FOR C.M. PIPE CULVERTS FLOWING FULL
n=0.024
(USDOT, FHWA, HDS-5, 1985)
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HEIGHT OF BOX (D) IN FEET
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FIGURE 5.26
INLET CONTROL HEADWATER DEPTH FOR BOX CULVERTS

(USDOT, FHWA, HDS-5, 1985)
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FIGURE 5.27

INLET CONTROL HEADWATER DEPTH FOR RECTANGULAR BOX CULVERT (FLARED WINGWALLS)
Flare Wingwalls (18° to 33.7°, and 45°) and Beveled Edge at the Top of the Inlet
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FIGURE 5.28
INLET CONTROL HEADWATER DEPTH FOR RECTANGULAR BOX CULVERT (90° HEADWALL)
90° Headwall - Chamfered or Beveled Inlet Edges

(USDOT, FHWA, HDS-5, 1985)
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FIGURE 5.29
CRITICAL DEPTH RECTANGULAR SECTION

(USDOT, FHWA, HDS-5, 1985)
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. FIGURE 5.30

HEAD FOR CONCRETE Box CULVERTS FLOWING FuLL
n=0.012
(USDOT, FHWA, HDS-5, 1985)
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FIGURE 5.31

INLET CONTROL HEADWATER DEPTH FOR OVAL CONCRETE PIPE - LONG AXIS HORIZONTAL
(USDOT, FHWA, HDS-5, 1985)
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FIGURE 5.32
INLET CONTROL HEADWATER DEPTH FOR OVAL CONCRETE PIPE - LONG AXIS VERTICAL

(USDOT, FHWA, HDS-5, 1985)
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FIGURE 5.33
CRITICAL DEPTH FOR AN OVAL CONCRETE PIPE - LONG AXIS HORIZONTAL

(USDOT, FHWA, HDS-5, 1985)
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FIGURE 5.34
CRITICAL DEPTH FOR AN OVAL CONCRETE PIPE - LONG AXIS VERTICAL

(USDOT, FHWA, HDS-5, 1985)
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FIGURE 5.35
HEAD FOR CONCRETE PIPE FLOWING FULL - LONG AXIS HORIZONTAL OR VERTICAL
n=0.012

(USDOT, FHWA, HDS-5, 1985)
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HEADWATER DEPTH FOR C.M. PIPE - ARCH CULVERT WITH INLET CONTROL

(USDOT, FHWA, HDS-5, 1985)
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FIGURE 5.37
CRITICAL DEPTH FOR STANDARD C.M. PIPE - ARCH

(USDOT, FHWA, HDS-5, 1985)
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‘ FIGURE 5.38

HEAD FOR STANDARD C.M. PIPE - ARCH CULVERTS FLOWING FULL
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(USDOT, FHWA, HDS-5, 1985)
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5.3.5 Design Examples

The following example problems are from HDS-5 (USDOT, FHWA, 1985) and illustrate the use of
the design methods and charts for selected culvert configurations and hydraulic conditions. The
problems cover the following situations:

Example 1:  Circular pipe culvert, CMP (standard 2-2/3 by 1/2 inch corrugations) with
beveled edge or reinforced concrete pipe with groove end. No FALL.

Example 2:  Reinforced cast-in-place concrete box culvert with square edges and with
bevels. No FALL.

Example 3:  Elliptical pipe culvert with groove end and a FALL.

Example 4: Roadway overtopping calculations and performance curve development.

Example 1

A culvert at a new roadway crossing must be designed to pass the 25-year flood. Hydrologic
analysis indicates a peak flow rate of 200 cfs. Use the following site information:

+ Elevation of stream bed at Culvert Face: 100 ft
« Natural Stream Bed Slope: 1 percent = 0.01 ft/ft
« Tailwater for 25-Year Flood: 3.5 ft

+ Approximate Culvert Length: 200 ft

+ Shoulder Elevation: 110 ft

Design a circular pipe culvert for this site. Consider the use of a corrugated metal pipe with
standard 2-2/3 by 1/2 inch corrugations and a headwall with beveled edges, and concrete pipe
with a groove end, projecting. Base the design headwater on the shoulder elevation with a 2-foot
freeboard (elevation 108.0 ft). Set the inlet invert at the natural streambed elevation (no FALL).

Figure 5.39 represents a completed Culvert Design Form for this example. Notice the headwater
depth of 8 feet at the inlet. The designer should verify that backwater from the culvert will not
present a hazard to upstream facilities and that flow will not be diverted into another watercourse.
An easement may be necessary for ponding on private property. Notice the high estimated outlet
velocity of 13.5 fps. The designer should provide outlet erosion control in conformance with Sec-
tion 5.4.3 or Section 8.4, or investigate other culvert options such as a larger pipe size or multiple
smaller pipes. When making this decision, the designer should consider the geometry and allow-
able velocity of the receiving channel to be sure that the selected pipe or pipes are appropriate
given the width and depth of the receiving channel. The design should not result in erosion of the
bed, banks or overbanks of the downstream system.

Note: Figure 5.20, Figure 5.21, Figure 5.23, Figure 5.24, Fiqure 5.25 and Table 5.1 were used in
this example.
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Example 2

A new culvert at a roadway crossing is required to pass a 50-year flow rate of 300 cfs. Use the
following site conditions:

* EL,,: 110 ft based on adjacent structures
» Shoulder Elevation: 113.5 ft

* Elevation of Streambed at Culvert Face (EL ,): 100 ft

« Natural Stream Slope: 2 percent
+ Tailwater Depth: 4.0 ft

+ Approximate Culvert Length: 250 ft

Design a reinforced concrete box culvert for this installation. Try both square edges and 45
degree beveled edges in a 90° headwall. Do not depress the inlet (no FALL).

Figure 5.40 represents a completed Culvert Design form for Problem No. 2. Notice the headwa-
ter depth of 10 feet at the inlet. The designer should verify that backwater from the culvert will not
present a hazard to upstream facilities and that flow will not be diverted into another watercourse.
An easement may be necessary for ponding on private property. Notice the high estimated outlet
velocity of 12.2 fps. The designer should provide outlet erosion control in conformance with Sec-
tion 5.4.3 or Section 8.4, or investigate other culvert options such as a larger pipe size or multiple
smaller pipes. When making this decision, the designer should consider the geometry and allow-
able velocity of the receiving channel to be sure that the selected pipe or pipes are appropriate
given the width and depth of the receiving channel. The design should not result in erosion of the
bed, banks or overbanks of the downstream system.

Note: Figure 5.26, Figure 5.28, Figure 5.29, Figure 5.30, and Table 5.1 are used in this solution.
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Example 3
Design a culvert to pass a 25-year flow of 180 cfs. Minimum depth of cover for this culvert is 2
feet.

* EL,, 105 ft based on adjacent structures

+ Shoulder Elevation: 105.5 ft

« Elevation of Streambed at Culvert Face (EL'\:/-): 100 ft.
« Original Stream Slope: 5 percent

+ Tailwater Depth: 4 ft

+ Approximate Culvert Length: 150 ft

Due to the low available cover over the conduit, use a horizontal elliptical concrete pipe. This
example allows a small depression (FALL) of about 1 ft at the inlet to demonstrate how FALL is
applied. Use of FALL in streams carrying a heavy sediment load, which is the case for most of

Maricopa County, is not recommended.
Refer to Figure 5.41 for a completed Culvert Design Form for this problem.

Note: Figure 5.31, Fiqure 5.33, Fiqure 5.35, and Table 5.1 are used in this solution.
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Example 4

Develop a performance curve for the installation in Figure 5.42 below, including roadway overtop-
ping up to 0.5 feet above the roadway. Use the following dimensions:

Tailwater Channel:

Flow, cfs W, ft
50 101.8
100 102.6
150 103.1
200 103.5
250 103.8
300 104.2
350 104.4

Figure 5.21, Figure 5.23 and Figure 5.25 were used in completion of the Culvert Design Form.

Figure 5.43 represents a completed Culvert Design Form for this problem. Figure 5.44 provides
the performance curve and roadway overtopping computations.

FIGURE 5.42
EXAMPLE 4 ROADWAY OVERTOPPING AND PERFORMANCE CURVE DEVELOPMENT

20 ft Wide Paved Crossing

El. 107’

El. 100’

\— 2 - 48" CMP Culverts with
Metal End- Sections
30 ft long, n = 0.024
Slope = 0.0007 ft/ft
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FIGURE 5.44
EXAMPLE 4 PERFORMANCE CURVE AND ROADWAY OVERTOPPING COMPUTATIONS

108 T ;
With OvertopP!n9
107 +
= 106 +
=
=
e 105 +
>
(T8}
& 104 +
x
E 103 +
<
=
[an)
<C 102 +
Ll
=
101 +
100 } : - } ; ; . :

0 50 100 150 200 250 300 350 400

FLOW RATE (cfs)

Qo = KC.Ls (HW)"*

er C 15 Kt I—s Qo Op\pe Q

total

288
378

0.25 2.98 1 120 44 7cfs +244
0.50 3.02 1 120 128.1cfs +250

1T

5.4 ENTRANCES AND OUTLETS FOR CULVERTS

This section provides guidelines for design of culvert type inlets and outlets to closed conduit sys-
tems. Runoff entering and exiting closed conduits may require transitions into and out of the con-
duit to minimize entrance losses and protect adjacent property and drainage facilities from
possible erosion. Pavement drainage inlets that allow runoff to drop into catch basins are
discussed in Chapter 3, Section 3.3 and are not addressed here.
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5.4.1 Interaction with Other Systems

Closed conduit inlets and outlets provide transitions from a ponded or channelized condition
upstream into the closed conduit and then back to a natural or channelized condition down-
stream. Additional channel bank protection may be required in the vicinity of the inlet or outlet to
complete the transition to the design velocity and flow depth of the receiving channel. The design
of inlets and outlets should take into account all conditions in the upstream and downstream
direction to the location where the inlet, outlet, and closed conduit have no effect on pre-design
flow conditions.

When an open channel or stormwater storage basin drains into a storm drain system, culvert
type inlets are frequently used. The storm drain hydraulic grade line must be considered when
estimating the inlet capacity for culvert type inlets. The storm drain hydraulic grade line at the
inlet, with the appropriate entrance loss added, should be substituted for the outlet control head-
water elevation normally used for outlet control computations. To determine the controlling head-
water, the computed outlet control headwater elevation should be compared with the inlet control
headwater elevation obtained from the standard inlet control nomograph.

5.4.2 Special Criteria for Closed Conduits

Bank Protection

Roadway embankments with culverts passing through them should be protected from potential
damage caused by roadway overtopping during a runoff event in excess of the culvert design
capacity. When a planned flow over the road has damage potential, such as when the 100-year
discharge causes flow over the roadway, the embankment for both upstream and downstream
sides may need to be protected by use of paving, grouted riprap, or other means of permanent
stabilization.

Entrance Structures and Transitions

Criteria for culvert entrances are contained in Section 5.3.2. The same criteria apply to culvert
type entrances for storm drains. Design considerations include aligning the culvert with the natu-
ral channel profile, protection against inlet failure due to buoyant forces, and safety consider-
ations for the public.

Culvert performance can be improved by providing a smooth and gradual transition at the
entrance. Improved inlet designs have been developed for culverts operating in inlet control and
are presented in Section 5.3.2.

Supercritical flow transitions at inlets require special design consideration. For design of
supercritical flow contractions, refer to Hydraulic Design of Energy Dissipators for Culverts and
Channels (USDOT, FHWA, HEC-14, 2006).
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Qutlet Structures

Standard measures for scour protection at conduit outlets include cutoff walls, wingwalls with
aprons, and grouted or ungrouted riprap. These measures should be used as appropriate such
that the velocity entering the receiving channel is within the allowable range of velocities for the
channel outlet condition. Outlet conditions are classified as follows:

1. Natural channel outlets where the existing natural channel is modified only to transition
to and from the culvert.

2. Artificial channel outlets where the culvert is part of an overall drainage plan and dis-
charges into an improved, artificial channel.

3.  Side channel outlets where a conduit drains into a larger receiving channel from the
side at some angle of confluence.

It is not always desirable to totally restrict the movement of natural channels at the culvert outlet.
Limited downstream scour and channel movement may be allowed in some cases. However, for
artificial channel and side channel outlets, scour and bed movement should not be permitted.
The following criteria shall be used in determining the type of outlet protection required based on
the outlet condition.

Natural Channel Outlets

Natural channel outlet protection is based on the ratio of the culvert outlet velocity to the average
natural stream velocity.

1. Culverts with outlet velocities less than or equal to 1.3 times the average natural stream
velocity for the design discharge should have a cutoff wall as a minimum for protection.
Design criteria for cutoff walls are presented below.

2.  Where the outlet velocity is greater than 1.3 times the natural stream velocity, but less
than 2.5 times, a riprap apron should be provided. Design procedures for riprap aprons
are in Section 8.4.2.

3. When outlet velocities exceed 2.5 times the natural stream velocity, an energy dissipator
should be provided. Several energy dissipators are described in Chapter 8, Hydraulic
Structures.

Artificial Channel and Side Channel Outlets

Artificial channel and side channel outlet protection is based on the ratio of the culvert outlet
velocity to the allowable velocity for the channel lining material. High velocity flow from the outlet
must be transitioned to reduce the velocity to the allowable. Allowable velocities for several chan-
nel lining materials are shown in Chapter 6, Table 6.2 and Table 6.3.
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1. Conduits with outlet velocity less than or equal to the allowable require no outlet protec-
tion.

2. Conduits with outlet velocity greater than one and less than 2.5 times the allowable
velocity should be provided with a riprap, concrete, or other suitable apron to transition
the flow to the allowable channel velocity.

3. When outlet velocities exceed 2.5 times the allowable channel velocity, an energy dissi-
pator should be provided. Several energy dissipators are described in Chapter 8,
Hydraulic Structures.

Cutoff Walls

A cutoff wall placed at the culvert outlet in a natural wash provides adequate protection of the
downstream end of the culvert when the outlet velocity does not exceed 1.3 times the average
natural stream velocity for the design discharge. Cut-off walls are appropriate where the devel-
opment of a scour hole will not undermine nearby structures or result in other harmful effects.

Depth of scour for cohesionless materials (0.2mm<=Dgy3<=2.0mm) downstream of culvert struc-

tures may be estimated using Equation (5.8) from Hydraulic Design of Energy Dissipators for
Culverts and Channels (USDOT, FHWA, HEC-14, 2006).

o dS=R(,C,,CS(2'2 ( Q )0'39(4)0'% (5.8)

1/3 2.5
o\ Jer>) 316

where:

mQ
1l

depth of scour hole, ft

Py
(S}
1l

hydraulic radius at the end of the culvert (assuming full flow)

discharge, cfs

Q@ 9
I

= gravitation constant, 32.2 ft/sec?

~
1]

time of scour, set at 30 minutes if unknown
= (D84/D]6)0'5, material standard deviation

= drop height adjustment coefficient, see Table 5.2

o6 6
|

=

= slope correction coefficient, see Table 5.3

August 15, 2013 5-61




Drainage Design Manual for Maricopa County Hydraulics: Culverts and Bridges

TABLE 5.2
COEFFICIENT C}, FOR OUTLETS ABOVE THE BED
Hq Ch
0 1.00
1 1.22
2 1.26
4 1.34

where: Hy is the height above the bed in pipe diameters.

TABLE 5.3
COEFFICIENT Cg FOR CULVERT SLOPE
Slope, % Ce
0 1.00
2 1.03
5 1.08
>7 1.12

The bed-material grain size distribution is determined by performing a sieve analysis

(ASTMDA22-63). The values of Dg4 and D4¢ are extracted from the grain size distribution. If ¢
<1.5, the material is considered to be uniform. If ¢ >1.5, the material is classified as graded. Typ-

ical values for ¢ are 2.10 for gravel and 1.87 for sand.

If the soil is cohesive in nature, Equation (5.9) should be used to determine the depth of scour.
Equation (5.9) is from Hydraulic Design of Energy Dissipators for Culverts and Channels
(USDOT, FHWA, HEC-14, 2006). Use of Equation (5.9) should be limited to sandy clay soils with
a plasticity index in the range of 5 to 16.

p_VZO'lg ¢ 010
d; = y,CyCs0, (37)) (5.9)

.
where:

ds = depth of scour hole, ft

Ye =equivalent depth (4/2) ade , ft (or culvert diameter for circular pipes)
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A = cross sectional area of flow, ft?
V' = mean outlet velocity, ft/s
g

= gravitation constant, 32.2 ft/sec?

~
I

time of scour, set at 30 minutes if unknown
T = critical tractive shear stress, Ib/ft?

p = fluid density of water, 1.94 slugs/ft>

o, = 37 (0.86 for circular pipe culverts)

C, = drop height adjustment coefficient, see Table 5.2

C, = slope correction coefficient, see Table 5.3
T, = 0.001(S, + o) tan(30 + 1.73 PI) (5.10)
where:
T = critical tractive shear stress, Ib/ft?

;
S = the saturated shear strength, Ib/ft2

o, = unit conversion constant, 180 Ib/ft?

PI = Plasticity Index from Atterberg limits

The following guidelines, applicable to cutoff walls, are based on the computed depth of scour
hole analysis identified above.

1. The depth of the cutoff wall should be equal to or greater than the maximum depth
of scour hole.

2. The depth of the cutoff wall should not normally exceed 6 feet. Where a deeper
wall is necessary to meet the above guidelines, either another form of protection
should be employed or an analysis will be required to substantiate the walls structural
stability. Typically, some combination of cutoff wall and erosion protection such as rip-
rap is used at culvert outlets.

Topics on scour are presented in Chapter 11, Sedimentation.

Safety
Inlets and outlets to closed conduits may present dangers to the public when access is not con-
trolled. Refer to Chapter 1, Section 1.4 for the safety requirements related to conduit inlets and
outlets.
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5.4.3 Protection at Culvert Outlets

Riprap aprons placed downstream of culverts provide protection against scour immediately
around the culvert as well as providing for the uniform spreading of the flow and decreasing the
flow velocity, thus mitigating downstream damages. Use the procedures in Chapter 8, Section
8.4 for designing culvert outlet protection.

5.5 INVERTED SIPHONS
5.5.1 General

Because of the resulting physical conditions, inverted siphons are rarely used in urban drainage
and should be avoided where possible. Due to the flat topography and a large number of canals
in Maricopa County, however, the designer may have to consider using an inverted siphon.

Inverted siphons are used to convey water by gravity under canals, roads, railroads, other struc-
tures, and depressions. An inverted siphon is a closed conduit designed to run full and under
pressure. When flowing at design capacity, the structure should operate without excess head.

For canal structures, inverted siphons are economical, easily designed and built, and have
proven to be a reliable means of water conveyance. However, because of sediment and debris
present in stormwater, maintenance can be a significant negative factor. In addition, canals run
more or less continually and can be drained between periods of use, but inverted siphons for
stormwater do not operate on a regular cycle. If water is left to stand, significant health hazards
could result. Inverted siphons shall be considered only when absolutely necessary, and permitted
by the jurisdictional agency.

5.5.2 Design

All pipes should be designed for watertight joints. Velocity in the conduit should be a minimum of
5.0 ft/sec to prevent sedimentation. The cover over the conduit should exceed the minimum
cover necessary to meet its loading classification. Inlet and outlet structures are required, and
the facility shall meet the requirements for safety described in Chapter 1, Section 1.4. Pipe col-
lars and blow-off structures may be required as determined by the jurisdictional agency. Air
vents, after the entrance, should be used unless the agency agrees with eliminating the vents.

5-64 August 15, 2013



Drainage Design Manual for Maricopa County Hydraulics: Culverts and Bridges

At a minimum, the designer should compute losses for the entrance and outlet (including
trashracks), pipe friction, and losses at bends and transitions.

5.5.3 Design Procedure

A design procedure with examples is contained in Design of Small Canal Structures (USBR,
1974). Taking into consideration conditions that are more specific to urban drainage described
before, this publication can be used for most applications in Maricopa County.

5.6 BRIDGES

This section presents a brief overview of the hydraulic analyses for bridge crossings over open
channels. A general discussion of scour is also presented. Comprehensive guidelines and
criteria for hydraulic analyses of bridge crossings are beyond the scope of this manual. The
reader should refer to appropriate texts and technical handbooks for further information on this
subject.

Roadways must often cross open channels in urban areas; therefore, sizing the bridge openings
is of paramount importance. In general, bridges should be designed to have as little effect as
possible upon the flow passing beneath them. If possible, bridges over natural or man-made
channels should be designed so that there is no disturbance to the flow whatsoever. Whenever
piers are used, they need to be oriented parallel to flow. Impacts upon channels and floodplains
created by bridges usually take the form of increased flow velocities through and downstream of
the bridges, increased scour and upstream ponding due to backwater effects. These impacts can
cause flood damage to the channel, to adjacent property and to the bridge structure itself.

A new or replacement bridge should not be permitted to create a rise in the existing water sur-
face elevation, to cause an increase in lateral extent of the floodplain, or to otherwise worsen
existing conditions for discharges up to and including the 100-year discharge, unless appropriate
measures are taken to mitigate the effects of such increases.
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5.6.1 Hydraulic Analysis

The hydraulic analyses of pre- and post-bridge conditions can be performed using a computer-
ized step-backwater model. The HEC-RAS program developed by the U.S. Army Corps of
Engineers (USACE, 2001) is the most common backwater computation software available and is
used nationwide. HEC-RAS is the preferred computer software for one-dimensional hydraulic
analyses for studies of this type in Maricopa County. The Corps older HEC-2 program may also
be used for analyzing bridges, but is not preferred.

Bridge analysis requires meticulous input preparation for proper analysis, and care should be
taken to review input data and to examine results thoroughly for reasonableness. Analyses of
this type should only be undertaken by an engineer with a solid understanding of hydraulic funda-
mentals.

If there is a good possibility of debris collecting on the piers, it may be advisable to use a value
greater than the physical pier width to account for debris blockage. Some agencies require the
pier width to be modeled as twice its width while others require 1 foot added to each side of the
pier. Thus, modeling requirements of debris blockage should be reviewed with the jurisdictional
agency. For guidance, refer to the Uniform Drainage Policy and Standards Manual for the juris-
diction in question.

5.6.2 Hydraulic Design Considerations

Additional factors to be considered in the design of a bridge crossing include flow regime (i.e.,
subcritical or supercritical flow), anticipated scour effects, and freeboard.

Freeboard

Freeboard at a bridge is the vertical distance between the design water surface elevation and the
low-chord of the bridge. The bridge low-chord is the lowest portion of the bridge deck superstruc-
ture. The purpose of freeboard is to provide room for the passage of floating debris, to provide
extra area for conveyance in the event that debris build-up on the piers reduces hydraulic capac-
ity of the bridge, and to provide a factor of safety against the occurrence of waves or floods larger
than the design flood. Freeboard should be provided as required by jurisdictional standards.

A minimum freeboard of 2 feet for the 100-year event is recommended. The structural design of
the bridge should take into account the possibility of debris and/or flows impacting the bridge.

In certain cases, site conditions or other circumstances may limit the amount of freeboard at a
particular bridge crossing. An example would be the replacement of a “perched” bridge across a
natural watercourse where major flows overtop the roadway approaches. In general, variances to
the minimum freeboard requirement will be evaluated on a case by case basis by the
jurisdictional agency.
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Supercritical Flow

For the special condition of supercritical flow within a lined channel, the bridge structure should
not affect the flow at all. That is, there should be no projections, piers, etc. in the channel area.
The bridge opening should be clear and permit the flow to pass unimpeded and unchanged in
cross section.

Scour

The issue of scour analysis at a bridge is beyond the scope of this chapter. The following discus-
sion touches upon the subject matter to provide the interested designer an indication of the
issues. Local pier and abutment scour, contraction scour, and long-term scour must be investi-
gated when designing a bridge. Refer to Chapter 11, Sedimentation for guidance and insight into
sedimentation and scour.

General scour from a contraction usually occurs when the normal flow area of a stream is
decreased by a bridge. The contraction of the flow by the bridge can be caused by a decrease in
flow area of the stream channel by the abutments projecting into the channel and/or the piers
taking up a large portion of the flow area. Also, the contraction can be caused by approaches to
the bridge that cut off the overland flow that normally goes across the floodplain during high flow.
This latter case also can cause clear-water scour at the bridge section because overland flow
normally does not transport any significant bed material sediments. This clear-water picks up
additional sediment from the bed when it returns to the bridge crossing. In addition, if floodwater
returns to the stream channel at an abutment it increases the local scour there. A guide bank at
an abutment decreases the risk from scour of that abutment from returning overbank flow. Also,
relief bridges in the approaches reduce general scour by decreasing the amount of flow returning
to the natural channel, which then decreases the scour problem. See Chapter 11, Sedimentation
for scour analysis protocol.
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6.1 SYMBOLS

The following symbols will be used in equations throughout Chapter 6.

o

p
Ys

ave

DAR

August 15, 2013

Velocity head coefficient

Momentum coefficient, or channel bend angle, degrees
Specific weight of stone, Ib/ft3

Specific weight of water, Ib/ft®

Bank angle, degrees

The channel slope angle, degrees
Change in water surface elevation, ft

Ratio of the summation of the distances between rows of buildings, Z,, to
the total length of the reach along a profile parallel to flow, Z;; ft/ft
Angle of repose, degrees, bank angle

Cross sectional area of flow, sq ft
Total area, sq ft

Area of low flow channel, sq ft
Area of main channel, sq ft

Channel bottom width, ft
Overall correction factor when using a different stability factor or specific

gravity

Correction factor for stability factor
Correction factor for specific gravity

Volume increase coefficient, percent

Depth of flow, or hydraulic depth, ft

Average depth of flow in the main channel, ft

Diameter, ft

Durability absorption ratio

The average diameter of a rock particle for which "i" percent of gradation is
finer by weight, mm

Specific energy, ft

Elevation, ft

Total energy, ft

Specific force, f

Force from friction, bends and other factors, ft3

Freeboard, ft
Froude number

Acceleration due to gravity, 32.2 ft/sec?
Gradation coefficient
Head loss, ft
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Head loss due to external forces, ft

Toe thickness, ft

Vertical launch distance, ft

Bank angle correction factor

Kinetic energy, ft

Length along channel, ft

Characteristic length, ft, or required toe length, ft

Sum of individual length between buildings measured parallel to flow, ft
Total length of the floodplain, including buildings, ft

Mass, Ib

Momentum, ft-Ib

Manning's roughness coefficient

Roughness coefficient for the area between the buildings in the floodplain

Adjusted urban roughness coefficient
Wetted perimeter, ft

Perimeter of composite section, ft
Perimeter of low flow channel, ft
Perimeter of main channel, ft
Hydrostatic pressure, ft

unit discharge, cfs/ft

Discharge, cfs

Hydraulic radius, ft

Reynolds Number

Radius of channel center-line curvature, ft

Stability factor
Channel bottom slope, ft/ft

Friction slope, ft/ft

Specific gravity of the rock riprap

Channel width along the top of the water surface, ft, or riprap layer thick-
ness, ft

Average velocity of a section, ft/sec

Vectoral velocity, ft/sec

Kinematic viscosity of water, ft¥/sec

Average velocity in the main channel, ft/sec

Weight of water, Ib

Unit weight of water, Ib/ft3

Weight of stone where i is the percent of stones weighing less than the

given weight, Ib
Sum of clear width between buildings, measured perpendicular to flow, ft
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Wy = Total width of the floodplain including buildings, ft

w’ = Volume of water (W/w), ft®

% = Pressure head or depth of flow, ft

Ve = Critical depth of flow, ft

Vn = Normal depth of flow, ft

z = Elevation of channel invert (elevation head), ft, or distance from water sur-
face to the centroid of the section, ft

Zr = Total scour depth, ft
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6.2 INTRODUCTION
6.2.1 Open Channel Defined

An open channel is a conveyance system in which water flows with a free surface at the water
atmosphere interface. The channel may be either a natural watercourse or an artificial, “engi-
neered” conveyance. Natural streams typically consist of a main flow channel and adjacent
floodplains. Artificial channels are used for a wide variety of applications varying in scale from
modest roadside ditches to large conveyance facilities that can be up to several hundred feet
wide. Design guides are provided for the analysis of both natural and engineered channels.

6.2.2 Scope of Chapter

This chapter is intended to provide a concise review of the fundamentals of open channel
hydraulics and to provide design guidelines for use by engineers in the design of public infra-
structure projects. More detailed explanations and further information are available from the
technical resources listed at the end of this chapter. Readers are strongly encouraged to review
the reference list and consider adding some of those publications to their design library.

The Open Channel chapter contains four general sections:

« Section 6.3 - Open channel hydraulics fundamentals which are applicable to both engi-
neered and natural channels, augmented with illustrative computational examples;

» Section 6.4 — General considerations for open channel drainage planning, such as route
and layout factors; hydraulic analysis considerations and limitations which are generally
applicable to both engineered and natural channels, but some, such as grade control, will
be specific to engineered channels;

« Section 6.5 — Design factors for open channels, such as determination of freeboard and
toe down requirements;

» Section 6.6 - Design guidelines are recommended for various types of open channels and
for several alternate channel materials, including concrete lined channels, shotcrete, soil
cement, cement stabilized alluvium, riprap, and gabions.

6.2.3 Application

The theories and concepts presented in this chapter are applicable to both natural and engi-
neered channels.

6.2.4 Limitations

This chapter assumes that all channel boundaries are rigid, i.e., the channel cross section
remains unaffected by erosion and the channel gradient remains constant for all flows. In this

6-6 August 15, 2013



Drainage Design Manual for Maricopa County Hydraulics: Open Channels

respect, this chapter is limited to channels where erosion, transportation, and deposition of sedi-
ment are not critical design considerations. For channels requiring consideration of non-rigid
boundaries and/or sedimentation, see Chapter 11.

Recommendations in this chapter address only channels designed to sustain subcritical or mildly
supercritical flow regimes. Supercritical flows with Froude numbers greater than 1.13 require
design procedures outside the scope of this chapter. If a designer determines that flows in the
supercritical regime are unavoidable because of unique physical conditions, they should consult
the technical staff of the jurisdiction involved for appropriate guidance. Section 6.3.2 contains
discussion of the calculation of the Froude number and the determination of flow regime.

The design guidelines in Section 6.5 of this chapter for channel side slopes, lining materials, and
allowable velocities have been put forth to protect the health and welfare of the public while mini-
mizing societal costs. Designers are strongly encouraged to stay within these guidelines, unless
alternative analytic procedures, guidelines, etc. can be substantiated.

6.3 BASIC OPEN CHANNEL HYDRAULICS

6.3.1 Flow Classification

Open channel flow is classified into many types and described in various ways based upon how
the flow varies spatially and temporally. A steady flow is one in which all conditions at any point
in a stream remain constant with respect to time (Daugherty and Franzini, 1977). Steady flow is
often more simply defined as a constant flow rate producing a constant depth of flow at a given
point in a channel for the time period under consideration. Conversely, the flow is unsteady if the
flow conditions such as depth change with time. Thus, time is the criterion in the determination of
steady and unsteady flow. In most open channel design problems, only steady flow conditions
are considered.

Space is the criterion in the determination of uniform and varied flow. A truly uniform flow is one
in which the velocity is the same in both magnitude and direction at a given instant at every point
in the fluid (Daugherty and Franzini, 1977). Open channel flow is often considered uniform if the
flow depth is the same at every point along the channel. Flow is nonuniform where it is spatially
varied or discontinuous; that is, discharge varies or other flow conditions change along the
course of flow. Uniform flow may be steady or unsteady, depending on whether or not the flow
conditions change with time. Uniform flow is also called normal flow and the flow depth under
uniform flow conditions is referred to as normal depth. Refer to Section 6.3.5 for more detailed
information in regard to the computation of normal depth.

Flow is varied if the flow conditions, such as depth, change along the length of the channel. If the
depth varies at points along the channel, it will do so either rapidly or gradually, depending upon
the channel geometry and flow constraints. The flow is rapidly varied if the depth changes
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abruptly over a relatively short distance. Examples of rapidly varied flow include local phenom-
ena, such as hydraulic jumps and hydraulic drops. Under steady flow conditions, if the depth of
flow along the length of the channel gradually increases or decreases it is gradually varied. This
is the usual condition in open channel flow. Gradually varied flow occurs under either subcritical
or supercritical flow regimes. Water surface profile computations are required to estimate the
depth of flow for varied flow conditions at any given location as described in Section 6.3.6.

6.3.2 Flow Regimes

Froude Number

The state of open channel flow is governed by the effects of viscosity and gravity relative to the
inertial forces of the flow. The effect of gravity on the state of flow is represented by a ratio of
inertial forces to gravity forces. This ratio is given by the Froude number, defined as:

i
Y
where V' is the mean velocity (ft/sec), g is the acceleration of gravity (ft/sec?), and d is the hydrau-
lic depth (ft) which is the cross sectional area of the water, 4 (sq ft), divided by the width of the
free surface, T (ft).

(6.1)

When F, is equal to 1, the flow is in the critical state. This flow condition is unstable and flow
depths at or near critical depth should be avoided. If F, is less than 1, the flow is subcritical and
gravity forces dominate. When F, is greater than 1, the flow is supercritical and inertial forces

predominate.

Specific Energy
Specific energy in a channel section is defined as the energy per pound of water at any section of
a channel measured with respect to the channel bottom and may be expressed as:

2 2
E=y+

V )
2¢ 2 (6.2)

When the depth of flow is plotted against the specific energy for a given channel section and dis-
charge, a specific energy curve is obtained (Figure 6.1). The specific energy curve has two
limbs, AC and BC. The limb AC approaches the horizontal axis asymptotically toward the right.
The limb BC approaches the line OD as it extends upwards and to the right. The line OD has an

angle of inclination equal to 45°. At any point P on this curve, the ordinate represents the depth
of flow, and the abscissa represents the specific energy that is equal to the sum of the pressure

head, y, and the velocity head, Vz/Zg. The curve shows that, for a given specific energy, there
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are two possible depths, the low stage, y;, and the high stage, y,. The low stage is called the
alternate depth of the high stage and vice versa.

At point C, the specific energy is a minimum and the stage is at critical depth. When the depth of
flow is greater than the critical depth, the velocity of flow is less than the critical velocity and the
flow is subcritical. When the depth of flow is less than the critical depth, the flow is supercritical.
Inspection of the energy curve in the vicinity of critical depth reveals that a small change in the
energy will result in a relatively large change in the depth of flow. For this reason, it is strongly
recommended that flow depths producing Froude numbers between 0.87 and 1.13 be avoided.

The Froude Number limit for all types of channel linings is F, < 0.86. For concrete and shotcrete
lined channels, the additional range of 1.13 < F,.< 2.0 is allowed. F, should not fall between 0.86
and 1.13 in order to maintain stable flow conditions. Due to safety concerns resulting from
excessively high velocities and intractable hydraulic forces, the recommended upper limit of £, is
2.0 except at certain structures such as drop structures.

FIGURE 6.1
SPECIFIC ENERGY CURVE
(MODIFIED FROM: Chow, 1959)
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Critical Flow

Critical depth in an open channel has the following characteristics:

« For a given flow rate, the specific energy is at a minimum.
« The discharge is at a maximum for a given specific energy.
« The velocity head is one half of the flow depth.

*  The Froude Number is 1.0.

By substituting pr= QZ/A2 into Equation (6.1) and rearranging, we can obtain a general
expression for critical depth that is applicable to any channel cross section:

(6.3)

2 3
o _4
g T

EXAMPLE 6.1: What is the critical depth of flow for 400 cfs flowing

in a rectangular channel 10.0 feet wide?

3
400% _ (10y,)
309 10

v, = 3.6811

Subcritical Flow

Flows producing Froude numbers less than 1.0 are subcritical and have the following general
characteristics relative to critical depth:

« Slower velocities.

« Greater depths.

« Lower hydraulic losses.

* Less erosive power.

« Less sediment carrying capacity.

» Behavior easily described by relatively simple mathematical equations.

« Surface waves propagate upstream.
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Supercritical Flow
Flows with Froude numbers greater than 1.0 are supercritical and have the following general
characteristics relative to critical depth:

* Higher velocities.

« Shallower depths.

« Higher hydraulic losses.

» More erosive power.

* More sediment carrying capacity.

+  With few exceptions, behavior can’t be easily predicted mathematically.

» Surface waves propagate downstream only.

6.3.3 Equations of Flow

Continuity
For any flow, the discharge, Q, at a channel section is expressed by:

O = AV (6.4)

Where ¥ is the mean velocity (ft/sec) and 4 is the cross sectional area of the flow measured nor-
mal to the direction of flow (sq ft). Under steady flow conditions, the discharge is constant and:

Q= AV, = AV, (6.5)

The subscripts denote different channel sections. Equation (6.5) is known as the Continuity
Equation and is applicable to the flow conditions addressed in this chapter.

Obviously, Equation (6.5) is invalid for unsteady flow conditions in which discharge increases nor
decreases along the course of flow. Examples of unsteady flow are flood waves, bores, roadside
gutters, side-channel spillways, wash water troughs in filters and, effluent channels around sew-
age treatment tanks. Precise treatment of unsteady flow is mathematically complicated and
beyond the scope of this chapter.

Energy

The First Law of Thermodynamics states that energy can neither be created nor destroyed; it can
only be transformed. Thus, in the case of an open channel carrying a steady flow, the total
energy at any two points must be equal. At a given cross section, the total energy at any point is
the sum of kinetic and potential energy at that point as illustrated in Figure 6.2.
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FIGURE 6.2
ENERGY IN GRADUALLY VARIED OPEN CHANNEL FLow
(Chow, 1959)
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The following relationship is readily deduced from Figure 6.2:

2 2

_ 1 e ok 2, 4.
ET = GIE‘;*'}I +;1 = (Xzzg‘i'yz‘*‘hz‘f‘hf (6.6)
where:
Y, = d,cos0

The velocity head coefficient, o, is a correction to account for the non uniformity of the velocity in
the channel. Experimental data indicates this value varies between 1.03 and 1.36 for fairly
straight, prismatic channels. The value is generally higher for small channels, and lower for
larger streams of considerable depth. For channels of regular cross section and fairly straight
alignment, the effect of non-uniform velocity distribution on the computed velocity head is small,
especially when compared to other uncertainties involved in the computation. Therefore, o is
often assumed to be 1.0. Additionally, experience indicates that using the average velocity often
gives satisfactory accuracy for usual open channel flow conditions. However, in some cases it
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may be desirable to use the computed value of the energy coefficient o. Kinetic energy (KE) is

estimated by Equation (6.7).

2

KE = oc;—) o=>1.0
where:
j1'3c1A
"= 3
VA

Example 6.2: The flow in a river downstream of a bridge constriction is
as shown. Calculate the energy coefficient.

07 = (.5)(1)(200) + (10)(15)(20) + (.5)(1)(200) = 3, 200 cfs

N\ Bidge /T
i =i
200 w 20 200° \
/l\ /'I\ 7 |
v v
0.5 ft/sec 0.5ft/sec
10 ft/sec
| I— ¥ 1 \1’1
| Ay . A, |
) g
A,
A= A, +A4,+A4; = 200+300+200 = 700 f7
p= €= 3200 _ 45705
A 700
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_ 2V A 5)30200) + (10)°(300) + (.5)°(200)
74 (4.57)°(700)

o = 4.49

If the datum is the invert of the channel at Section 2, z, = 0 and z; = S,/, where [ is the channel

(¢ i

length between Sections 1 and 2. The energy lost due to friction is represented as /.= S,/. Mak-
ing these substitutions, Equation (6.6) reduces to the following:

I/] V%
= g—+y, + = o—=+yp,+S, ,
E ozzg Yy S, azg Yy Sfl (6.10)

Equation (6.10) is the basis for calculating water surface profiles, which will be discussed in more
detail in Section 6.3.6.

Momentum

The momentum of a flow passing a channel section per unit time is expressed by SwQV/g.

where:

w

B

is the unit weight of water, and

is the momentum coefficient.

According to Newton's Second Law Of Motion, the change of momentum per unit time in a body
of water in a flowing channel is equal to the resultant of all the external forces that are acting on
the body. Assuming a channel of small slope, the momentum of a volume of water between sec-
tion 1 and 2 can be expressed as follows (Chow, 1959):

”

2 .2
| 2 ’

2. g B = 2. oy, F Bo—= 4 B, 6.11

17X B'2g 2T Yy Bzzg ¥ ( )
Where B, and B, are momentum correction coefficients at the two sections. In the energy equa-
tion, 7y measures the internal energy dissipated in the whole mass of water in the reach, whereas

h’sin the momentum equation measures the losses due to external forces exerted on the water

by the boundaries of the channel. Assuming the small differences between ¢ and £ in uniform

flow, the rate with which surface forces are doing work is equal to the rate of energy dissipation.
In that case, a distinction does not exist between /,and /’sexcept in definition.
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The momentum (M) is estimated by mv where m is mass and v is vectoral velocity. For “nonuni-
form” velocity distributions, this should be corrected.

M=Bmv B21.0 (6.12)
2
Jv“a’A
where: B =" (6.13)
VA

Computational form:

2
p=ZLAL (6.14)
v A

Example 6.3: For the conditions presented in Example 6.2, calculate
the momentum coefficient, 3
B - 2V AL (5)2(200) + (10)%(300) + (.5)°(200)
724 (4.57)2(700)

B=2.06

. The similarity between the energy and momentum principles may be confusing. A clear under-
standing of the basic differences is important, despite the fact that in many instances the two
principles produce practically identical results. The inherent distinction between the two lies in
the fact that energy is a scalar quantity whereas, momentum is a vector quantity. Also, the
energy equation contains a term for internal losses (energy), whereas, the momentum equation
contains a term for external resistance (force).

Chow (1959) presents the development of the specific energy and specific force curves for a
given channel and discharge (Figure 6.3). For a short horizontal reach of prismatic channel, the
external force of the friction and the weight effect of water can be ignored. Thus, the momentum
equation can be written as:

Q(?)(Vz— V\) = P, — P, (6.15)

where P, is hydrostatic pressure,

Ph, = wz4, (6.16)
with z as the distance to the centroids of the respective water areas below the surface of flow.

. With constant steady flow and V' = Q/4,
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+ PR
£ gy - 2,4, (6.18)
gAl 1==] gA2 242
FIGURE 6.3
SPECIFIC-FORCE CURVES SUPPLEMENTED WITH SPECIFIC-ENERGY CURVES
(a) Specific-Energy Curve; (b) Channel Section; (c) Specific-Force Curve.
(Chow, 1959)
Yi Yi

0 N45°fora . EalAE|Es E
channe! of
2ero or small
slope (a) () (c)

Equation (6.18) is the most basic form of the momentum equation. For a channel forming angle
0 with the horizontal, a weight of water 1 between the points 1 and 2 of the equation, and insert-
ing B to account for non-parallel flow, the equation becomes:

2

B,0° B,0

g4, g4,

+2,A,+ W'sin® + F’ (6.19)

where 7' = weight () in pounds divided by w (62.4 Ib/ft3), and where F ' is the force in ft2 result-
ing from friction, bends, and all other factors. The sum of external forces (F) is F'w.

Specific Force
The two sides of Equation (6.18) are analogous and may be expressed by the general function:

F=0%/gd+z4 (6.20)

Both terms in the function are essentially force per unit weight of water, and their sum may be
called the specific force. Since F; = F,, the specific forces of Sections 1 and 2 are equal, pro-

vided that the external forces and the weight effect of water in the reach between the two sec-
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tions can be ignored. On a plot of depth against specific force for a given channel section and
discharge, two possible depths are evident for a given-value of the specific force. These depths
constitute the initial and sequent depths of a hydraulic jump. At the point where the two depths
become one, specific force is at a minimum and the depth is equal to critical depth. The two
basic equations for hydraulic analysis are energy and momentum. The simplest forms of the
equations are developed for restricted cases which establish boundary conditions so that com-
plex differential equations are avoided. These equations, when correctly applied, can provide
good solutions to many problems; however, the hydrologist or engineer must know the limits of
the basic foundation of the equations. The assumptions for the equations as presented are as
follows:

1. The flow is steady.
2. Water is incompressible.
3. The continuity equation is valid.

4. The flow is essentially parallel.

Generally, the energy principle offers a simpler and clearer explanation than does the momentum
principle. However, the momentum principle has many advantages in problems involving
hydraulic jumps, hydraulic structures, and channel junctions.

6.3.4 Resistance to Flow

Roughness coefficients (Manning’s n-values) vary considerably according to depth of flow, and
type and quality of the surface material. Estimates of n-values should include consideration that
roughness may vary with flood stage, depending on such factors as the width-depth ratio of the
watercourse; presence of vegetation in the main channel; the types of materials making up the
channel bed; and the degree of meandering. Guidance for selection of Manning’s roughness
coefficients for natural channels and floodplains, and unlined constructed channels, is provided in
Chapter 7. Additional information concerning Manning’s roughness coefficients can be found in
Phillips and Ingersoll (1998), Thomsen and Hjalmarson (1991), Davidian (1984), Aldridge and
Garrett (1973) and Barnes (1967).

Typical values of roughness coefficients for lined channels are given in Table 7.6. For each
material and/or construction method listed, three possible values of » are given. These values
should be interpreted as follows:

* minimum = new construction;
« normal = good maintenance; and
« maximum = deteriorated and/or poor maintenance.

The hydraulic design of a channel should be based upon the maximum n-value anticipated dur-
ing the life of the structure. The maximum n-value for a particular channel material as listed in
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Table 7.6, is representative of this design-life condition. Channel design based on the maximum
n-value results in a conservative estimation of flow depth. Likewise, use of the minimum n-value
results in estimation of the maximum velocity of flow in the channel. The minimum n-values as
listed in Table 7.6 represent newly constructed conditions. Maximum expected channel velocity
should be a consideration in the analysis of supercritical flow, hydraulic jumps, and forces on
structures, among others.

It is recommended that both maximum and minimum n-values be applied in the design of chan-
nels to check for sufficient hydraulic capacity and stability of channel linings, respectively. The
scour estimation should be based on the minimum n-values.

6.3.5 Uniform Flow

Manning’s Equation

The most commonly used equations for analysis of open channel flow express mean velocity of
flow as a function of the roughness of the channel, the hydraulic radius, and the slope of the
energy gradient. They are empirical equations in which the values of constants and exponents
have been derived from experimental data. Manning’s equation is one of the most widely
accepted and commonly used of the open channel equations:

1.486

n

V= - e (6.21)

Substituting Equation (6.4) and rearranging yields the familiar form of Manning’s equation:

_ 1.486

e e (6.22)
n [

0

The Manning’'s roughness coefficient (n-value) is a measure of the frictional resistance exerted
by a channel on the flow. The n-value can also reflect other energy losses such as those result-
ing from unsteady flow, extreme turbulence, and transport of suspended material and debris that
are difficult or impossible to isolate and quantify. The reader is referred to Chapter 7 and to
Barnes (1967) and Thomsen and Hjalmarson (1991) for discussion of the estimation of n-values
for constructed, natural and composite channels.

The most common error in the application of Manning’s equation is to substitute the bed slope of
the channel, S, for the slope of the energy gradient, Sz This substitution is correct only when the
two gradients are parallel, as in the case of uniform flow. Fora given condition of n, 0, and S,,,
uniform flow is maintained only at normal depth. Normal depth rarely occurs in nature, and it is
primarily a theoretical concept that simplifies the computation and analysis of uniform flow. Table
6.1 lists the algebraic expressions for computing the hydraulic geometry for typical channel sec-
tions.
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TABLE 6.1

ELEMENTS OF CHANNEL SECTIONS

(1)

Channel Wetted Hydraulic Top
Section Area Perimeter Radius Width
Rectangle | pg b+2d bd b
b+2d
Trapezoid bd + zd” T bd + zd” b+2zd
b+2dyz" +1
Triangle 2 ” -
° zd 2dNz" +1 2 2ed
%7 + 1
Circular Dz( 0 . ) DO Dsin®
—| —=—sin0 360
<1/2full @ | 81180 of
2Jd(D —d)
Circular Qz(zn"—e . sine) nD(360 - 6) ( 45D )* Dsin®
>1/2ful® | 8% 180 300 ROV or
(2n - % " sine) 2.Jd(D-d)

(2 0 = 4sin”' Jd/D Insert 8 in degrees

(3)6 = 4cos ' JJd/D Insert® in degrees

(1) After USDA Soil Conservation Service ES-33 (NRCS), 1956.

Rectangle

Trapezoid

Triangle

Circular
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Composite Channels

The cross section of a natural or artificial watercourse or a street right-of-way may be composed
of several distinct subsections, with each subsection having different hydraulic characteristics,
such as hydraulic roughness and average flow depth. For example, a natural alluvial channel
may have a primary, sand-bed channel which is bounded on both sides by densely-vegetated,
overbank floodplains, or an urban flooded street section may be bounded on both sides by land-
scaped front yards having shallower flow depths and slower flow velocities.

In composite channels like these, the discharge is computed for each subsection having distinct
and different hydraulic characteristics, and the total computed discharge is set equal to the sum
of the individual discharges. Similarly, the mean velocity for the entire flow cross section is
assumed to be equal to the total discharge divided by the total water area. Open Channel
Hydraulics (Chow, 1959), provides an example of computing flow in channels having composite
roughness.

In the urban setting, it is not unusual for buildings and other structures to occupy a significant
portion of any given hydraulic cross section. Under these circumstances, it is often difficult to
estimate both the effective width of the cross section and the Manning’s roughness coefficient for
the overbank areas. Given this situation, the engineer should eliminate the portion of the cross
section occupied by the building.

Where only an estimate of the computed water surface elevation is needed, a second option may

be selected. An adjusted urban roughness coefficient, n,, may be computed and applied to the

total cross sectional area (Hejl, 1977). See Figure 6.4.

—f15WT+1WTZ—L”05 6.23
n“—no.ﬁ A LT—. (6.23)

0 o

where all coefficients are as defined in Section 6.1.
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FIGURE 6.4
DIAGRAM OF IDEALIZED URBAN FLOODPLAIN
(Hejl. 1977, JOURNAL OF RESEARCH, U.S. GEOLOGICAL SURVEY)
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Examples:
The following examples illustrate the concept of normal depth and the selection of the roughness

coefficient.

EXAMPLE 6.4: What is the hydraulic capacity of a shotcrete lined
channel with a 20 foot bottom width, 2:1 side slopes, an invert gra-
dient of 0.0016 ft./ft., and a uniform flow depth of 4.0 feet? Select-
ing the appropriate expressions from Table 6.1 for the cross
section area and the hydraulic radius:

bd +zd> = (20)(4) +(2)(16) = 112ft>

N
Il

bdtzd QA Q@) _ 112 _ 400

b+2di2+1) 20+ )N 2E+1) T8

Select the appropriate Manning’s roughness coefficient from Table
7.6. Substituting these values in Equation (6.22):

0 - 1‘—49AR2/3S/I/2
n 2

1.49(112.0)(2.96)*°(0.0016)' " _ Sefs
0.022 et

Q =
EXAMPLE 6.5: What is the normal depth of flow in a shotcrete lined
channel with a 20-foot bottom width, 2:1 side slopes, an invert gradi-
ent of 0.0016 ft/ft and, a steady flow rate of 625 cfs?

Rearranging Equation (6.22):

AR - B _ _ (@50UR)  _ yynan

14982 (1.49)(0.0016'%)

(20d +2d%) T”

20+ (2d)(22 + 1)

By trial and error solution d = 4.0 ft

(20d + 2d%) x {
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6.3.6 Gradually Varied Flow

Classification of Water Surface Profiles

Chow (1959) describes the classification of these flow profiles into fifteen different types accord-
ing to the nature of the channel slope and the zone in which the flow surface for a given dis-

charge lies. These water surface profile types are designated according to an alphanumeric
protocol, as follows:

« The letter is descriptive of the slope, i.e., H for horizontal, M for mild, C for critical, S for
steep (supercritical), and A for adverse slope; and

¢ The numeral represents the zone number, where:
« Zone 1 — water surface above both normal and critical depths.
* Zone 2 — water surface between normal and critical depths.

* Zone 3 — water surface below both normal and critical depths.

These types are designated as H1, H2, H3; M1, M2, M3; C1, C2, C3; S1, S2, S3; and A1, A2, A3
as shown in Figure 6.5.

Flow profile analysis enables the designer to predict the general shape of the flow profile for a
given channel layout. This step is a significant part of the open channel design process and it
should not be omitted. Flow profile analysis will serve to identify control sections and to provide
a work plan for more detailed design calculations.
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FIGURE 6.5

CLASSIFICATION OF FLOw PORTION OF GRADUALLY VARIED FLOW

(Chow, 1959)
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Calculation of Water Surface Profiles

Section 6.3.5 presents methods for calculation of normal depth which assume uniform flow.
However, sudden changes in discharge, bed slope, and cross sectional area and/or form will pro-
duce additional energy losses which are not accounted for in Manning's equation. This may be
particularly true in cases of sudden contractions and expansions of the channel cross section.

In those instances where an upstream or downstream hydraulic control section exists, the Stan-
dard Step Method should be used for evaluating water surface profiles. The procedure used for
Standard Step calculations is presented in several of the technical references listed at the end of
this chapter. The designer can perform the Standard Step calculations either manually using
standard forms, or digitally using readily available and well-documented computer programs
such as HEC-2 (USACE, 1990) or HEC-RAS (USACE, 2001a & b). These programs were devel-
oped by the U.S. Army Corps of Engineers and are available through the Corps web site at:
http://www.hec.usace.army.mil.

One advantage of the Standard Step Method is the ability to converge an actual water surface
profile for the study reach without needing to know the precise starting water surface elevation. If
the computation is started at an assumed elevation that is incorrect for the given discharge, the
resulting flow profile will approach the correct water surface elevation with each succeeding
cross section evaluated within a study reach. If no accurate elevation is known within or near the
reach under consideration, an arbitrary elevation may be assumed at a cross section far enough
away from the “starting” cross section in the study reach to compensate for any initial error.

The step computations should be carried upstream if the flow is subcritical, and downstream if
the flow is supercritical. Otherwise, step computations carried in the wrong direction will result in
a profile that diverges from the actual water surface profile.

For natural streams flowing under supercritical conditions, the critical depth profile should be
used as the water surface profile. Using the critical depth will produce higher, and thus more
conservative, water surface elevations for design purposes. For FEMA floodplain delineation, a
subcritical flow regime is normally used in HEC-RAS modeling to obtain more conservative water
surface elevations. Velocities computed for the supercritical profile will be higher and more con-
servative and, therefore, should be used to evaluate scour potential and other velocity critical
design features such as superelevation and freeboard.

The reader is referred to the technical references listed at the end of the chapter for more infor-
mation regarding application of the standard step method and/or use of computer models such
as HEC-2 and HEC-RAS for computation of water surface profiles. Specific references most
instructive in this subject include Chow (1959) and USACE (1990, 2001a, 2001b), among others.
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6.3.7 Control Sections

A quantitatively definitive relationship between the stage and discharge of flow in an open chan-
nel exists at a control section. The control section regulates the hydraulic properties of flow in
such a way as to restrict the transmission of the effects of changes in flow condition either in the
upstream or downstream direction depending on the flow regime in the channel. These sections
are ideal beginning points for calculation of water surface profiles. A control is in any section
where depth of flow is known, such as critical depth, depth upstream of a culvert, depth of flow
over a weir and depth of flow under a gate.

6.4 GENERAL CONSIDERATIONS FOR OPEN CHANNEL DESIGN

6.4.1 Route Considerations

The design of a safe and economical drainage system should be one of the first steps in the land
development process. Drainage system requirements may determine the character of the devel-
opment, and often dictate the layout of streets and lots. Attention to drainage requirements dur-
ing the first phases of planning will result in better land use decisions and lower maintenance
costs.

A drainage system that is well planned and designed incorporates several features. The pro-
posed drainage system should be aligned with any existing and proposed structures, such as
bridges and culverts, and be designed in such a manner that subcritical flow is maintained
throughout (except at designed drop structures). The design should incorporate uniform channel
properties, such as gradient and cross sectional geometry, as much as possible. Sharp and
closely spaced curves should be avoided. Uncontrolled local runoff should not be allowed to
enter the channel; rather, it should be collected and discharged into the channel through a struc-
ture specifically designed for that purpose. In all cases, the issue of wet and dry weather safety
should be a paramount consideration in route and right-of-way determinations.

6.4.2 Layout

Unless special exception is made by the governing agency, all artificial channels must begin and
end where, historically, runoff has flowed.

The alignment of new drainage channels should follow existing washes, swales, and depressions
whenever possible. The water must be collected and discharged at the same point and in the
same manner as prior to the construction of the new channel. This means that the design of the
new drainage features must account for runoff entering the property in the same location and
manner as it historically flowed, and collect the water and transition it into the new channel for
conveyance through the project site. At the downstream end of the channel, the drainage design
must provide a transition from the on-site channel to return the runoff to its historic location prior
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to leaving the property. This requirement applies to the hydraulic geometry and velocity of the
water, and the elevation of the water surface.

6.4.3 Grade Control

Regardless of the size of watershed, a key design element, including conceptual layout, is estab-
lishing whether or not grade control exists below the design section. General degradation and
aggradation is beyond the scope of this manual; however, references are provided in Section 6.7.

Grade control is a critical factor in the long-term behavior of non-rigid channels. By definition,
grade control is any natural or man-made structure within a channel that limits or prevents verti-
cal movement of the channel bed, either degradation or aggradation. Examples include rock out-
croppings, culverts under embankments, drop structures, and bridges; however, not all drop
structures, culverts, or bridges can be considered as grade control structures.

Grade control and channel slope are interrelated. In the design of grade control structures, the
stability of the study reach must be assessed in context of the equilibrium of the entire system.
The benefits of establishing grade control within a specific channel reach are minimal when the
adjacent channel reach is either in a degradational or aggradational mode. When designing arti-
ficial channels, the designer needs to assess the stability of the reach immediately downstream

‘ from the segment under design. If there is evidence of ongoing downstream degradation, a
grade control structure may be required. The grade control structure downstream side should
extend to the total scour depth, which includes local scour due to grade control structure, long-
term scour, general scour, and other scour components (see Chapter 11 for total scour estimation
method). For each alternative investigated, the longitudinal spacing of grade control structures
and the design slope of the channel should result in a stable channel.

6.4.4 Channel Linings

Artificial channel linings vary with the shape of the section and with the velocity of the water. Typ-
ical channel linings include concrete, soil cement, rock, earth (natural), and grass. These linings
can be used alone or in combination with other linings. Typical linings and sections are shown in

Figure 6.6.
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FIGURE 6.6
TypPicAL CHANNEL SECTIONS
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The type of stabilization that may be best suited for a particular purpose will depend upon a vari-
ety of factors, including hydraulic conditions, economic factors, soil conditions, material availabil-
ity, aesthetics, maintenance and compatibility with existing improvements. The order of
preference for subcritical flow conditions is natural channels with periodic grade-control struc-
tures, channels with vegetal linings, compound channels, channels lined with riprap, or its varia-
tions, channels lined with soil cement, and concrete-lined channels. Where supercritical flow
conditions occur, only acceptable structurally sound channel linings such as concrete and shot-
crete are recommended.

Earth Lined Channels

This category includes both bare earth and naturally vegetated channels in Maricopa County.
Subsequent to construction, some revegetation will naturally occur, or landscaping practices may
be used to establish growth of indigenous plant materials. For Maricopa County, this growth will
be desert-like, with few grasses and a sparse spacing of other plants.

Earth lined channels are to be designed for subcritical flow regimes. Normally, these channels
are relatively small and do not require low flow channels. If earth lining is used for larger chan-
nels, an armored low flow channel is required to control meandering and sediment deposition
during low flow events. The low flow design should be checked for the effect that less frequent
storms may have on sediment or scour, in terms of maintenance and aesthetic implications.

Grass Lined Channels
In a desert environment such as Maricopa County, there is not enough natural rainfall to maintain

a grass lined channel without irrigation. Therefore, only those channels where an irrigation sys-
tem is provided and maintenance can be performed are candidates for grass lining.

Compound Channels With Multi-Use Opportunities
A channel with a compound, or contoured cross section typically contains a smaller, interior

channel that isolates frequent low-flows from upper portions of the channel. The upper portions
of the channel which are only inundated during the less frequent storm events (typically, 100-year
event), may then be utilized for landscaping and recreation opportunities (such as trails and bike
paths). See Figure 6.7. Bank protection can extend from the channel bottom to the top of the
low-flow channel; or it can extend the full height of the channel sides to the top of the high-flow
portion of the channel, depending on the hydraulic characteristics of the channel.
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FIGURE 6.7
COMPOUND CHANNEL
(Simons, Li, and Associates, 1989)
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Rock Lined Channels

Rock lined channel lining includes both common riprap (graded rock) and gabion basket linings.
Both types require a gravel filter layer and/or filter fabric between the rock layer and the natural
ground. Excluding applications for hydraulic structures, gabion riprap is normally used when
rock of sufficient size for common riprap is unavailable, poorly shaped, and/or overly expensive
for a project. Gabion basket should not be used when the bed load has large cobbles that will
damage the wires. Normally, rock linings are used for channels where right-of-way is limited
(considering maximum side slope requirements) and subcritical flow can be maintained. These
linings are also used immediately upstream and downstream of hydraulic structures. Refer to
Section 6.6.3 and Section 6.6.6.
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Soil Cement
Soil cement linings are composed of a thick layer (4-foot minimum) of unreinforced soil cement

and are used successfully in many locations in Maricopa County. Soil cement is subject to
weathering and abrasion. Soil cement can withstand relatively high velocities for short periods of
time and, therefore, is most appropriate for channels with limited right-of-way or as a bank lining
near bridges and culverts where local velocities tend to be high. Refer to Section 6.6.2.

Concrete Lined Channels

Concrete lined channels may be constructed of reinforced concrete or shotcrete. They are used
primarily where right-of-way is limited and may be designed for either subcritical or supercritical
flow. Concrete lined channels generally have steep side slopes because of the limited right-of-
way. Inherently, these channels present public safety problems both in wet and dry weather.

The anticipated structural loads and the clearance requirements of the reinforcing steel will dic-
tate the thickness of the concrete lining. Weep holes and subdrains are required to prevent uplift
pressures from hydrostatic force in saturated conditions. Reinforced tie-ins are required at the
top of the lining. These concepts are illustrated in Figure 6.6. Designers are cautioned against
copying these details directly without first evaluating the design conditions for their specific proj-
ect.

Concrete and shotcrete lined channels are discouraged in residential and recreational areas. If
concrete channels are needed in these areas, the designer should contact the technical staff of
the appropriate jurisdiction. Refer to Section 6.6.1.

6.4.5 Low Flow Channels

Some of the sections shown in Figure 6.6 have an optional low flow channel. Low flow channels
are provided to minimize lateral meandering and sedimentation during low flow events. They
also permit the incorporation of recreational amenities by preventing these facilities from being
flooded during high frequency, low discharge flow events in compound channels.

Many large drainage basins have small base flows resulting from irrigation returns, treatment
plant effluent, or urban cooling water. In addition, the most frequent runoff events are consider-
ably smaller in magnitude than the storm for which the channel was designed. In the long term,
these high frequency, low magnitude flows will deposit considerable amounts of sediment in the
channel. Sediment deposition can cause redirection of flow into the channel banks resulting in
erosion and/or a meandering low flow channel in the channel bottom. Earth and grass lined
channels are particularly susceptible to this problem. When concrete low flow channels are
used, riprap may be installed along both outer edges of the concrete low flow channels to prevent
erosion. The riprap is especially needed at bends. It is recommended that low flow channels be
provided whenever the following condition exists:
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b
—>1. .
7y 2 1:40 (6.24)

where:

b = channel bottom width, ft,
\Y = average velocity, fps, and
v = depth of flow, ft.

6.4.6 Safety

Deep channels with steep side-slopes and high flow velocities can be a hazard to the health,
safety, and welfare of the general public. Therefore, the design engineer must always consider
the safety aspects of any design. The reader is referred to Chapter 1, Section 1.4 of this manual.

6.4.7 Maintenance

The design engineer must also consider maintenance issues associated with any design. At a
minimum, a 16-ft maintenance access lane with access ramps is recommended to be provided
on one side of a channel for publicly maintained channels. Refer to each jurisdiction’s Policies
and Standards Manual for specific criteria. To minimize maintenance; paths, walkways, play
areas, and irrigation systems should be located in less frequently inundated levels of channels.
Bottom widths of channels should be designed in consideration of maintenance requirements for
the channel lining, and will be no narrower than 8 feet unless otherwise approved by the jurisdic-
tional entity.

6.4.8 Confluence Junction

The design criteria for confluence junctions between a main channel and side channel should be
based on USACE (1994). One of the key design criteria is that the angle of junction intersection
should not be greater than 12 degrees. Other design criteria and procedure can be found in
USACE (1994) and Section 8.6 in Chapter 8.

6.5 DESIGN FACTORS FOR OPEN CHANNELS
6.5.1 General

Good design practice requires that several issues be addressed. Unless exempted by the
governing agency, water surface profiles must be computed for all channels during final design
and clearly shown on a copy of the final drawings. Computation of the water surface profile
should use standard step backwater methods (see Section 6.3.6). These computations must
account for all losses due to changes in velocity, drops, bridge openings, and other factors.
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Computations should begin at a known point and extend in an upstream direction for subcritical
flow regimes, and in a downstream direction for supercritical regimes. Concrete lined channels
with supercritical flow regimes should be analyzed as described in Section 6.3.6. The energy
gradient must be shown on all preliminary drawings to help check for errors; however, it is
optional for final drawings. Open channel flow in urban drainage is usually non-uniform due to
bridge openings, channel curves, and hydraulic structures, therefore backwater computations
must be used for all final channel design work.

6.5.2 Minimum Velocity

Very low velocities encourage sedimentation and undesirable plant growth, which decreases
channel carrying capacity and promotes nuisance ponding. Channels must be designed with
respect to sedimentation issues elaborated in Chapter 11. In general, there are two design phi-
losophies for open channel design. One is to design a channel such that the velocity is low and
no scour will occur. This can be achieved by lowering the channel bed slope through construct-
ing drop structures. However, this design may cause a sedimentation problem. Therefore, sedi-
ment basins and regular sediment cleaning may be required. Another design philosophy is to
design a “steeper” channel such that the sediment is moved through the channel. Because of
higher velocities, erosion protection will be required for the channel banks and other structures.
It may be noted that when an equilibrium slope is used as the channel slope, the long-term scour
component should not be included into total scour estimation (see Chapter 11 for scour estima-
tion). Culverts and storm drains should be designed such that sediments do not settle.

6.5.3 Maximum Velocity

For earthen or grass lined channels, maximum permissible velocities should be governed by
Table 6.2 and Table 6.3, respectively. If the natural channel slope would cause excessive veloc-
ity, employ drop structures, checks, riprap (USDOT, FHWA, 1989), or other suitable velocity con-
trol design features. The maximum permissible velocities for concrete channels and other
revetments can be found in Maricopa County, 2007.
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TABLE 6.2

MAXIMUM PERMISSIBLE VELOCITIES FOR ROADSIDE DRAINAGE CHANNELS
WITH ERODIBLE LININGS
(USDOT, FHWA, 1961 AND 1988)

Soils Type of Lining (Earth, No Vegetation) Permissible Velocity (1) (ft/sec)
Fine Sand (noncolloidal) 2.5
Sandy Loam (noncolloidal) 2.5
Silt Loam (noncolloidal) 3.0
Ordinary Firm Loam 3.5
Fine Gravel 5.0
Stiff Clay (very colloidal) 5.0
Graded, Loam to Cobbles (noncolloidal) 5.0
Graded, Silt to Cobbles (noncolloidal) 5.5
Alluvial Silts (noncolloidal) 3.5
Alluvial Silts (colloidal) 5.0
Coarse Gravel (noncolloidal) 6.0
Cobbles and Shingles 5.5
Shales and Hard Pans 6.0

For sinuous channels multiply permissible velocity by:
0.95 for slightly sinuous;
0.90 for moderately sinuous; and

0.80 for highly sinuous

Higher velocities may be allowed for design of unlined channels, for the 100-year design event in particular,
based on sediment balance considerations defined using the guidelines in Chapter 11. However, sufficient
setback allowance should be provided for expected bank erosion during the 100-year event, or a series of
annualized events over a 60-year period. Higher velocities may also be acceptable for 100-year peak flow
design with approved engineering justification based on a tractive force analysis (USDOT, FHWA HEC-11,

1989).
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TABLE 6.3
MAXIMUM PERMISSIBLE VELOCITIES FOR GRASS-LINED ROADSIDE CHANNELS
UNIFORM STAND OF GRASS COVER AND WELL MAINTAINED

(ADAPTED FROM USDOT, FHWA 1961 anD 1988)(1)(2)(3)

Cover Permissible Velocity (ft/sec)
Bermuda Grass 6.0
Desert Salt Grass
5.0
Vine Mesquite
Lehman Lovegrass
Big Galleta
3.9

Purple Threeawn

Sand Dropseed

(1) Use velocities over 5 ft/sec only where good covers and proper maintenance can be obtained.
(2) Grass is accepted only if an irrigation system is provided.
(3) Grass lined channels not recommended for slopes greater than 5%.

6.5.4 Freeboard

Freeboard is the distance between the calculated water surface and the top of the channel lining
or bank. The minimum freeboard is calculated as follows:

2

FB = 0.25(_\)+K) (6.25)
2g

In subcritical channels, the minimum required freeboard is the larger of 1 foot or that calculated
using Equation (6.25). In supercritical channels, the required freeboard is the larger of 2 feet or
the results of Equation (6.25). In all instances, the freeboard required is additive to any increases
in water surface due to superelevation or channel curvature. Freeboard for levees must meet
FEMA freeboard requirements (3, 3.5 or 4 feet minimum depending on location relative to end of
levee, and to other structures). Refer to 44 CFR Section 65.10: Mapping of Areas Protected by
Levee Systems (USGPQO, 2000).

For sand-bed channels, when the Froude Number is equal to or larger than 0.7, the freeboard
shall be the larger value of 0.02712 or 0.25(y+ V2/(2g)) where Vis the channel velocity and y is the
flow depth. The reason is as follows. When the Froude Number reaches 0.7 in sand-bed chan-
nels, an antidune bed form may develop. Under the antidune bed form condition, the water sur-
face wave is in phase with the sand wave on the channel bed, i.e., the peaks and troughs of the
sand wave and water wave on the surface will occur simultaneously. The amplitude of the water
surface wave may exceed that of the sand wave by a factor of 1.5 to 2 (Chien and Wan, 1998).
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The amplitude for the antidune sand wave can be estimated by 0.02712 where V is the channel
velocity. Therefore, the water wave amplitude can be estimated by 0.05417 if a factor of 2 is
used. Water wave amplitude is the vertical distance between the wave peak and wave trough.
Assuming the average water surface elevation is at the middle of the amplitude, the wave height
above the water surface elevation is then 0.02712.

Roll waves also known as slug flow are intermittent surges on steep slopes that will occur when
the Froude Number is greater than 2.0 and the channel invert slope is greater than 12/Re where
Re is the Reynolds Number (Chow, 1959). The Reynolds Number (Re) is defined as VL/v
where V is velocity fps, L is characteristic length ft, and vis the kinematic viscosity. L can be
assumed as flow depth for a wide open channel. When this occurs, it is important to estimate the
wave height as part of freeboard design. Detailed discussions and design procedures and exam-
ples on roll wave height can be found in LACECD (1982) and Brock (1967).

6.5.5 Channel Curvature

The minimum radius of a curved channel, measured to the channel centerline, carrying subcriti-
cal flows is recommended to be three times greater than the width of the water surface. That is:

r,23T (6.26)

If the channel is carrying supercritical flows, the recommended minimum radius is:

2
L | (6.27)

c g'v
6.5.6 Superelevation

Curves in a channel cause the maximum flow velocity to shift toward the outside of the bend.
Along the outside of the curve, the depth of flow is at a maximum. The consequent rise in the
water surface is referred to as superelevation. Under subcritical conditions, the following
equation is recommended to estimate the magnitude of the superelevation:

2

y = 0.5V°T (6.28)

gr,

Readers are cautioned to avoid curves in channels with supercritical flows. The shift in the
velocity distribution may cause cross-waves to form, which will persist downstream and could
severely limit the hydraulic capacity of the channel. Advanced design criteria or physical model
studies beyond the scope of this chapter may be required.
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6.6 DESIGN GUIDELINES FOR OPEN CHANNELS

6.6.1 Concrete Lined Channels

Reinforced concrete and shotcrete are alternative lining materials for channels with limited right
of way and/or high velocity flow. The most common problems of concrete lined channels are due
to bedding and liner failures. Typical failures are: 1) liner cracking due to settlement of the sub-
grade; 2) liner cracking due to the removal of bed and bank material by seepage force; and 3)
liner cracking and floating due to hydrostatic back pressure from high groundwater.

Lack of maintenance can result in vegetation growth through the concrete lining and sediment
deposition in the channel that will increase the flow resistance. This reduction in channel capac-
ity can cause overflow at design discharges and, consequently, permit the erosion of overbank
material and failure of concrete lining.

Concrete lined channels are usually designed for high velocity flow conditions. Froude Numbers
for supercritical flow shall be greater than 1.13 and less than 2.0. Unstable flow conditions occur
when the Froude number falls between 0.86 and 1.13 and must be avoided.

Supercritical flow in an open channel in an urbanized area creates certain hazards that the

. designer must take into consideration. From a practical standpoint it is generally unwise to have
any curvature in a supercritical channel. Careful attention must be taken to prevent or control
excessive oscillatory waves that may extend the entire length of the channel from only minor
obstructions upstream. Imperfections at joints may rapidly cause a deterioration of the joints, in
which case a complete failure of the channel can readily occur. High velocity flow can enter
cracks or joints and create uplift forces by the conversion of velocity head to pressure head caus-
ing damage to the channel lining. It is evident that when design<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>