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1. Purpose. This Advisory Circular (AC) provides guidance for engineers, airport
managers, and the public in the design and maintenance of airport surface drainage systems.

2. Cancellation. This AC cancels AC 150/5320-5B, Airport Drainage, dated July 1, 1970.

3. Background. The Federal Aviation Administration (FAA) evaluated options for revising
the airport drainage manual and decided it would be beneficial to participate in the
cooperative effort undertaken by the Department of Defense (DOD). This effort combines
existing surface drainage topics covered in different agency manuals into one Unified
Facilities Criteria (UFC) document. The resulting manual/advisory circular will serve as the
design and analysis standard for surface drainage for DOD and FAA. The current techniques
and practices have been evaluated in order to take advantage of recent advances in the field
of drainage engineering, changes in drainage technology, national regulations, and local
requirements.

4. Application. FAA recommends the information and procedures contained in the
manuals for use by airports as appropriate.

David L. Bennett
Director of Airport Safety and Standards
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FOREWORD

The Unified Facilities Criteria (UFC) system is prescribed by Military Standard (MIL-STD) 3007
and provides planning, design, construction, sustainment, restoration, and modernization
criteria, and applies to the Military Departments, the Defense Agencies, and the Department of
Defense (DOD) Field Activities in accordance with USD(AT&L) Memorandum dated 29 May
2002. UFC will be used for all DOD projects and work for other customers where appropriate.

UFC are living documents and will be periodically reviewed, updated, and made available to
users as part of the Services’ responsibility for providing technical criteria for military
construction. Headquarters, U.S. Army Corps of Engineers (HQUSACE), Naval Facilities
Engineering Command (NAVFAC), and Headquarters Air Force Civil Engineer Support Agency
(HQ AFCESA) are responsible for administration of the UFC system. Defense agencies should
contact the preparing service for document interpretation and improvements. Technical content
of UFC is the responsibility of the cognizant DOD working group. Recommended changes with
supporting rationale should be sent to the respective service proponent office by the following
electronic form: Criteria Change Request (CCR). The form is also accessible from the Internet
site listed below.

UFC are effective upon issuance and are distributed only in electronic media from the following
sources:

. Whole Building Design Guide web site DOD page: (http://dod.wbdg.org/)

Hard copies of UFC printed from electronic media should be checked against the current
electronic version prior to use to ensure that they are current.

AUTHORIZED BY:

DONALD L. BASHAM, P.E. Dr. JAMES W. WRIGHT, P.E.

Chief, Engineering and Construction Chief Engineer

U.S. Army Corps of Engineers Naval Facilities Engineering Command
KATHLEEN I. FERGUSON, P.E. Dr. GET W. MQOY, P.E.

The Deputy Civil Engineer Director, Installations Requirements and
DCS/Installations & Logistics Management

Department of the Air Force Office of the Deputy Under Secretary of

Defense (Installations and Environment)
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Document:
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UNIFIED FACILITIES CRITERIA (UFC)
NEW DOCUMENT SUMMARY SHEET

UFC 3-230-01/AC 150/5320-5C

Description: UFC 3-230-01/AC 150/5320-5C provides comprehensive and practical
guidance to the Tri-service community and Federal Aviation Administration (FAA) for the
design of storm drainage systems associated with transportation facilities. Criteria are
provided for the design of storm drainage systems which collect, convey, and discharge
stormwater on and around pavements and other transportation facilities.

Reasons for Document:

Previous criteria associated with this topic were outdated and did not take
advantage of recent developments in the field of hydrologic engineering.
Multiple documents covering various topics on the subject matter were in
circulation and this document provides a consolidated and comprehensive
guide for all users.

Many new environmental practices have been developed and were not
addressed in previous criteria.

User feedback indicated that published criteria from multiple documents
was often confusing and contradicting.

Impact: There are negligible cost impacts; however, these benefits should be realized:

Providing one location for criteria associated with storm drainage will allow
users to be more efficient and effective when applying the procedures and
principles contained in this document.

The updated criteria in this document are considered standard practice
and will allow users to take advantage of concepts and methods which are
widely understood and accepted throughout the industry today.
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CHAPTER 1
INTRODUCTION
1-1 PURPOSE. This document establishes general concepts and procedures for

the hydrologic design of surface structures for the U.S. Army, Navy, Air Force, Marine
Corps, and Federal Aviation Administration (FAA).

1-2 SCOPE. This manual prescribes the hydrologic design criteria to be used for
transportation facilities and other areas.

1-3 REFERENCES. Appendix A contains a list of references used in this UFC.
Appendix D is a bibliography that lists publications that are considered relevant to this
subject and that offer additional information on various topics.

1-4 UNITS OF MEASUREMENT. The unit of measurement system in this
document is the inch-pound (IP). In some cases, International System of Units (SI)
measurements may be the governing critical values because of applicable codes,
accepted standards, industry practices, or other considerations.

1-5 APPLICABILITY. Criteria in this manual pertain to all Department of Defense
(DOD) military facilities in the United States, it territories, trusts, and possessions, and
unless otherwise noted, to DOD facilities overseas on which the United States has
vested base rights. For DOD facilities overseas, if written agreement exists between
host nation and DOD that requires application of either North Atlantic Treaty
Organization(NATO), International Civil Aviation Organization (ICAO), or other
standards, those standards shall apply as stipulated in the agreement.

1-5.1 Previous Standards. The criteria in this manual are not intended to apply to
existing facilities constructed under previous standards; however, when existing facilities
are modified or new facilities are constructed, they must conform to the criteria
established in this manual unless waived.

1-5.2 Applicability Within DOD. This document covers a wide range of topics in
the areas of surface drainage and serves as the standard for several agencies
responsible for hydrologic design for transportation facilities and other areas. The
intended use of the facility under design may differ between agencies and in some
cases dictates the need for separate standards. In special cases in which more than
one standard is presented, or the standard does not apply to all agencies, special care
has been given to clearly identify the relevant audience. Any user of this manual should
pay close attention to the relevance of each topic to the intended agency.

1-5.3 Design Objectives

1-5.3.1 The objective of storm drainage design is to provide for safe passage of
vehicles or operation of the facility during the design storm event. The drainage system
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is designed to collect storm water runoff from the pavement surface and adjacent areas,
convey it along and through the adjacent areas, and discharge it to an adequate
receiving body without causing adverse on- or off-site impacts.

1-5.3.2  Storm water collection systems must be designed to provide adequate
surface drainage. Traffic safety is intimately related to surface drainage. Rapid removal
of storm water from the pavement minimizes the conditions which can result in the
hazards of hydroplaning. Surface drainage is a function of transverse and longitudinal
pavement slope, pavement roughness, inlet spacing, and inlet capacity.

1-5.3.3 The objective of storm water conveyance systems (e.g., storm drain piping,
ditches and channels, pumps) is to provide an efficient mechanism for conveying design
flows from inlet locations to the discharge point without surcharging inlets or otherwise
causing surface flooding. Erosion potential must also be considered in the design of
open channels or ditches used for storm water conveyance.

1-5.3.4 The design of appropriate discharge facilities for storm water collection and
conveyance systems includes consideration of storm water quantity and quality. Local,
state, and/or Federal regulations often control the allowable quantity and quality of
storm water discharges. To meet these regulatory requirements, storm drainage
systems will usually require detention or retention basins, and/or other best
management practices (BMPs) for the control of discharge quantity and quality.

1-5.4 Waivers to Criteria. Each DOD service component is responsible for setting
administrative procedures necessary to process and grant formal waivers. Waivers to
the criteria contained in this manual shall be in accordance with Appendix E.

1-6 GENERAL INVESTIGATIONS. An on-site investigation of the system site
and tributary area is a prerequisite for study of drainage requirements. Information
regarding capacity, elevations, and condition of existing drains will be obtained.
Topography, size and shape of drainage area, and extent and type of development;
profiles, cross sections, and roughness data on pertinent existing streams and
watercourses; and location of possible ponding areas will be determined. Thorough
knowledge of climatic conditions and precipitation characteristics is essential. Adequate
information regarding soil conditions, including types, permeability, vegetative cover,
depth to and movement of subsurface water, and depth of frost will be secured. Outfall
and downstream flow conditions, including high-water occurrences and frequencies,
also must be determined. The effect of base drainage construction on local interests’
facilities and local requirements that will affect the design of the drainage works will be
evaluated. Where diversion of runoff is proposed, particular effort will be made to avoid
resultant downstream conditions leading to unfavorable public relations, costly
litigations, or damage claims. Any agreements needed to obtain drainage easements
and/or avoid interference with water rights will be determined at the time of design and
consummated prior to initiation of construction. Possible adverse effects on water
guality due to disposal of drainage in waterways involved in water supply systems will
be evaluated.
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1-7 ENVIRONMENTAL CONSIDERATIONS
1-7.1 National Environmental Policy. The National Environmental Policy Act of

1969 (NEPA), approved 1 January 1970, sets forth the policy of the Federal
Government, in cooperation with state and local governments and other concerned
public and private organizations, to protect and restore environmental quality. The Act
(Public Law [PL] 91-190) states, in part, that Federal agencies have a continuing
responsibility to use all practicable means, consistent with other essential
considerations of national policy, to create and maintain conditions under which man
and nature can exist in productive harmony. Federal plans, functions, and programs are
to be improved and coordinated to (1) preserve the environment for future generations,
(2) assure safe, healthful, productive, and aesthetically pleasing surroundings for all,
(3) attain the widest beneficial uses of the environment without degradation, risk to
health or safety or other undesirable consequences, ...and (4) enhance the quality of
renewable resources and approach the maximum attainable recycling of depletable
resources. All Federal agencies, in response to NEPA, must be concerned not just with
the impact of their activities on technical and economic considerations but also on the
environment.

1-7.2 Federal Guidelines. Storm drainage design is an integral component in the
design of transportation facilities. Drainage design for transportation facilities must strive
to maintain compatibility and minimize interference with existing drainage patterns,
control flooding of the pavement surface for design flood events, and minimize potential
environmental impacts from facility-related storm water runoff. To meet these goals, the
planning and coordination of storm drainage systems must begin in the early planning
phases of transportation projects. Federal goals for sustainability are outlined in the
Environmental Protection Agency's (EPA) Federal Guide for Green Construction Specs.

System planning, prior to commencement of design, is essential to the
successful development of a final storm drainage design. Successful system planning
will result in a final system design that evolves smoothly through the preliminary and
final design stages of the transportation project.

1-7.3 Regulatory Considerations. The regulatory environment related to drainage
design is ever changing and continues to grow in complexity. Engineers responsible for
the planning and design of drainage facilities must be familiar with Federal, state, and
local regulations, laws, and ordinances that may impact the design of storm drain
systems. A detailed discussion of the legal aspects of highway drainage design,
including a thorough review of applicable laws and regulations, is included in the
American Association of State Highway and Transportation Officials' (AASHTO)
Highway Drainage Guidelines, Volume V, and Model Drainage Manual, Chapter 2.
Some of the more significant Federal, state, and local regulations affecting drainage
design are summarized in paragraphs 1-7.4 through 1-7.6.

1-7.4 Federal Regulations. The following Federal laws may affect the design of
storm drainage systems. The highway drainage engineer should be familiar with these
laws and any associated regulatory procedures.
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1-7.4.1 The Fish and Wildlife Act of 1956 (Title 16 United States Code [USC] Section
742a, et seq.), the Migratory Game-Fish Act (16 USC § 760c-760g), and the Fish and
Wildlife Coordination Act (16 USC § 661-666¢) express the concern of Congress with
the quality of the aquatic environment as it affects the conservation, improvement and
enjoyment of fish and wildlife resources. The Fish and Wildlife Service's role in the
permit review process is to review and comment on the effects of a proposal on fish and
wildlife resources. Storm drainage design may impact streams or other channels which
fall under the authority of these acts.

1-7.4.2 NEPA (42 USC § 4321-4347) declares the national policy to promote efforts
which will prevent or eliminate damage to the environment and biosphere, stimulate the
health and welfare of man, and to enrich the understanding of the ecological systems
and natural resources important to the nation. NEPA and its implementing guidelines
from the Council on Environmental Quality and the Federal Highway Administration
(FHWA) affect highway drainage design as it relates to impacts on water quality and
ecological systems.

1-7.4.3 Section 401 of the Federal Water Pollution Control Act Amendments of 1972
(FWPCA) (PL 92-500, 86 Stat. 816, 33 USC § 1344) prohibits discharges from point
sources unless covered by a National Pollutant Discharge Elimination System (NPDES)
permit. These permits are issued under authority of Section 402 of the Act, and must
include the more stringent of either technology-based standards or water-quality based
standards. The NPDES program regulations are found at Title 40, Code of Federal
Regulations, Parts 122-125 (40 CFR 122-125). These regulations govern how the EPA
and authorized states write NPDES permits by outlining procedures on how permits
shall be issued, what conditions are to be included, and how the permits should be
enforced.

1-7.4.4  Section 402p of the FWPCA (PL 92-500, 86 Stat. 816, 33 USC § 1344)
requires the EPA to establish final regulations governing storm water discharge permit
application requirements under the NPDES program. The permit application
requirements include storm water discharges associated with industrial activities.
Highway construction and maintenance are classified as industrial activities.

1-7.45 The Water Quality Act of 1987 (PL 100-4), an amendment of Section 402p of
the FWPCA, provides a comprehensive framework for the EPA to develop a phased
approach to regulating storm water discharges under the NPDES program for storm
water discharges associated with industrial activity (including construction activities).
The Act clarified that permits for discharges of storm water associated with industrial
activity must meet all of the applicable provisions of Section 402 and Section 301,
including technology and water quality-based standards. The classes of diffuse sources
of pollution include urban runoff, construction activities, separate storm drains, waste
disposal activities, and resource extraction operations, which all correlate well with
categories of discharges covered by the NPDES storm water program.

1-7.4.6  Section 404 of the FWPCA (PL 92-500, 86 Stat. 816, 33 USC § 1344)
prohibits the unauthorized discharge of dredged or fill material in navigable waters. The
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instrument of authorization is termed a permit, and the Secretary of the Army, acting
through the Chief of Engineers, U.S. Army Corps of Engineers, has responsibility for the
administration of the regulatory program. The definition of navigable waters includes all
coastal waters, navigable waters of the United States to their headwaters, streams
tributary to navigable waters of the United States to their headwaters, inland lakes used
for recreation or other purposes that may be interstate in nature, and wetlands
contiguous or adjacent to the above waters. A water quality certification is also required
for these activities.

1-7.4.7 The Coastal Zone Management Act of 1972 (PL 92-583, amended by

PL 94-310; 86 Stat. 1280, 16 USC § 145, et seq.) declares a national policy to preserve,
protect, develop, and restore or enhance the resources of the nation's coastal zone, and
to assist states in establishing management programs to achieve wise use of land and
water resources, giving full consideration to ecological, cultural, historic, and aesthetic
values as well as to the needs of economic development. The development of highway
storm drainage systems in coastal areas must comply with this act in accordance with
state coastal zone management programs.

1-7.4.8 The Coastal Zone Act Reauthorization Amendments of 1990 (CZARA)
specifically charged state coastal programs (administered under Federal authority by
the National Oceanic and Atmospheric Administration [NOAA]), and state nonpoint
source programs (administered under Federal authority by the EPA), to address
nonpoint source pollution issues affecting coastal water quality. The guidance specifies
economically achievable management measures to control the addition of pollutants to
coastal waters for sources of nonpoint pollution through the application of the best
available nonpoint pollution control practices, technologies, processes, siting criteria,
operating methods, or other alternatives.

1-7.49 The Safe Water Drinking Act of 1974, as amended, includes provisions for
requiring protection of surface water discharges in areas designated as sole or principal
source aquifers. Mitigation of activities that may contaminate the aquifer (including
highway runoff) are typically required to assure Federal funding of the project, which
may be withheld if harm to the aquifer occurs.

1-7.5 State Regulations. In addition to complying with the Federal laws cited in
paragraphs 1-7.1 through 1-7.4.9, the design of storm drainage systems must also
comply with state laws and regulations. State drainage law is derived from both
common and statutory law. A summary of applicable state drainage laws originating
from common law, or court-made law, and statutory law follow. Note that this is a
generalized summary of common state drainage law. Drainage engineers should
become familiar with the application of these legal principles in their states.

1-7.5.1 The civil law rule of natural drainage is based upon the perpetuation of natural
drainage. A frequently quoted statement of this law is:

.. .every landowner must bear the burden of receiving upon his land
the surface water naturally falling upon land above it and naturally
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flowing to it therefrom, and he has the corresponding right to have the
surface water naturally falling upon his land or naturally coming upon it,
flow freely therefrom upon the lower land adjoining, as it would flow
under natural conditions. From these rights and burdens, the principle
follows that he has a lawful right to complain of others, who, by
interfering with natural conditions, cause such surface water to be
discharged in greater quantity or in a different manner upon his land,
than would occur under natural conditions. . . . (Heier v. Krull. 160 Cal
441 (1911))

This rule is inherently strict, and as a result has been modified to some
degree in many states.

1-7.5.2 The reasonable use rule states that the possessor of land incurs liability only
when his harmful interference with the flow of surface waters is unreasonable. Under
this rule, a possessor of land is legally privileged to make a reasonable use of his land
even though the flow of surface waters is altered thereby and causes some harm to
others. The possessor of land incurs liability, however, when his harmful interference
with the flow of surface waters is unreasonable.

1-7.5.3 Stream water rules are founded on a common law maxim that states that
"water runs and ought to run as it is by natural law accustomed to run." Thus, as a
general rule, any interference with the flow of a natural watercourse to the damage of
another will result in liability. Surface waters from highways are often discharged into
the most convenient watercourse. The right is unquestioned if those waters were
naturally tributary to the watercourse and unchallenged if the watercourse has adequate
capacity; however, if all or part of the surface waters has been diverted from another
watershed to a small watercourse, any lower owner may complain and recover for
ensuing damage.

1-7.5.4 Eminent domain is a statutory law giving public agencies the right to take
private property for public use. This right can be exercised as a means to acquire the
right to discharge highway drainage across adjoining lands when this right may
otherwise be restricted. Whenever the right of eminent domain is exercised, a
requirement of just compensation for property taken or damaged must be met.

1-7.5.5 Agricultural drainage laws have been adopted in some states. These laws
provide for the establishment, improvement, and maintenance of ditch systems.
Drainage engineers may have to take into consideration agricultural laws that may or
may not permit irrigation waste water to drain into the highway right-of-way. If the
drainage of irrigated agricultural lands into roadside ditches is permitted, excess
irrigation water may have to be provided for in the design of the highway drainage
system.

1-7.5.6 Environmental quality acts have been enacted by many states to promote the
enhancement and maintenance of the quality of life. Hydraulic engineers should be
familiar with these statutes.
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1-7.6 Local Laws. Many governmental subdivisions have adopted ordinances and
codes that impact drainage design. These include regulations for erosion control, BMPs,
and storm water detention.

1-7.6.1 Erosion control regulations set forth practices, procedures, and objectives for
controlling erosion from construction sites. Cities, counties, or other government
subdivisions commonly have erosion control manuals that provide guidance for meeting
local requirements. Erosion control measures are typically installed to control erosion
during construction periods, and are often designed to function as a part of the highway
drainage system. Additionally, erosion control practices may be required by the
regulations governing storm water discharge requirements under the NPDES program.
These erosion and sediment control ordinances set forth enforceable practices,
procedures, and objectives for developers and contractors to control sedimentation and
erosion by setting specific requirements that may include adherence to limits of clearing
and grading, time limit or seasonal requirements for construction activities to take place,
stabilization of the soil, and structural measures around the perimeter of the
construction site.

1-7.6.2 BMP regulations set forth practices, procedures, and objectives for controlling
storm water quality in urbanizing areas. Many urban city or county government bodies
have implemented BMP design procedures and standards as a part of their land
development regulations. The design and implementation of appropriate BMPs for
controlling storm water runoff quality in these areas must be a part of the overall design
of highway storm drainage systems. Additionally, the NPDES permit program for storm
water management addresses construction site runoff by the use of self-designed storm
water pollution prevention plans. These plans are based upon three main types of
BMPs: those that prevent erosion, others that prevent the mixing of pollutants from the
construction site with storm water, and those that trap pollutants before they can be
discharged. All three of these BMPs are designed to prevent, or at least control, the
pollution of storm water before it has a chance to affect receiving streams.

1-7.6.3 Storm water detention regulations set forth practices, procedures, and
objectives for controlling storm water quantity through the use of detention basins or
other controlling facilities. The purpose of these facilities is to limit increases in the
amount of runoff resulting from land development activities. In some areas, detention
facilities may be required as a part of the highway storm drainage system. Detention
and retention basins must generally meet design criteria to control the more frequent
storms and to safely pass larger storm events. Storm water management may also
include other measures to reduce the rate of runoff from a developed site, such as
maximizing the amount of runoff that infiltrates back into the ground.

1-7.7 U.S. Army Environmental Quality Program. Army Regulation (AR) 200-1,
outlines the Army’s fundamental environmental policies, management of its programs,
and its various types of activities, one of which, water resources management, includes
minimizing soil erosion and attendant pollution caused by rapid runoff into streams and
rivers. The overall goal is to “plan, initiate, and carry out all actions and programs in a
manner that will minimize or avoid adverse effects on the quality of the human
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environment without impairment of the Army mission.” A primary objective is to
eliminate the discharge of pollutants produced by Army activities. Provision of suitable
surface drainage facilities is necessary in meeting this objective.

1-7.8 U.S. Air Force Environmental Quality Program. Air Force policy directive
(AFPD) 32-70 enunciates Air Force policy in compliance with NEPA executive orders
and DOD directives. Procedures outlined in AFPD 32-70 are similar to those described
for Army installations. Air Force instruction (AFI) 32-7061 establishes 32 CFR 989 as
the controlling document on environmental assessments and statements for Air Force
facilities.

1-7.9 U.S. Navy Environmental Quality Program. The Navy's Environmental
Quiality Initiative (EQI) is a comprehensive initiative focused on maximizing the use of
pollution prevention to achieve and maintain compliance with environmental regulations.
The EQI is a fundamental part of the Navy environmental strategy called AIMM to
SCORE - Assess, Implement, Manage and Measure to achieve Sustained Compliance
and Operational Readiness through Environmental Excellence.

1-7.10  FAA Environmental Handbook. FAA Order 5050.4 provides instructions and
guidance for preparing and processing the environmental assessments, findings of no
significant impact (FONSI), and environmental impact statements (EIS) for airport
development proposals and other airport actions as required by various laws and
regulations.

1-7.11  Environmental Impact Analysis. A comprehensive reference, Handbook for
Environmental Impact Analysis, was issued in September of 1974. This document,
prepared by the U.S. Army Corps of Engineers Construction Engineering Research
Laboratory (CERL), presents recommended procedures for use by Army personnel in
preparing and processing environmental impact assessments (EIA) and EIS. The
procedures list step-by-step actions considered necessary to comply with requirements
of NEPA and subsequent guidelines. These require that all Federal agencies use a
systematic and disciplinary approach to incorporate environmental considerations into
their decision making process.

1-7.12  Environmental Effects of Surface Drainage Systems. Such facilities in the
arctic or subarctic could have either beneficial or adverse environmental impacts
affecting water, land, ecology, and socioeconomic (human and economic)
considerations. Despite low population density and minimal development, the fragile
nature of the ecology in the arctic and subarctic has attracted the attention of
environmental groups interested in protecting these unique assets. Effects on
surrounding land and vegetation may cause changes in various conditions in the
existing environment, such as surface water quantity and quality, groundwater levels
and quality, drainage areas, animal and aquatic life, and land use. Proposed systems
may also have social impacts on the community, requiring relocation of military and
public activities, open space, recreational activities, community activities, and quality of
life. Environmental attributes related to water could include such items as erosion,
aquifer yield, flood potential, flow or temperature variations (the latter affecting
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permafrost levels and ice jams), biochemical oxygen demand, and content of dissolved
oxygen, dissolved solids, nutrients, and coliform organisms. These are among many
possible attributes to be considered in evaluating environmental impacts, both beneficial
and adverse, including effects on surface water and groundwater. Various methods are
explained for presenting and summing up the impact of these effects on the
environment.

1-7.13 Discharge Permits. The Federal pollution abatement program requires
regulatory permits for all discharges of pollutants from point sources (such as pipelines,
channels, or ditches) into navigable waters or their tributaries. This requirement does
not extend to discharges from separate storm sewers except where the storm sewers
receive industrial, municipal, and agricultural wastes or runoff, or where the storm water
discharge has been identified as a significant contributor of pollution by the EPA
regional administrator, the state water pollution control agency, or an interstate agency.
Federal installations, while cooperating with and furnishing information to state
agencies, do not apply for or secure state permits for discharges into navigable waters.

1-7.14  Effects of Drainage Facilities on Fish. In many locations, natural drainage
channels are environmentally important to preserve fish resources. Culverts, ditches,
and other drainage structures constructed along or tributary to these fish streams must
be designed to minimize adverse environmental effects. Culvert hazards to fish include
high inverts, excessive velocities, undersized culverts, stream degradation, failed or
damaged culverts that create obstructions, erosion and siltation at outlets, blockage by
icing, and seasonal timing and methods of drainage construction. Consult Federal and
state fish and wildlife agencies for guidance on probable effects and possible
expedients to mitigate them. Give special concern to anticipated conditions during fish
migration season. More information is located in Chapter 4.
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CHAPTER 2

SURFACE HYDROLOGY

2-1 PURPOSE AND SCOPE. This chapter presents explanations and examples
to give a better understanding of problems in the design of drainage facilities, and
outlines convenient methods of estimating design capacities for drainage facilities.

2-2 HYDROLOGIC CRITERIA. The Rational Method, developed over 100 years
ago, is widely used for estimating design runoff from urban areas. The Rational
Formula, popular because of its simplicity in application, is suited mainly to sizing
culverts, storm drains, or channels to accommodate drainage from small areas,
generally less than 200 acres. Selection of appropriate values of runoff coefficients in
the formula depends on the experience of the designers and the designers’ knowledge
of local rainfall-runoff relationships. United States Geological Survey (USGS) regression
equations and National Resources Conservation Service (NRCS) techniques
appropriate for surface drainage design are also included in this chapter.

2-2.1 Design Objectives. The design capacity of surface drainage systems should
economically drain the facilities with due consideration of the mission and importance of
the particular facility and environmental impacts.

2-2.2 Degree of Drainage Required. The degree of protection to be provided by
the drain system depends largely on the importance of the facility as determined by the
type and volume of traffic to be accommodated, the necessity for uninterrupted service,
and similar factors. Although the degree of protection should increase with the
importance of the facility, minimum requirements must be adequate to avoid hazards to
operation. One severe accident chargeable to inadequate drainage can offset any
difference between the cost of reasonably adequate and inadequate drainage facilities.
In some cases, one can justify use of design storm frequencies appreciably higher than
minimum criteria in order to protect important facilities. In some designs, portions of the
drainage system have been based on as high as a 50-year (yr) design frequency to
reduce likelihood of flooding a facility essential to operations and to prevent loss of life.

2-2.3 Surface Runoff from Design Storm. Surface runoff from the selected design
storm will be disposed of without damage to facilities, undue saturation of the subsoil, or
significant interruption of normal traffic. In addition, certain facilities may have
restrictions on surface storage of water due to the potential attraction of waterfowl. For
more information on waterfowl hazards, refer to Air Force pamphlet (AFPAM) 91-212 or
Advisory Circular (AC) 150/5200-33.

2-2.4 Design Storm Frequency
2-2.4.1 DOD Airfields and Heliports. For airfields and heliports, a minimum of a 2-yr

storm event is required unless a waiver is obtained. This event shall have no
encroachment of runoff on taxiway and runway pavements (including paved shoulders).

10
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It should be noted that after this design storm frequency is specified, computations must
be made to determine the critical duration of rainfall required to produce the maximum
rate of runoff for each area. This will depend primarily on the slope and length of
overland flow. Another important aspect of the design is minimizing ponding during rain
events. Ponding is the accumulation of water around an inlet structure during a rain
event. Typically, ponding will be limited around the apron inlets such that it does not
exceed 4 inches (in.).

2-2.4.2 Federal Aviation Administration. For airports, it is recommended that the
5-yr storm event be used with no encroachment of runoff on taxiway and runway
pavements (including paved shoulders). The damage or inconvenience that may be
caused by storms greater than the 5-yr event may not warrant the increased cost of a
drainage system large enough to accommodate that storm. The calculation of and
provision for the storage of water or ponding between runways, taxiways, and aprons
should usually be considered as a safety factor for temporary accommodation of runoff
from storm return periods longer than 5 years. Ponding or storage of water of more than
a temporary nature may be acceptable on the airport site other than between runways,
taxiways, and aprons. Such temporary storage may indeed be essential because of
limitations in offsite outfalls. An additional design consideration is the ponding of water
around an inlet structure on an apron during a rain event. Typically, ponding will be
limited around an apron inlet such that it does not exceed 4 inches.

2-2.4.3 Areas Other Than Airfields. For such developed portions of military
installations as roadways, administrative, industrial, and housing areas, the design
storm will normally be based on rainfall of 10-yr frequency. Potential damage or
operational requirements may warrant a more severe criterion; in certain storage and
recreational areas, a lesser criterion may be appropriate. (With concurrence of the using
service, a lesser criterion may also be employed in regions where storms of an
appreciable magnitude are infrequent and either damages or operational capabilities are
such that large expenditures for drainage are not justified.)

An additional design consideration is the spread of water around inlets.
Spread is the width of water on the paved surface measured perpendicular to the curb
face. More information on limitations of spread can be found in Chapter 3.

2-2.5 Surface Runoff from Storms Exceeding Design Storm. The design storm
frequency alone is not a reliable criterion of the adequacy of storm drain facilities. It is
advisable to investigate the probable consequences of storms more severe and less
frequent than the design storm before making final decisions regarding the adequacy of
proposed drain-inlet capacities. Surface runoff from storms greater than the design
storm will be disposed of with the minimum damage to the airfield or heliport. The center
50 percent of runways; the center 50 percent of taxiways serving these runways; and
helipad surfaces along the centerline should be free from ponding resulting from storms
of a 10-yr frequency and intensity determined by the geographic location. For areas
other than airfields and heliports, check with the appropriate local regulatory agency for
guidance on design storm requirements.

11
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2-2.6 Reliability of Operation. The drainage system will have the maximum
reliability of operation practicable under all conditions, with due consideration given to
abnormal requirements such as debris and annual periods of snowmelt and ice jam
breakup.

2-2.7 Environmental Impact. Drainage facilities will be constructed with minimal
impact on the environment.

2-2.8 Maintenance. The drainage system will require minimum maintenance, and
that maintenance will be accomplished quickly and economically. Particular reliance will
be placed on maintenance of drainage components serving operational facilities.

2-2.9 Future Expansion. Future expansion of drainage facilities will be feasible
with the minimum of expense and interruption to normal traffic.

2-3 HYDROLOGIC METHODS AND PROCEDURES. This section provides an
overview of hydrologic methods and procedures commonly used in drainage design.
These methods include: the Rational Method, the Soil Conservation Service (SCS)
Technical Release 55 (TR-55) method, and the USGS regression equations. Much of
the information contained in this section was condensed from the FHWA Hydraulic
Engineering Circular No. 22 (HEC-22). The presentation here is intended to provide the
reader with an introduction to the methods and procedures, their data requirements, and
their limitations. Most of these procedures can be applied using commonly available
computer programs. Chapter 12 of this manual contains information on available
computer programs.

2-3.1 Rainfall (Precipitation). Rainfall, along with watershed characteristics,
determines the flood flows upon which storm drainage design is based. In this section,
we will describe the constant rainfall and the synthetic rainfall techniques.

2-3.1.1 Constant Rainfall Intensity. Although rainfall intensity varies during
precipitation events, many of the procedures used to derive peak flow are based on an
assumed constant rainfall intensity. Intensity is defined as the rate of rainfall and is
typically given in units of inches per hour (in/hr).

Intensity-duration-frequency curves (IDF curves) have been developed for
many jurisdictions throughout the United States through frequency analysis of rainfall
events for thousands of rainfall gages. The IDF curve provides a summary of a site's
rainfall characteristics by relating storm duration and exceedance probability (frequency)
to rainfall intensity (assumed constant over the duration). Figure 2-1 illustrates an
example IDF curve. To interpret an IDF curve, find the rainfall duration along the X-axis,
go vertically up the graph until reaching the proper return period, then go horizontally to
the left and read the intensity off of the Y-axis. Regional IDF curves are available in
most state or local highway agency drainage manuals. If the IDF curves are not
available, the designer needs to develop them on a project-by-project basis.

12
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Figure 2-1. Example IDF Curve
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2-3.1.2 Synthetic Rainfall Events. Drainage design is usually based on synthetic
rather than actual rainfall events. The SCS 24-hour (hr) rainfall distributions are the
most widely used synthetic hyetographs. These rainfall distributions were developed by
the U.S. Department of Agriculture SCS, which is now known as NRCS. The SCS 24-hr
distributions incorporate the intensity-duration relationship for the design return period.
This approach is based on the assumption that the maximum rainfall for any duration
within the 24-hr duration should have the same return period. For example, a 10-yr,
24-hr design storm would contain the 10-yr rainfall depths for all durations up to

24 hours as derived from IDF curves. SCS developed four synthetic 24-hr rainfall
distributions as shown in Figure 2-2; approximate geographic boundaries for each storm
distribution are shown in Figure 2-3.

13
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Figure 2-2. SCS 24-hr Rainfall Distribution
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Figure 2-3. Approximate Geographic Areas for SCS Rainfall Distributions
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Although the SCS distributions shown do not agree exactly with IDF curves
for all locations in the region for which they are intended, the differences are within the
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accuracy limits of the rainfall depths from the Weather Bureau's rainfall frequency
atlases.

2-3.2 Determination of Peak Flow Rates. Peak flows are generally adequate for
design and analysis of conveyance systems such as storm drains or open channels;
however, if the design or analysis must include flood routing (e.g., storage basins or
complex conveyance networks), a flood hydrograph is required. This section discusses
three methods, the Rational Method, the SCS TR-55 method, and the USGS regression
equations, that are used to derive peak flows for both gaged and ungaged sites. Each
method can be used to develop a peak discharge. The drainage area of the project
usually dictates which of these methods should be used. The Rational Method is the
most commonly used method, but due to its assumptions, it is limited to drainage areas
smaller than 200 acres. For drainage areas up to 2000 acres, the SCS TR-55 method is
commonly used. Due to the way in which the regression equations were developed,
they are usually not appropriate for very small areas, but each set of equations has its
own limitations and those should be understood before the equations are applied. The
regression equations are often used to compute the discharges for larger areas such as
those necessary for culvert design.

2-3.2.1 Rational Method. One of the most commonly used equations for the
calculation of peak flow from small areas is the Rational Formula, given as
Equation 2-1:

Q=CIA (2-1)
where:
= flow, ft¥/s
C = dimensionless runoff coefficient representing the characteristics of the

watershed

rainfall intensity, in/hr

>
I

drainage area, hectares, acres

2-3.2.1.1 Assumptions. Assumptions inherent in the Rational Formula are that:
= Peak flow occurs when the entire watershed is contributing to the flow.
» Rainfall intensity is the same over the entire drainage area.

» Rainfall intensity is uniform over a time duration equal to the time of
concentration (tc). The time of concentration is the time required for water to
travel from the hydraulically most remote point of the basin to the point of
interest.

15



UFC 3-230-01 AC 150/5320-5C
8/1/2006 9/29/2006

= The frequency of the computed peak flow is the same as that of the rainfall
intensity, i.e., the 10-yr rainfall intensity is assumed to produce the 10-yr peak
flow.

= The coefficient of runoff is the same for all storms of all recurrence
probabilities.

2-3.2.1.2 Limitations. Because of the inherent assumptions, the Rational Formula
should be applied only to drainage areas smaller than 200 acres.

2-3.2.2 Runoff Coefficient

2-3.2.2.1 The runoff coefficient, C, in Equation 2-1 is a function of the ground cover and
a host of other hydrologic abstractions. It relates the estimated peak discharge to a
theoretical maximum of 100 percent runoff. Typical values for C are given in Table 2-1.
If the basin contains varying amounts of different land cover or other abstractions, a
composite coefficient can be calculated through area weighing using Equation 2-2:

.. ZCA) oo

otal

weighted

where:

X = subscript designating values for incremental areas with consistent land
cover

Table 2-1. Runoff Coefficients for Rational Formula

Type of Drainage Area Runoff Coefficient, C*

Business:

Downtown areas 0.70 - 0.95

Neighborhood areas 0.50 - 0.70
Residential:

Single-family areas 0.30 - 0.50

Multi-units, detached 0.40 - 0.60

Multi-units, attached 0.60 - 0.75

Suburban 0.25 - 0.40

Apartment dwelling areas 0.50 - 0.70
Industrial:

Light areas 0.50 - 0.80

Heavy areas 0.60 - 0.90
Parks, cemeteries 0.10 - 0.25
Playgrounds 0.20 - 0.40
Railroad yard areas 0.20 - 0.40
Unimproved areas 0.10 - 0.30
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Type of Drainage Area

Runoff Coefficient, C*

Lawns:
Sandy soll, flat, 2 percent 0.05-0.10
Sandy soil, average, 2 to 7 percent 0.10- 0.15
Sandy soil, steep, 7 percent 0.15-0.20
Heavy soill, flat, 2 percent 0.13-0.17
Heavy soil, average, 2 to 7 percent 0.18 - 0.22
Heavy soil, steep, 7 percent 0.25-0.35
Streets:
Asphaltic 0.70 - 0.95
Concrete 0.80 - 0.95
Brick 0.70 - 0.85
Drives and walks 0.75 - 0.85
Roofs 0.75-0.95

runoff in these cases.

*Higher values are usually appropriate for steeply sloped areas and longer return
periods because infiltration and other losses have a proportionally smaller effect on

2-3.2.2.2 Example 2-1 illustrates the calculation of the runoff coefficient, C, using area

weighing.

Example 2-1

Given: These existing and proposed land uses:

Existing conditions (unimproved):

Land Use Area, acres

Unimproved Grass 22.1

Grass 21.2
Total = 43.3

Proposed conditions (improved):

Runoff Coefficient, C

0.25
0.22

Land Use Area, acres Runoff Coefficient, C
Paved 5.4 0.90
Lawn 1.6 0.15
Unimproved Grass 18.6 0.25
Grass 17.7 0.22

Total = 43.3

Find: Weighted runoff coefficient, C, for the existing and proposed conditions.
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Solution:

Step 1. Determine weighted C for existing (unimproved) conditions using

Equation 2-2.
| 2 CA)
weightedC = =———"-
A
weighted C = [(22.1)0.25)+ (21.2)0.22)]
(43.3)
weighted C = 0.235
Step 2. Determine weighted C for proposed (improved) conditions using
Equation 2-2.
weighted C [(5.4)0.90)+(1.6)0.15)+(18.6)(0.25) +(17.7)(0.22)]
(43.3)
weighted C = 0.315

2-3.2.3 Rainfall Intensity. Rainfall intensity, duration, and frequency curves are
necessary to use the Rational Method. Regional IDF curves are available in most state
and local highway agency manuals and are also available from NOAA. If the IDF curves
are not available, they should be developed.

2-3.2.4 Time of Concentration. A number of methods can be used to estimate time
of concentration, t;, some of which are intended to calculate the flow velocity within
individual segments of the flow path (e.g., shallow concentrated flow, open channel
flow, etc.). The time of concentration can be calculated as the sum of the travel times
within the various consecutive flow segments. For additional discussion on establishing
the time of concentration for inlets and drainage systems, see Chapters 3 and 6 of this
manual.

2-3.2.4.1 Sheet Flow Travel Time. Sheet flow is the shallow mass of runoff on a
planar surface with a uniform depth across the sloping surface. This usually occurs at
the headwater of streams over relatively short distances, rarely more than about

400 feet (ft), and possibly less than 80 ft. Sheet flow is commonly estimated with a
version of the kinematic wave equation, a derivative of Manning's equation, shown as
Equation 2-3:

K. ( nL o6 ]
Ty zl"_“(ﬁ] (2-3)
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Ti = sheet flow travel time, minutes (min)
n = roughness coefficient (see Table 2-2)

L = flow length, ft

| = rainfall intensity, in/hr

S = surface slope, feet per feet (ft/ft)

Ke = empirical coefficient equal to 0.933
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Table 2-2. Manning's Roughness Coefficient (n) for Overland Sheet Flow

Surface Description n

Smooth asphalt 0.011
Smooth concrete 0.012
Ordinary concrete lining 0.013
Good wood 0.014
Brick with cement mortar 0.014
Vitrified clay 0.015
Cast iron 0.015
Corrugated metal pipe 0.024
Cement rubble surface 0.024
Fallow (no residue) 0.05
Cultivated soils

Residue cover < 20 percent 0.06

Residue cover > 20 percent 0.17

Range (natural) 0.13
Grass

Short grass prairie 0.15

Dense grasses 0.24

Bermuda grass 041
Woods*

Light underbrush 0.40

Dense underbrush 0.80

*When selecting n, consider cover to a height of about 1.2 inches. This is only part of
the plant cover that will obstruct sheet flow.
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Since the rainfall intensity value, |, depends on t; and t; is not initially known,
the computation of t; is an iterative process. An initial estimate of t; is assumed and
used to obtain | from the IDF curve for the locality. The t; is then computed from
Equation 2-3 and used to check the initial value of t;. If they are not the same, the
process is repeated until two successive t; estimates are the same.

2-3.2.4.2 Shallow Concentrated Flow Velocity. After short distances of at most

300 ft, sheet flow tends to concentrate in rills and then gullies of increasing proportions.
Such flow is usually referred to as shallow concentrated flow. The velocity of such flow
can be estimated using a relationship between velocity and slope as shown in
Equation 2-4:

V =(3.28)kS?° (2-4)
where:
V = velocity, ft/s
k = intercept coefficient (see Table 2-3)
Sp = slope, percent
Table 2-3. Intercept Coefficients for Velocity vs.
Slope Relationship of Equation 2-4
Land Cover/Flow Regime k
Forest with heavy ground litter; hay meadow (overland flow) 0.076
Trash fallow or minimum tillage cultivation; contour or strip cropped;
0.152
woodland (overland flow)
Short grass pasture (overland flow) 0.213
Cultivated straight row (overland flow) 0.274
Nearly bare and untilled (overland flow); alluvial fans in western 0.305
mountain regions '
Grassed waterway (shallow concentrated flow) 0.457
Unpaved (shallow concentrated flow) 0.491
Paved area (shallow concentrated flow); small upland gullies 0.619

2-3.2.4.3 Open Channel and Pipe Flow Velocity. Flow in gullies empties into
channels or pipes. Open channels are assumed to begin where either the blue stream
line shows on USGS quadrangle sheets or the channel is visible on aerial photographs.
Cross-section geometry and roughness should be obtained for all channel reaches in
the watershed. Manning's equation can be used to estimate average flow velocities in
pipes and open channels as follows:
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V — 1'49R2/381/2 (2_5)
n
where:
n = roughness coefficient (see Table 2-4)
V = velocity, ft/s
R = hydraulic radius (defined as the flow area divided by the wetted perimeter),
ft
S = slope, ft/ft

Table 2-4. Values of Manning's Coefficient (n) for Channels and Pipes

Conduit Material

Manning's n*

Closed Conduits

Brick 0.013-0.017
Cast iron pipe
Cement-lined and seal coated 0.011 - 0.015
Concrete (monolithic) 0.012 - 0.014
Concrete pipe 0.011 - 0.015
Corrugated-metal pipe — 0.5 in. by 2.5 in. corrugations
Plain 0.022 - 0.026
Paved invert 0.018 - 0.022
Spun asphalt lines 0.011 - 0.015
Plastic pipe (smooth) 0.011 - 0.015
Vitrified clay
Pipes 0.011 - 0.015
Liner plates 0.013 - 0.017
Open Channels
Lined channels
Asphalt 0.013-0.017
Brick 0.012 - 0.018
Concrete 0.011 - 0.020
Rubble or riprap 0.020 - 0.035
Vegetal 0.030 - 0.400
Excavated or dredged
Earth, straight and uniform 0.020 - 0.030
Earth, winding, fairly uniform 0.025 - 0.040
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Conduit Material Manning's n*
Rock 0.030 - 0.045
Unmaintained 0.050 - 0.140
Natural channels (minor streams, top width at flood stage < 100 ft)
Fairly regular section 0.030 - 0.070
Irregular section with pools 0.040 - 0.100
*Lower values are usually for well-constructed and maintained (smoother) pipes and
channels.

For a circular pipe flowing full, the hydraulic radius is one-fourth of the
diameter. For a wide rectangular channel (W > 10 d), the hydraulic radius is
approximately equal to the depth. The travel time is then calculated as follows:

L
Ty =—— 2-6
" eov (2-0)

=
1

travel time for segment i, min

—
I

flow length for segment i, ft

<
I

velocity for segment i, ft/s

Example 2-2

Given: These flow path characteristics:

Flow Segment Length (ft) Slope (ft/ft) Segment Description
1 (sheet flow) 223 0.005 Bermuda grass

2 (shallow conduit) 259 0.006 Grassed waterway

3 (flow in conduit) 479 0.008 15-in concrete pipe

Find: Time of concentration, t., for the area.

Solution:

Step 1. Calculate time of concentration for each segment.
Segment 1

Obtain Manning's n roughness coefficient from Table 2-2: n = 0.41
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Determine the sheet flow travel time using Equation 2-3:

K_(nL 0.6
Ty = WS

Since the rainfall intensity value, |, is being sought and is also in
the equation, an iterative approach must be used. From
experience, estimate a time of concentration and read a rainfall
intensity from the appropriate IDF curve. In this example, try a time
of concentration of 30 min and read from the IDF curve in

Figure 2-1 an intensity of 3.4 in/hr. Now use Equation 2-3 to see
how good the 30-min estimate was.

First, solve the equation in terms of I.

_— {0.933}{(0.41)(223)}0'6 _ (68.68)

(I )0.4 (0005)05 I 0.4

Inserting 3.4 in/hr for |, the result is 42.1 min. Since 42.1 is greater
than the assumed 30 min, try the intensity for 42 min from
Figure 2-1, which is 2.8 in/hr.

Using 2.8 in/hr, the result is 45.4 min. Repeat the process with
2.7 in/hr for 45 min and the result is a time of 46.2. This value is
close to the 45.2 min.

Use 46 min for segment 1.
Segment 2
Obtain the intercept coefficient, k, from Table 2-3: k = 0.457 and K. = 3.281

Determine the concentrated flow velocity from Equation 2-4:

V= 3.28k88'5 — (3.28)(0.457)(0.6)0° =116 ft/s

Determine the travel time from Equation 2-6:

L 259 .
T = (gov) ~[eoyrae)] oM
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Segment 3

Obtain Manning's n roughness coefficient from Table 2-4: n = 0.011

Determine the pipe flow velocity from Equation 2-5 (assuming full flow)
V = (1.49/0.011)(1.25/4)0.67 (0.008)0.5 = 5.58 ft/s

Determine the travel time from Equation 2-6:

L 479 |
Tis =(6ov) ~[eo)s.58)] ™"

Step 2. Determine the total travel time by summing the individual travel times:
te=Tir+ Tz + Tiz =46.0+ 3.7+ 1.4=51.1 min Use 51 min

Example 2-3

Given: Land use conditions from Example 2-1 and the following times of concentration:

Condition Time of concentration Weighted C

tc (min) (from Example 2-1)
Existing condition (unimproved) 88 0.235
Proposed condition (improved) 66 0.315

Area = 43.36 acres

Find: The 10-yr peak flow using the Rational Formula and the IDF curve shown in
Figure 2-1.

Solution:

Step 1. Determine the rainfall intensity, I, from the 10-yr IDF curve for each time of
concentration.

Existing condition (unimproved) 1.9 in/hr
Proposed condition (improved) 2.3 in/hr
Step 2. Determine peak flow rate, Q.
Existing condition (unimproved):

Q = CIA

(0.235)(1.9)(43.3)
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= 19.3ft%s
Proposed condition (improved):

Q = CIA

(0.315)(2.3)(43.3)
31.4 /s

2-3.3 USGS Regression Equations. Regression equations are commonly used for
estimating peak flows at ungaged sites or sites with limited data. The USGS has
developed and compiled regional regression equations that are included in a computer
program called the National Flood Frequency program (NFF). NFF allows quick and
easy estimation of peak flows throughout the United States. All the USGS regression
equations were developed using dependent variables in English units. Local equations
may be available to provide better correspondence to local hydrology than the regional
equations found in NFF. For more information on NFF, refer to paragraph 12-10.7.

2-3.3.1 Rural Equations. The rural equations are based on watershed and climatic
characteristics within specific regions of each state that can be obtained from
topographic maps, rainfall reports, and atlases. These regression equations are
generally of the following form:

RQ, =aA"B°C* (2-7)
where:
RQr = T-year rural peak flow
a = regression constant
b,c,d = regression coefficients
A,B,C = basin characteristics

Through a series of studies conducted by the USGS, state highway, and
other agencies, rural equations have been developed for all states. The NFF program
described in Chapter 12 is a companion software package to implement these
equations. These equations should not be used where dams and other hydrologic
modifications have a significant effect on peak flows. Many other limitations are
presented in USGS documents.

2-3.3.2 Urban Equations. Rural peak flow can be converted to urban peak flows with
the seven-parameter nationwide urban regression equations developed by the USGS.
These equations are shown in Table 2-5. A three-parameter equation has also been
developed, but the seven-parameter equation is implemented in NFF. The urban
equations are based on urban runoff data from 269 basins in 56 cities and 31 states.
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These equations have been thoroughly tested and proven to give reasonable estimates
of peak flows having recurrence intervals between 2 and 500 years. Subsequent testing
at 78 additional sites in the southeastern United States verified the adequacy of the
equations. While these regression equations have been verified, errors may still be
approximately 35 to 50 percent when compared to field measurements. More
information can be found in the USGS publication, Flood Characteristics of Urban
Watersheds in the United States.

Table 2-5. Nationwide Urban Equations Developed by the USGS

Chapter

Equation Equation

Number
UQ2=2.35A"SLY (RI2+3)**(ST +8)*®(13-BDF ) *IA*RQ2* (2-8)
UQ5 =2.70A®SL**(RI2+3)"*(ST +8)*(13-BDF ) *'IA;"'RQ5* (2-9)
UQ10 =2.99A*SL"(RI2+3)""*(ST +8)*"(13-BDF ) *IA”RQ10*® (2-10)
UQ25=2.78A*SL™(RI2+3)""°(ST +8)*(13-BDF ) *IA”"RQ25® (2-11)
UQ50 = 2.67ASL*®(RI2 +3)"™(ST +8) (13 - BDF ) **IA;°RQ50** (2-12)
UQ100 = 2.50A°SL™(RI2+3)""°(ST +8)**(13-BDF ) **1A?RQ100* (2-13)
UQ500 = 2.27A*SL™(RI2+3)"* (ST +8)**(13 -BDF)*'IA°RQ500* (2-14)

where:

UQr
As
SL

RI2
ST

BDF

A
RQ+

Urban peak discharge for T-year recurrence interval, ft/s
Contributing drainage area, mi’

Main channel slope (measured between points that are 10 and
85 percent of main channel length upstream of site), ft/mi

Rainfall intensity for 2-hr, 2-yr recurrence, in/hr

Basin storage (percentage of basin occupied by lakes, reservoirs,
swamps, and wetlands), percent

Basin development factor (provides a measure of the hydraulic
efficiency of the basin (see description in paragraph 2-3.3.2)

Percentage of basin occupied by impervious surfaces
T-year rural peak flow

The basin development factor (BDF) is a highly significant parameter in the
urban equations and provides a measure of the efficiency of the drainage basin and the
extent of urbanization. It can be determined from drainage maps and field inspection of
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the basin. The basin is first divided into upper, middle, and lower thirds. Within each
third of the basin, four characteristics must be evaluated and assigned a code of O or 1.
The four characteristics are: channel improvements; channel lining (prevalence of
impervious surface lining); storm drains or storm sewers; and curb and gutter streets.

With the curb and gutter characteristic, at least 50 percent of the partial basin
must be urbanized or improved with respect to an individual characteristic to be
assigned a code of 1. With four characteristics being evaluated for each third of the
basin, complete development would yield a BDF of 12.

Example 2-4

Given: The following site characteristics:
» The site is located in Tulsa, Oklahoma.
= The drainage area is 3 square miles (mi?)
= The mean annual precipitation is 38 in.

= Urban parameters (see Table 2-5 for parameter definition):

SL = 53 ft/mi

RI2 = 2.2 in/hr (see National Weather Service Technical Paper 40)
ST =5
BDF =7

IA = 35

Find: The 2-yr urban peak flow.
Solution:
Step 1. Calculate the rural peak flow from the appropriate regional equation.

From Water-Resources Investigations Report 94-4002, the rural regression
equation for Tulsa, Oklahoma, is:

RQ2=0.368A>°P"** =0.368(3)*(38)"* =568ft* /s
Step 2. Calculate the urban peak flow using Equation 2-8.

UQ2=2.35ASLY(RI2+3)**(ST +8) ®(13 BDF) *IA®RQ2"

UQ2=2.35(3)"(53)""(2.2+3)**(5+8) (13 7) **(35)"°(568)" =747t /s
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2-3.4 SCS TR-55 Peak Flow Method. The SCS (now known as NRCS) peak flow
method calculates peak flow as a function of drainage basin area, potential watershed
storage, and the time of concentration. An easy to use graphical approach to this
method can be found in the TR-55 publication. While some equations are presented in
this UFC, graphs, charts, and figures that easily solve the equations are found in TR-55.
This rainfall-runoff relationship separates total rainfall into direct runoff, retention, and
initial abstraction to yield the following equation for rainfall runoft:

_(P-0.28;)?

= 2-15
Qo P +0.8S, (2-15)

where:

Qo

P = depth of 24-hr precipitation, in. This information is available in most
highway agency drainage manuals by multiplying the 24-hr rainfall
intensity by 24 hr.

depth of direct runoff, in.

Sk = retention, in.

2-3.4.1 Empirical studies found that Sk is related to soil type, land cover, and the
antecedent moisture condition of the basin. These are represented by the runoff curve
number, CN, which is used to estimate Sg with this equation:

1000
Sg=|——-10 2-16
ECLI e10
where:
CN = Curve number, listed in Table 2-6 for different land uses and hydrologic

soil types. This table assumes average antecedent moisture conditions.
For multiple land use/soil type combinations within a basin, use area
weighing (see Example 2-1). Soil maps are generally available through
the local jurisdiction or the NRCS. Soils are grouped into categories A
through D based on soil characteristics. Soil Group A includes pervious
sandy soils, while Soil Group D includes non-pervious rocks and clays.
A compete description is provided in TR-55.

2-3.4.2 Peak flow is then estimated with Equation 2-17:
d, =4.AQp (2-17)
where:

0o = peak flow, ft¥/s
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qu = unit peak flow, ft¥/s/mi%/in.
A = basin area, mi?
Qo = runoff depth, in.

The unit peak flow, qu, is calculated with the equations or graphical methods
presented in TR-55.

2-3.4.3 The concept of initial abstraction is important to the TR-55 method and can be
calculated with the following equation:

|, =0.2S, (2-18)

. = initial abstraction, in.

Table 2-6. Runoff Curve Numbers for Urban Areas
(Average Watershed Condition, I; = 0.2Sg)

Curve Numbers
. for Hydrologic
Land Use Description Soil Grou
AlB|lc|D
Fully developed urban areas (vegetation established)

Lawns, open spaces, parks, golf courses,

cemeteries, etc.

Good condition: grass cover on 75 percent or 39 | 61174 | 80
more of the area
Fair condition: grass cover on 50 to 75 percent of 29 |69 | 79 | 84
the area
Poor condition: grass cover on 50 percent or less 63|79 | 86 | 89
of the area

Paved parking lots, roofs, driveways, etc. (excluding right-of-way)

Streets and roads 98 98198 |98
P_aved with curbs and storm sewers (excluding 93 | 98|93 | 98
right-of-way)

Gravel (including right-of-way) 76 [85(89 |91
Dirt (including right-of-way) 721828789
Paved with open ditches (including right-of-way) 83189]92]93
Average % impervious
Commercial and business areas 85 8992194 |95
Industrial districts 72 8188|9193
R_ow houses, town houses, and residential with lot 65 27185190 | 92
sizes 0.125 acre or less
Residential: average lot size

0.25 acre 38 61| 75|83 |87

0.33 acre 30 57 |72]81|86

0.50 acre 25 54170]80]85
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Curve Numbers
- for Hydrologic
Land Use Description Soil Grou
A|B|C]|D
1 acre 20 5168|7984
2 acres 12 46 | 65| 77| 82
Developing urban areas (no vegetation established)
Newly graded area | | 771869194
Western desert urban areas:
Natural desert landscaping (pervious area only) 63|77 |85]|88
Artificial desert landscaping (impervious weed
barrier, desert shrub with 1 to 2 in. sand or gravel 96|96 | 96 | 96

mulch and basin borders)
Cultivated agricultural land

Fallow
Straight row or bare soil 77186 (91|94
Conservation tillage - Poor 76 185[90]93
Conservation tillage - Good 74183 (88|90

2-3.4.4 When ponding or swampy areas occur in a basin, considerable runoff may be
retained in temporary storage. The peak flow should be reduced to reflect the storage with
Equation 2-19:

qa = qDFD (2-19)
where:
0a = adjusted peak flow, ft*/s

Fp = adjustment factor, listed in Table 2-7

Table 2-7. Adjustment Factor (Fp) for Pond and Swamp Areas that are
Spread Throughout the Watershed

Area of Pond or Swamp (percent) Fo
0.0 1.00
0.2 0.97
1.0 0.87
3.0 0.75
5.0 0.72

This method has a number of limitations that can have an impact on the
accuracy of estimated peak flows:

= The basin should have fairly homogeneous CN values.
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= The CN should be 40 or greater.
= The t. should be between 0.1 and 10 hr.
= |, /P should be between 0.1 and 0.5.

= The basin should have one main channel or branches with nearly equal times
of concentration.

= Neither channel nor reservoir routing can be incorporated.
= F,is applied only for ponds and swamps that are not in the t; flow path.
Example 2-5
Given: These physical and hydrologic conditions:
= 1.27 mi® of fair condition open space and 1.08 mi? of paved surface (airfield)
= Negligible pond and swamp land
= Hydrologic soil type C
= Average antecedent moisture conditions
= Time of concentration is 0.8 hr.
= 24-hour, Type Il rainfall distribution, 10-yr rainfall of 2.8 in.
Find: The 10-yr peak flow using the TR-55 peak flow method.
Solution:

Step 1 Calculate the composite CN using Table 2-6 and Equation 2-2.

= - 88
A (1.27 +1.08)

CN - Z(CNXAX) [1.27(79)+1.08(98)]

Step 2. Calculate the retention, Sg, using Equation 2-16.

S :[@_mj: (@j_m ~1.36 in.
CN 88
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Step 3. Calculate the depth of direct runoff, Qp, using Equation 2-15.

_(P-0.25,)* [2.8-0.2(1.36)]?

_ = =1.64 in.
(P+0.85;) [2.8+0.8(1.36)] "

Qo

Qp is direct runoff, which means the amount of rainfall available for runoff after losses.
Using the direct runoff value and the chart for unit peak discharge found in Chapter 4 of
TR-55, the peak discharge can be calculated.

Step 4. Determine I, /P from I, = 0.2Sg.

|, =0.2(1.36)=0.272

la 0272 097 say 0.10
P 28

Step 5. Calculate peak flow using Equation 2-17.
d, =9,AQ,  =(410)2.35)1.64)=1580 ft*/s

2-4 DEVELOPMENT OF DESIGN HYDROGRAPHS. This section discusses
methods used to develop a design hydrograph. Hydrograph methods can be
computationally involved, so computer programs such as HEC-RAS and HMS
(Hydrologic Modeling System), TR-20 (based on SCS Technical Release 20), TR-55,
and HYDRAIN are used almost exclusively to generate runoff hydrographs.
Hydrographic analysis is performed when flow routing is important, such as in the
design of storm water detention, other water quality facilities, and pump stations.
Hydrographs can also be used to evaluate flow routing through large storm drainage
systems to more precisely reflect flow peaking conditions in each segment of complex
systems. See Chapter 12 of this UFC for more information on computer programs for
analysis of urban hydrology and hydraulics. HEC-22 contains additional information on
hydrographic methods.

2-4.1 SCS Tabular Hydrograph. The SCS developed a tabular method that is
used to estimate partial composite flood hydrographs at any point in a watershed. This
method is generally applicable to small, nonhomogeneous areas that may be beyond
the limitations of the Rational Method. It is applicable for estimating the effects of land
use change in a portion of the watershed as well as estimating the effects of proposed
structures.

2-4.1.1 The SCS tabular hydrograph method is based on a series of unit discharge
hydrographs expressed in cubic feet of discharge per second per square mile of
watershed per in. of runoff. A series of these unit discharge hydrographs are provided in
TR-55 for a range of subarea times of concentration (T) from 0.1 to 2 hr, and reach
travel times (Ty) from O to 3 hr. One such tabulation is provided in Table 2-8.
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Table 2-8. Tabular Hydrograph Unit Discharges for Type Il Rainfall Distributions (English Units)
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2-4.1.2 The hydrograph ordinates for a specific time are determined by multiplying
the runoff depth, the subarea, and the tabular hydrograph unit discharge value for that
time as determined from the tables. See Equation 2-20:

q = 0,AQp (2-20)
where:
q = hydrograph ordinate for a specific time, ft*/s
i = tabular hydrograph unit discharge from appropriate table, ft>/s/mi®/in
A = sub-basin drainage area, mi*
Qo = runoff depth, in.

2-4.1.3 The TR-55 publication provides a detailed description of the tabular
hydrograph method. In developing the tabular hydrograph, the watershed is divided into
homogeneous subareas. Input parameters required for the procedure include: (1) the
24-hr rainfall amount, in., (2) an appropriate rainfall distribution (I, 1A, 11, or 1lI), (3) the
runoff curve number, CN, (4) the time of concentration, T, (5) the travel time, T4, and
(6) the drainage area, mi?, for each subarea. The 24-hr rainfall amount, rainfall
distribution, and the runoff curve number are used in Equations 2-15 and 2-16 to
determine the runoff depth in each subarea. The product of the runoff depth times
drainage is multiplied times each tabular hydrograph value to determine the final
hydrograph ordinate for a particular subarea. Subarea hydrographs are then added to
determine the final hydrograph at a particular point in the watershed. Example 2-6
provides an illustration of the use of the tabular hydrograph method.

2-4.1.4 These assumptions and limitations are inherent in the tabular method:

= The total area should be less than 2000 acres. Typically, subareas are far
smaller than this because the subareas should have fairly homogeneous land
use.

= The travel time, Ty, is less than or equal to 3 hr.

= The time of concentration, t., for any given subarea is less than or equal to
2 hr.

= The drainage areas of individual subareas differ by less than a factor of 5.

Example 2-6

Given: A watershed with three subareas. Subareas 1 and 2 both drain into Subarea 3.
Consider the basin data for the three subareas:
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Subarea Area (mi?) t. (hr) Ty (hr) CN
1 0.386 0.5 --- 75
2 0.193 0.5 --- 65
3 0.927 0.5 0.20 70

A time of concentration, t., of 0.5 hr, an I, /P value of 0.10, and a Type Il storm
distribution are assumed for convenience in all three subareas. The travel time applies
to the reach for the corresponding area; therefore, the travel time, Ty, in Subarea 3 will
apply to the tabular hydrographs routed from Subareas 1 and 2.

Find: The outlet hydrograph for a 5.9-in. storm.
Solution:

Step 1. Calculate the retention for each of the subareas using Equation 2-16.

5. - (1000 ‘10j

CN
Subarea 1. Sk = @—10 =3.33in.
75
Subarea 2. Sk = @—10 =5.38in.
65
Subarea 3. Sk = %—10 =4.29in.

Step 2. Calculate the depth of runoff for each of the subareas using Equation 2-15.

Q. - (P-0.2S,)?
° " P+0.8S,
2
Subarea 1. Q, = 5.9-0.2(85) =3.2 in.
[5.9+0.8(85)]
2
Subarea 2. Q, = 5.9-0.2037)F _ 2.28 in.

~ [5.9+0.8(137)]
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_ [5.9-0.2(209)F

= =2.72 in.
[5.9+0.8(109)]

Subarea 3. Qb

Step 3. Calculate ordinate values using Equation 2-20: q = g:AQp.

Multiply the appropriate tabular hydrograph values (q:;) from Table 2-8 by the
subarea areas (A) and runoff depths (Q) and sum the values for each time to
give the composite hydrograph at the end of Subarea 3. For example, the
hydrograph flow contributed from Subarea 1 (t. = 0.5 hr, T; = 0.20 hr) at
12.0 hr is calculated as the product of the tabular value, the area, and the
runoff depth, or 47 (0.386)3.2 = 58 ft*/s.

Table 2-9 lists the subarea and composite hydrographs. Please note that this
example does not use every hydrograph time ordinate.

Table 2-9. Subarea and Composite Hydrographs

Flow at Specified Time (ft%/s)
Subarea 11 12 12.2 | 124 | 125 | 12.6 | 12.8 13 14 16 20
(hr) (hr) (hr) (hr) (hr) (hr) (hr) (hr) (hr) (hr) (hr)
1 17 58 143 410 536 584 466 294 65 33 17
2 6 21 51 146 191 210 166 105 23 12 6
3 43 238 778 | 1337 | 1281 | 1016 | 571 | 354 119 66 35
Total 66 317 972 | 1893 | 2008 | 1815 | 1203 | 753 207 111 58

2-4.2 SCS Synthetic Unit Hydrograph (UH). The SCS developed a synthetic UH
procedure that has been widely used in conservation and flood control work. The UH
used by this method is based upon an analysis of a large number of natural UHs from a
broad cross section of geographic locations and hydrologic regions.

2-4.2.1 This method is easy to apply. The only parameters that need to be
determined are the peak discharge and the time to peak (t,). A standard UH is
constructed using these two parameters.

2-4.2.2  For the development of the SCS UH, the curvilinear UH is approximated by a
triangular UH that has similar characteristics. Figure 2-4 shows a comparison of the two
dimensionless UHs. Even though the time base (i) of the triangular UH is 8/3 of the
time to peak, t,, and the t, of the curvilinear UH is five times the t,, the area under the
two UH types is the same.
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Figure 2-4. Dimensionless Curvilinear SCS Synthetic Unit
Hydrograph and Equivalent Triangular Hydrograph
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2-4.2.3 The area under a hydrograph equals the volume of direct runoff, Qp, which is
1 inch for a UH. The peak flow is calculated using Equation 2-21:

ARy (2-21)

9
ty

where:
ap = peak flow, ft®/s
A = drainage area, mi’
Qp = volume of direct runoff ( = 1 for unit hydrograph), in.
t, = time to peak, hr

Kec 483.5

2-4.2.4 The constant 483.5 reflects a UH that has 3/8 of its area under the rising limb.
For mountainous watersheds, the fraction could be expected to be greater than 3/8, and
therefore the constant may be near 603.5. For flat, swampy areas, the constant may be
on the order of 301.7.
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Time to peak, t,, can be expressed in terms of time of concentration, t¢, as in
Equation 2-22:

¢ 2y (2-22)

Expressing g, in terms of t. rather than t;, yields:

_KAQ,

ap " (2-23)

C

where K = 725.25
Example 2-7
Given: The following watershed conditions:
= The watershed is commercially developed.
= Watershed area = 0.463 mi”
= Time of concentration, t;, = 1.34 hr
= Qp=1.0in.
Find: The triangular SCS UH.
Solution:

Step 1. Calculate peak flow using Equation 2-23.

KeAQp

Op = "

C

725.25 (0.463) (1.0)
1.34

= 250.59 ft*/s
Step 2. Calculate the time to peak, t,, using Equation 2-22.

t =3tc =3(1.34)=o.893 hr
3° 3

p

Step 3. Calculate the time base, ty, of the UH.

38



UFC 3-230-01 AC 150/5320-5C
8/1/2006 9/29/2006

Step 4. Draw the resulting triangular UH (see Figure 2-5).

t, =§(0.893)= 2.38 hr

NOTE: The curvilinear SCS UH is more commonly used and is incorporated into
many computer programs.

Figure 2-5. Example: The Triangular Unit Hydrograph

28mis
(25058 ftIs)[— — — — —

Discharge

0 0.893 2.381
Time, (hr)
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CHAPTER 3
PAVEMENT SURFACE DRAINAGE

3-1 OVERVIEW. Effective drainage of pavements is essential to the maintenance
of the service level and to traffic safety. Water on the pavement can interrupt traffic,
reduce skid resistance, increase potential for hydroplaning, limit visibility due to splash
and spray, and cause difficulty in steering a vehicle when the wheels encounter
puddles.

Pavement drainage requires consideration of surface drainage, gutter flow,
and inlet capacity. The design of these elements is dependent on storm frequency and
the allowable spread of storm water on the pavement surface. This chapter presents
design guidance for the design of these elements. Most of the information presented
here is taken directly from the FHWA's HEC-22 and AASHTO's Model Drainage
Manual. The charts referenced throughout this chapter can be found in the HEC-22.

3-2 DESIGN FREQUENCY AND SPREAD. Two of the more significant variables
considered in the design of pavement drainage are the frequency of the design runoff
event and the allowable spread of water on the pavement. A related consideration is the
use of an event of lesser frequency to check the drainage design.

Spread and design frequency are not independent. The implications of the
use of a criterion for spread of one-half of a traffic lane are considerably different for one
design frequency than for a lesser frequency. It also has different implications for a low-
traffic, low-speed roadway than for a higher classification roadway or airport runways.
These subjects are central to the issue of pavement drainage and important to highway
and runway safety.

3-2.1 Selection of Design Frequency and Design Spread

3-2.1.1 The objective of storm drainage design is to provide for safe passage of
vehicles during the design storm event. The design of a drainage system for a curbed
pavement section is to collect runoff in the gutter and convey it to pavement inlets in a
manner that provides reasonable safety for traffic and pedestrians at a reasonable cost.
As spread increases, the risks of traffic accidents and delays, and the nuisance and
possible hazard to pedestrian traffic increase.

3-2.1.2 The allowable spread for airfields, runways, taxiways, and aprons was defined
in Chapter 2, section 2-2.4, Design Storm Frequency.

3-2.1.3 Spread on traffic lanes can be tolerated to greater widths where traffic
volumes and speeds are low. Spreads of one-half of a traffic lane are usually
considered a minimum type design for DOD roads.

3-2.1.4 The selection of design criteria for intermediate types of facilities may be the
most difficult. For example, some arterials with relatively high traffic volumes and
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speeds may not have shoulders that will convey the design runoff without encroaching
on the traffic lanes. In these instances, an assessment of the relative risks and costs of
various design spreads may be helpful in selecting appropriate design criteria.

3-2.1.5 The recommended design frequency for depressed sections and
underpasses where ponded water can be removed only through the storm drainage
system is a 50-yr frequency event. The use of a lesser frequency event, such as a
100-yr storm, to assess hazards at critical locations where water can pond to
appreciable depths is commonly referred to as a check storm or check event.

3-2.2 Selection of Check Storm and Spread

3-2.2.1 A check storm should be used any time runoff could cause unacceptable
flooding during less frequent events. Also, inlets should always be evaluated for a check
storm when a series of inlets terminates at a sag vertical curve where ponding to
hazardous depths could occur.

3-2.2.2 The frequency selected for the check storm should be based on the same
considerations used to select the design storm, i.e., the consequences of spread
exceeding that chosen for design and the potential for ponding. Where no significant
ponding can occur, check storms are usually unnecessary.

3-2.2.3 Criteria for spread during the check event are: (1) one lane open to traffic
during the check storm event, and (2) one lane free of water during the check storm
event. These criteria differ substantively, but each sets a standard by which the design
can be evaluated.

3-3 SURFACE DRAINAGE. When rain falls on a sloped pavement surface, it
forms a thin film of water that increases in thickness as it flows to the edge of the
pavement. Factors that influence the depth of water on the pavement include the length
of flow path, surface texture, surface slope, and rainfall intensity. As the depth of water
on the pavement increases, the potential for vehicular hydroplaning increases. For the
purposes of highway drainage, this section provides information on hydroplaning and
design guidance for these drainage elements:

= Longitudinal pavement slope

= Cross or transverse pavement slope
= Curb and gutter design

» Roadside and median ditches

Note that the guidance for transverse and longitudinal slopes for military
airfields is in UFC 3-260-01 and for FAA facilities, AC 150/5300-13.

3-3.1 Longitudinal Slope. Experience has shown that the recommended minimum
values of roadway longitudinal slope given in the AASHTO Green Book, A Policy on
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Geometric Design of Highways and Streets, will provide safe, acceptable pavement
drainage. In addition, follow these general guidelines:

= A minimum longitudinal gradient is more important for a curbed pavement
than for an uncurbed pavement since the water is constrained by the curb.
However, flat gradients on uncurbed pavements can lead to a spread problem
if vegetation is allowed to build up along the pavement edge.

= Desirable gutter grades should not be less than 0.5 percent for curbed
pavements, with an absolute minimum of 0.3 percent. Minimum grades can
be maintained in very flat terrain by use of a rolling profile, or by warping the
cross slope to achieve rolling gutter profiles.

= To provide adequate drainage in sag vertical curves, a minimum slope of
0.3 percent should occur within 50 ft of the low point of the curve. This is
accomplished where the length of the curve in feet divided by the algebraic
difference in grades in percent (K) is equal to or less than 167. This is
represented as:

<=5 EGI (3-1)
where:
K = vertical curve constant, ft/percent
L = horizontal length of curve, ft
G; = grade of roadway, percent
3-3.2 Cross (Transverse) Slope. An acceptable range of roadway cross slopes is

specified in UFC 3-250-01FA. These cross slopes are a compromise between the need
for reasonably steep cross slopes for drainage and relatively flat cross slopes for driver
comfort and safety. These cross slopes represent standard practice.

3-3.2.1 Cross slopes of 2 percent have little effect on driver effort in steering or on
friction demand for vehicle stability. Use of a cross slope steeper than 2 percent on
pavements with a central crown line is not desirable. In areas of intense rainfall, a
somewhat steeper cross slope (2.5 percent) may be used to facilitate drainage.

3-3.2.2 Additional guidelines related to cross slope are:

= Although not widely encouraged, inside lanes can be sloped toward the
median if conditions warrant.

= Median areas should not be drained across travel lanes.
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= The number and length of flat pavement sections in cross slope transition
areas should be minimized. Consideration should be given to increasing cross
slopes in sag vertical curves, crest vertical curves, and in sections of flat
longitudinal grades.

= Shoulders should be sloped to drain away from the pavement, except with
raised, narrow medians and superelevations.

3-3.3 Curbs and Gutters. Curbs are normally used at the outside edge of
pavements for low-speed, highway facilities, and in some instances adjacent to
shoulders on moderate to high-speed facilities. They serve several purposes:

= They contain the surface runoff within the roadway and away from adjacent
properties.

= The prevent erosion on fill slopes.
= They provide pavement delineation.
= The enable the orderly development of property adjacent to the roadway.

3-3.3.1 Guitters formed in combination with curbs are available in 12- through 39-in.
widths. Gutter cross slopes may be the same as that of the pavement or may be
designed with a steeper cross slope, usually 1 in./ft steeper than the shoulder or parking
lane (if used). AASHTO geometric guidelines state that an 8 percent slope is a common
maximum cross slope.

3-3.3.2 A curb and gutter combination forms a triangular channel that can convey
runoff equal to or less than the design flow without interruption of the traffic. When a
design flow occurs, there is a spread or widening of the conveyed water surface. The
water spreads to include not only the gutter width, but also parking lanes or shoulders
and portions of the traveled surface.

3-3.3.3 In general, curbs and gutters are not permitted to interrupt surface runoff
along a taxiway or runway. The runoff must be allowed unimpeded travel transversely
off the runway and then directly by the shortest route across the turf to the area inlets.
Inlets spaced throughout the paved apron construction must be placed at proper
intervals and in well-drained depressed locations.

3-3.3.4 Spread is what concerns the hydraulic engineer in curb and gutter flow. The
distance of the spread, T, is measured perpendicular to the curb face to the extent of
the water on the roadway and is shown in Figure 3-1. Limiting this width becomes a
very important design criterion and will be discussed in detail in section 3-4.
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Figure 3-1. Typical Gutter Sections

-

B i
2_
y = ax-bx
x & | ~
o a=2HIB
5 b= H/B? H
B = Width to Crown
H = Crown Height §|
] 8
1. Uniform Section 2. Composite Section 3. Parabolic Section
a. Conventional Curb And Gutter Section
AB Bc Ts Tg T:. Ts

- o

1. "\!"-shape Gutter 2. "'uf"-Shape Median 3. Circular

.»"’

b. Shallow Swale Sections

3-3.3.5 Where practical, runoff from cut slopes and other areas draining toward the
roadway should be intercepted before it reaches the highway. By doing so, the
deposition of sediment and other debris on the roadway as well as the amount of water
that must be carried in the gutter section will be minimized. Where curbs are not needed
for traffic control, shallow ditch sections at the edge of the roadway pavement or
shoulder offer advantages over curbed sections by providing less of a hazard to traffic
than a near-vertical curb and by providing hydraulic capacity that is not dependent on
spread on the pavement. These ditch sections are particularly appropriate where curbs
have historically been used to prevent water from eroding fill slopes.

3-34 Roadside and Median Channels

3-3.4.1 Roadside channels are commonly used with uncurbed roadway sections to
convey runoff from the highway pavement and from areas that drain toward the
highway. Due to right-of-way limitations, roadside channels cannot be used on most
urban arterials.

3-3.4.2 They can be used in cut sections, depressed sections, and other locations
where sufficient right-of-way is available and driveways or intersections are infrequent.

3-3.4.3 To prevent drainage from the median areas from running across the travel
lanes, slope median areas and inside shoulders to a center swale. This design is
particularly important for high speed facilities and for facilities with more than two lanes
of traffic in each direction.
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3-4 FLOW IN GUTTERS. A pavement gutter is defined as a section of pavement
adjacent to the roadway that conveys water during a storm runoff event. It may include
a portion or all of a travel lane. As illustrated in Figure 3-1, gutter sections can be
categorized as conventional or shallow swale type. Conventional curb and gutter
sections usually have a triangular shape, with the curb forming the near-vertical leg of
the triangle. Conventional gutters may have a straight cross slope (Figure 3-1, a.1), a
composite cross slope where the gutter slope varies from the pavement cross slope
(Figure 3-1, a.2), or a parabolic section (Figure 3-1, a.3). Shallow swale gutters typically
have V-shaped or circular sections as illustrated in Figure 3-1, b.1, b.2, and b.3,
respectively, and are often used in paved median areas on roadways with inverted
crowns.

3-4.1 Capacity Relationship

3-4.1.1 Gutter flow calculations are necessary to establish the spread of water on the
shoulder, parking lane, or pavement section. A modification of Manning's equation can
be used for computing flow in triangular channels. The modification is necessary
because the hydraulic radius in the equation does not adequately describe the gutter
cross section, particularly where the top width of the water surface may be more than
40 times the depth at the curb. To compute gutter flow, Manning's equation is integrated
for an increment of width across the section. The resulting equation is:

S)](..67SIE).5T 2.67 (3_2)

0.56
Q="
n

orinterms of T

Qn 0.375
T = (3-2)
(0.56 S)l('mSB'SJ

where:
n = Manning's coefficient (Table 3-1)
Q = flow rate, ft*/s
T = width of flow (spread), ft
Sx = cross slope, ft/ft
S, = longitudinal slope, ft/ft

Equation 3-2 neglects the resistance of the curb face since this resistance is
negligible.
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Table 3-1. Manning's n for Street and Pavement Gutters

Type of Gutter or Pavement Manning's n

Concrete gutter, troweled finish 0.012
Asphalt Pavement:

Smooth texture 0.013

Rough texture 0.016
Concrete gutter-asphalt pavement:

Smooth 0.013

Rough 0.015
Concrete pavement:

Float finish 0.014

Broom finish 0.016
_For gutters with small slope, where sediment may accumulate, 0.02
increase above values of n by '

Reference: U.S. Department of Transportation (USDOT), FHWA, Hydraulic Design
Series No. 3 (HDS-3)

3-4.1.2 Spread on the pavement and flow depth at the curb are often used as criteria
for spacing pavement drainage inlets. Charts 1A and 1B in Appendix B are nomographs
for solving Equation 3-2. These charts can be used for either criterion with the
relationship:

d=TS, (3-3)
where:
d = depth of flow, ft

Chart 1 can be used for a direct solution of gutter flow where Manning's n
value is 0.016. For other values of n, divide the value of Q, by n. Instructions for use
and an example problem solution are provided on the chart.

3-4.2 Conventional Curb and Gutter Sections. Conventional gutters begin at the
inside base of the curb and usually extend from the curb face toward the roadway
centerline a distance of 1.0 to 3.0 ft. As illustrated in Figure 3-1, gutters can have
uniform, composite, or curved sections. Uniform gutter sections have a cross-slope that
is equal to the cross-slope of the shoulder or travel lane adjacent to the gutter. Gutters
having composite sections are depressed in relation to the adjacent pavement slope.
That is, the paved gutter has a cross-slope that is steeper than that of the adjacent
pavement. This concept is illustrated in Example 3-1. Curved gutter sections are
sometimes found along older city streets or highways with curved pavement sections.
Procedures for computing the capacity of curb and gutter sections follow.
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3-4.2.1 Conventional Gutters of Uniform Cross Slope. The nomograph in Chart 1
solves Equation 3-2 for gutters having triangular cross sections. Example 3-1 illustrates
its use for the analysis of conventional gutters with a uniform cross slope.

Example 3-1

Given: Gutter section illustrated in Figure 3-1 a.1.

S. = 0.010 fuft
Sx = 0.020 ft/ft
n = 0.016

Find: (1) Spread at a flow of 1.8 ft%/s
(2) Guitter flow at a spread of 8.2 ft
Solution (1):

Step 1. Compute the spread, T, using Equation 3-2 or Chart 1.

T

 ((0.56)s1"S0®

T = i (1.8)(0.016) 0.375
| {0.56)(0.020)"*" (0.010)° |
T = 9.0ft
Solution (2):

Step 1. Using Equation 3-2 or Chart 1 with T = 8.2 ft and the information given
above, determine Q.

Qn — (0.56)8i6788.5-|-2.67
Q. = (0.56)0.020)"°"(0.010)*°(8.2)**
Qn = 0.22fts

a7



UFC 3-230-01 AC 150/5320-5C
8/1/2006 9/29/2006

Step 2. Compute Q from Q, determined in Step 1.

n
Q - Q_
n
. 0.22
Q= 016
Q = 14fts

3-4.2.2 Composite Gutter Sections. The design of composite gutter sections
requires consideration of flow in the depressed segment of the gutter, Q.. Equation 3-4,
displayed graphically as Chart 2 in Appendix B, is provided for use with Equations 3-5
and 3-6 and Chart 1 to determine the flow in a width of gutter in a composite cross
section, W, less than the total spread, T. The procedure for analyzing composite gutter
sections is demonstrated in Example 3-2.

E, = = 1 =
Sy
S,
1+ 2.67
Su.
1+ >x J 1
v o
W
Q. =Q-Q, (3-5)
Q
_ s 3-6
Q i-E) (3-6)
where:
Qw = flow rate in the depressed section of the gutter, ft*/s
Q = guitter flow rate, ft*/s
Qs = flow capacity of the gutter section above the depressed section, ft*/s
E, = ratio of flow in a chosen width (usually the width of a grate) to total gutter

flow (Qw/Q)
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Sw = Sx+ a/W (Figure 3-1 a.2)

AC 150/5320-5C
9/29/2006

Figure 3-2 illustrates a design chart for a composite gutter with a 2-ft wide
gutter section with a 2-in. depression at the curb that begins at the projection of the
uniform cross slope at the curb face. A series of charts similar to Figure 3-2 for "typical”
gutter configurations could be developed.

Example 3-2

Figure 3-2. Conveyance-Spread Curves for a
Composite Gutter Section
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Given: Gutter section illustrated in Figure 3-1 a.2 with these dimensions:

W =
SL

Sx

n =

2 ft
0.010 ft/ft
0.020 ft/ft

0.016

Gutter depression, a = 2 in.

Find: (1) Gutter flow at a spread of 8.2 ft
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(2) Spread at a flow of 4.2 ft®/s
Solution (1):

Step 1. Compute the cross slope of the depressed gutter, S,,, and the width of
spread from the junction of the gutter and the road to the limit of the spread, T,

Sw = (/W) + Sy
Sw = M+(o.ozo)
(2)

= 0.103 ft/ft
Ts = T-W = 82-20
Ts = 6.2ft

Step 2. From Equation 3-2 or Chart 1 (using Ts):

an - (O. 56)8)](..6788.5T32.67

Qsn= (0.56)0.02)"°" (0.01)*°(6.2)%*

Qsn= 0.011 ft¥/s, and

Q. = (Q.n) _0.011
n 0.016
Qs = 0.69 ft¥s
Step 3. Determine the gutter flow, Q, using Equation 3-4 or Chart 2.
T2 82 410
w 2.
S, _ 0.103 _515
S 0.020
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Eo

Eo

Eo

or from Chart 2, for

Eo

Q

Q
Solution (2):

1+

1+

0.70

0.69
(1-0.70)

2.3 ft%/s

N

8.

0
2

=0.24

AC 150/5320-5C
9/29/2006

Since the spread cannot be determined by a direct solution, an iterative approach

must be used.

Stepl. Try Qs= 1.4 ft%s.

Step 2. Compute Q.
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Qw = Q-Qs=4.2-14
Qw
Step 3. Using Equation 3-4 or from Chart 2, determine the W/T ratio.

2.8 ft¥/s

£, = _28_ 447
Q 4.2

S, _ 0103 ...

S, 0.020

Yl'l = 0.23 from Chart 2

Step 4. Compute the spread based on the assumed Q:s.

T = LZQ
7
T

T = 8.7ft

Step 5. Compute the T based on the assumed Qs.
Ts = T-W =87-20=6.71t

Step 6. Use Equation 3-2 or Chart 1 to determine the Qs for the computed Ts.

Qsn = (0.56)S;7S2°T,
Qs:n = (0.56)0.02)"(0.01)°°(6.7)**
Qsn = 0.0131 ft/s
Q. = N _00131

n  0.016
Qs = 0.82ft%s

Step 7. Compare the computed Qs with the assumed Q:s.
Qs assumed = 1.4 > 0.82 = Qs computed. Not close, try again.

Step 8. Try a new assumed Qs and repeat Steps 2 through 7.
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Assume Qs = 1.9 ft¥/s

Qw = 4.2-19=23fts

E, = w_23_ ;55
Q 42

Su - 515

S,

W o o018

=

1= 20 _a
0.18

Ts = 11.1-2.0=9.11t
Qsn = 0.30ft%s

0.30 5
= 227 - 185fs
Qs 0.016

Qs assumed = 1.9 ft¥/s close to 1.85 ft*/s = Qs computed
3-4.3 Shallow Swale Sections

3-4.3.1 Runoff Control. Where curbs are not needed for traffic control, a small swale
section of circular or V shape may be used to convey runoff from the pavement. As an
example, the control of pavement runoff on fills may be needed to protect the
embankment from erosion. Small swale sections may have sufficient capacity to convey
the flow to a location suitable for interception.

3-4.3.2 V-sections. Chart 1 can be used to compute the flow in a shallow V-shaped
section. When using Chart 1 for V-shaped channels, the cross slope, Sy, is determined
by Equation 3-7:

SXlSX2

6ars.) o7

Example 3-3 demonstrates the use of Chart 1 to analyze a V-shaped
shoulder gutter. Analysis of a V-shaped gutter resulting from a roadway with an inverted
crown section is illustrated in Example 3-4.
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Example 3-3

Given: V-shaped roadside gutter (Figure 3-1 b.1.) with these characteristics:

S. = 0.01 Sxi = 0.25
n = 0.016 S = 0.04
BC = 20ft Sxz = 0.02

Find: Spread at a flow of 1.77 ft%/s
Solution:

Step 1. Calculate Sy using Equation 3-7 assuming all flow is contained entirely in
the V-shaped gutter section defined by Sx; and Sy..

_ SuS.. _ (0.25)0.04)
* (S,,+S,,) (0.25+0.04)

Sx =0.0345

Step 2. Using Equation 3-2 or Chart 1, find the hypothetical spread, T', assuming
all flow is contained entirely in the V-shaped gutter.

r ( 0.375
1ol @n)
| (0.5651¢7S°%)

(1.77)(0_016) :|0.375
L {(0.56)(0.0345)1'67 (0_01)0.5 }

T'=6.4 ft

Step 3. To determine if T is within Sy; and Syx,, compute the depth at point B in the
V-shaped gutter knowing BC and Sx.. Then, knowing the depth at B, compute the
distance AB.

d, =BCS,, =(2)(0.04)=0.08 ft
_B=d—8=@=o.32 ft
S,, (0.25)

AC=AB+BC=0.32+2.0=2.32 ft
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Because 2.32 ftis less than T', it is clear that the spread falls outside the
V-shaped gutter section. An iterative solution technique must be used to solve for the
section spread, T, as illustrated in the following steps.

Step 4. Solve for the depth at point C, d;, and compute an initial estimate of the
spread.

T along BD
dc =dB _%(sz)

From the geometry of the triangle formed by the gutter, an initial estimate for
ds is determined as:

(ds H de j=6.4ft
0.25 0.04

dg = 0.22 ft

dc = 0.22 - (2.0)(0.04) = 0.14 ft

T - d, _0.14 __.
S,, 0.02

T_ =T, +BC=7+2=9ft
Step 5. Using a spread along BD equal to 9.0 ft, develop a weighted slope for S,
and Sys.

2.0 ft at Sx» (0.04) and 7.0 ft at Sxs (0.02)

(2.0)0.04)+(7.0)0.02)
9.05

=0.024

Using this slope along with Sy, find Sy using Equation 3-7.

_ leSXZ
" (le +Sx2)

_ (0.25)(0.024)

= =0.022
(0.25+0.024)
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Step 6. Using Equation 3-2 or Chart 1, compute the gutter spread using the
composite cross slope, Sx.

[ @n J

 (0.5651¢750%

T =

(1.77)0.016) :|0.375
L {(0-56)(0.022)1'67 (0_01)0.5 }

T=8.5ft
This 8.5 ft is lower than the assumed value of 9.0 ft. Therefore, assume

To; = 8.3 ftand repeat Step 5 and Step 6.

Step 5. 2.0 ft at Sy, (0.04) and 6.3 ft at Sx3 (0.02)

(2.0)0.04)+6.3(0.02)
(8.30)

=0.0248

Using this slope along with Sy;, find Sy using Equation 3-7.

s (0.25)0.0248)

= =0.0226
(0.25+0.0248)

Step 6. Using Equation 3-2 or Chart 1, compute the spread, T.

ol

 (0.56516750%

T =

(1.77)(0_016) :|0.375
L {(0.56)(0.0226)1'67 (0_01)0.5 }

T=831ft

This value of T equals 8.31 ft. Because this value is close to the assumed value
of 8.3 ft, it is acceptable.

Example 3-4
Given:  V-shaped gutter as illustrated in Figure 3-1 b.2 with:

AB = 3.28ft
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BC = 3.28ft
S. = 0.01
n = 0.016

Sa = S = 0.25
Sy = 0.04
Find: (1) Spread at a flow of 24.7 ft*/s
(2) Flow at a spread of 23.0 ft
Solution (1):

Step 1. Assume that the spread remains within middle "V" (A to C) and compute
Sx.

SX = (leSXZ)
(le+Sx2)
_ (0.25)0.25)
SX - - N\
(0.25+0.25)
Sx = 0.125

Step 2. From Equation 3-2 or Chart 1:

_ i (Qn) 0.375

T = _((0.56)8){'6758'5)}

T = (24.7)0.016) }0-375
) _{(0.56)(0.125)1-67(0.01)0.5 }

T = 7.65ft

Since T is outside Sy; and Syz, an iterative approach (as illustrated in
Example 3-3) must be used to compute the spread.

Step 3. Treat one-half of the median gutter as a composite section and solve for T'
equal to one-half of the total spread.

QforT'=% Q=05 (24.7) = 12.4 t¥/s
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Step 4. Try Q's=1.81ft%s
Qw=Q -Qs=12.4-1.8=10.6fts

Step 5. Using Equation 3-4 or Chart 2, determine the W/T' ratio.

E'o=QW =&:0.85
Q 124
S_W:SX2 :E:6.25

S, S,, 0.04

WI/T' = 0.33 from Chart 2
Step 6. Compute the spread based on the assumed Q'.

7= W32 _gquty

(Wj 0.22

Tr

Step 7. Compute Ts based on the assumed Q's.
Ts=T'-W=9.94-3.28 = 6.66 ft

Step 8. Use Equation 3-2 or Chart 1 to determine Q's for Ts.

Q'sn = (0.56)S17S2*T 2% =(0.56)0.04)"*" (0.01)*°(6.66)*°
Qsn = 0.041
0.041 3
'S = ——- = 256t}
Qs = 5016 >

Step 9. Check the computed Q's with the assumed Q's.

Q's assumed = 1.8 < 2.56 = Q's computed; therefore, try a new assumed Q's and
repeat Steps 4 through 9.

Assume Q's = 0.04

Qw = 12.0ft%s
E', = 0.97
Swo - 6.25

S,
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\_f_—V, = 0.50 from Chart 2
T = 6.56ft
Ts = 1.0ft
Qsn = 0.0062
Qs = 0.39ft%/s

Qs computed = 0.39. This is close to 0.40 = Qs assumed; therefore, the solution
is acceptable.

T=2T=2(6.56)=13.12 ft
Solution (2):

Analyze in half-section using composite section techniques. Double the computed
half-width flow rate to get the total discharge:

Step 1. Compute half-section top width

= L-2 151
2 2

T -3.28=8.22ft

Ts

Step 2. From Equation 3-2 or Chart 1, determine Q.

Qsn = (0-56)Si'6788'5T52'67
Qs:n = (0.56)0.04)-*(0.01)*°(8.22)*"
Qsn = 0.073
0.073 ,
= —— = 456 ft’/
Q= 5016 S

Step 3. Determine the flow in half-section using Equation 3-4 or Chart 2.

r - U5 _ 44
W 328
Su oo 025 g5
s, 004
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[SWJ
S
1+ X

E, = 1
1L (6.25)
(6.25)
U (35-3.28) |
E, = 0814= - -
Q Q'
o = Q! _ 456
(1-0.814) (1-0.814)
Q = 245fts

2Q' = 2(24.5) = 491t¥s

3-4.4 Flow in Sag Vertical Curves. As gutter flow approaches the low point in a
sag vertical curve, the flow can exceed the allowable design spread values as a result
of the continually decreasing gutter slope. The spread in these areas should be checked
to ensure that it remains within allowable limits. If the computed spread exceeds design
values, additional inlets should be provided to reduce the flow as it approaches the low
point. Sag vertical curves and measures for reducing spread are discussed further in
section 3-5.5.

3-4.5 Gutter Flow Time. The flow time in gutters is an important component of the
time of concentration for the contributing drainage area to an inlet. To find the gutter
flow component of the time of concentration, a method for estimating the average
velocity in a reach of gutter is needed. The velocity in a gutter varies with the flow rate,
and the flow rate varies with the distance along the gutter, i.e., both the velocity and flow
rate in a gutter are spatially varied. The time of flow can be estimated by use of an
average velocity obtained by integration of Manning's equation for the gutter section
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with respect to time. The derivation of such a relationship for triangular channels is
presented in Appendix C of HEC-22.

Table 3-2 and Chart 4 can be used to determine the average velocity in
triangular gutter sections. In Table 3-2, T; and T, are the spread at the upstream and
downstream ends of the gutter section, respectively. T, is the spread at the average
velocity. Chart 4 in Appendix B is a nomograph to solve Equation 3-13 for the velocity in
a triangular channel with known cross slope, gutter slope, and spread.

Table 3-2. Spread at Average Velocity in a Reach of Triangular Gutter

T
_I_—l 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
2
Ta
T 0.65 0.66 0.68 0.70 0.74 0.77 0.82 0.86 0.90
2
V — 1':188583671- 0.67 (3'8)
where:
V = velocity in the triangular channel, ft/s

Example 3-5 illustrates the use of Table 3-2 and Chart 4 to determine the average
gutter velocity.

Example 3-5

Given: A triangular gutter section with these characteristics:

T, = 3.28f1t
T, = 9.84ft
S. = 0.03 ft/ft
Sx = 0.02 ft/ft
n = 0.016

Inlet spacing is anticipated to be 330 ft.

Find: Time of flow in gutter
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Solution:

Step 1. Compute the upstream to downstream spread ratio.

Lo_ 328_ 0.33
T, 9.8
Step 2. Determine the spread at average velocity, interpolating between values in
Table 3-2.
(0.30-0.33) _ X
(0.3-0.4) (0.74-0.70)
X = 0.01

Ta 7.65 ft
T2

= 071
Ta = (0.71)(9.84) = 6.99 ft

Step 3. Using Equation 3-8 or Chart 4, determine the average velocity.

Va = 1:188583671- 0.67

1.11 05 0.67 0.67
Va = |—0.03)"(0.02 6.99
= [ Joosr 002y @ os)

Va 3.21 ft/s

Step 4. Compute the travel time in the gutter.
Ti = L/NV=(330)/(3.21/(60) = 1.7 min

3-5 DRAINAGE INLET DESIGN. The hydraulic capacity of a storm drain inlet
depends upon its geometry as well as the characteristics of the gutter flow. Inlet
capacity governs both the rate of water removal from the gutter and the amount of water
that can enter the storm drainage system. Inadequate inlet capacity or poor inlet
location may cause flooding on the roadway resulting in a hazard to the traveling public.
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3-5.1 Inlet Types. Storm drain inlets are used to collect runoff and discharge it to
an underground storm drainage system. Inlets are typically located in gutter sections,
paved medians, and roadside and median ditches. Inlets used for the drainage of
highway surfaces can be divided into four classes:

= Grate inlets

= Curb-opening inlets
= Combination inlets
= Continuous inlets

Grate inlets consist of an opening in the gutter or ditch covered by a grate.
Curb-opening inlets are vertical openings in the curb covered by a top slab. Slotted
inlets, a form of continuous inlet, consist of a pipe cut along the longitudinal axis with
bars perpendicular to the opening to maintain the slotted opening. Combination inlets
consist of both a curb-opening inlet and a grate inlet placed in a side-by-side
configuration, but the curb opening may be located in part upstream of the grate.

Figure 3-3 illustrates each class of inlets. Continuous inlets may also be used with
grates, and each type of inlet may be installed with or without a depression of the gutter.

Figure 3-3. Classes of Storm Drain Inlets

a. Grate b. Curb-opening Inlet

c. Combination Inlet d. Slotted Drain Inlet
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3-5.2 Characteristics and Uses of Inlets

3-5.2.1 Grate Inlets. As a class, grate inlets perform satisfactorily over a wide range
of gutter grades. Grate inlets generally lose capacity with increase in grade, but to a
lesser degree than curb-opening inlets. The principal advantage of grate inlets is that
they are installed along the roadway where the water is flowing. Their principal
disadvantage is that they may be clogged by floating trash or debris. For safety
reasons, preference should be given to grate inlets where out-of-control vehicles might
be involved. Additionally, where bicycle traffic occurs, grates should be bicycle safe.

3-5.2.2 Curb-opening Inlets. Curb-opening inlets are most effective on flatter slopes,
in sags, and with flows that typically carry significant amounts of floating debris. The
interception capacity of curb-opening inlets decreases as the gutter grade steepens.
Consequently, the use of curb-opening inlets is recommended in sags and on grades
less than 3 percent. Of course, they are bicycle safe as well.

3-5.2.3 Combination Inlets. Combination inlets provide the advantages of both curb-
opening and grate inlets. This combination results in a high capacity inlet that offers the
advantages of both grate and curb-opening inlets. When the curb-opening precedes the
grate in a "sweeper" configuration, the curb-opening inlet acts as a trash interceptor
during the initial phases of a storm. Used in a sag configuration, the sweeper inlet can
have a curb opening on both sides of the grate. A complete discussion of combination
inlets can be found in Chapter 4 of HEC-22.

3-5.2.4 Continuous Inlets. Continuous inlets can be used in areas where it is
necessary to intercept sheet flow before it crosses onto a section of roadway. Their
principal advantage is their ability to intercept flow over a wide section. A form of
continuous inlet, slotted inlets are very susceptible to clogging from sediments and
debris and are not recommended for use in environments where significant sediment or
debris loads may be present. Continuous inlets on a longitudinal grade do have the
same hydraulic capacity as curb openings when debris is not a factor. A complete
discussion of continuous inlets can be found in Chapter 4 of HEC-22.

3-5.3 Inlet Capacity. Inlet interception capacity has been investigated by several
agencies and manufacturers of grates. Hydraulic tests on grate inlets and slotted inlets
included in this document were conducted by the Bureau of Reclamation for the FHWA.
Four of the grates selected for testing were rated highest in bicycle safety tests, three
have designs and bar spacing similar to those proven bicycle safe, and a parallel bar
grate was used as a standard with which to compare the performance of others.

Figures 3-4 through 3-9 show the inlet grates for which design procedures
were developed. For ease in identification, the following terms have been adopted:

= P-1-7/8 Parallel bar grate with bar spacing 1.875 in. on center
(Figure 3-4).
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= P-1-7/8x4 Parallel bar grate with bar spacing 1.875 in. on center and
0.375-in. diameter lateral rods spaced at 4 in. on center
(Figure 3-4).
= P-1-1/8 Parallel bar grate with 1.125 in. on center bar spacing
(Figure 3-5)

= Curved Vane Curved vane grate with 3.25 in. longitudinal bar and 4.25 in.
transverse bar spacing on center (Figure 3-6).

= 45°-2-1/4 45-degree tilt-bar grate with 2.25 in. longitudinal bar and 4 in.
Tilt Bar transverse bar spacing on center (Figure 3-7).

= 45°-3-1/4 45-degree tilt-bar grate with 3.25 in. longitudinal bar and 4 in.
Tilt Bar transverse bar spacing on center (Figure 3-7).

= 30°-3-1/4 30-degree tilt-bar grate with 3.25 in. longitudinal bar and 4 in.
Tilt Bar transverse bar spacing on center (Figure 3-8).

= Reticuline "Honeycomb" pattern of lateral bars and longitudinal bearing

bars (Figure 3-9).

3-5.3.1 Factors Affecting Inlet Interception Capacity and Efficiency on
Continuous Grades. Inlet interception capacity, Q; is the flow intercepted by an inlet
under a given set of conditions. The efficiency of an inlet, E, is the percent of total flow
that the inlet will intercept for those conditions. The efficiency of an inlet changes with
changes in cross slope, longitudinal slope, total gutter flow, and, to a lesser extent,
pavement roughness. In mathematical form, efficiency, E, is defined by Equation 3-9:

EZ% (3-9)
where:
= inlet efficiency
Q = total gutter flow, ft*/s
Qi = intercepted flow, ft*/s

Flow that is not intercepted by an inlet is termed carryover or bypass and is defined by
Equation 3-10:

Q, =Q-Q (3-10)
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where:
Qv = bypass flow, ft®/s

3-5.3.1.1 The interception capacity of all inlet configurations increases with increasing
flow rates, and inlet efficiency generally decreases with increasing flow rates. Factors
affecting gutter flow also affect inlet interception capacity. The depth of water next to the
curb is the major factor in the interception capacity of both grate inlets and curb-opening
inlets. The interception capacity of a grate inlet depends on the amount of water flowing
over the grate, the size and configuration of the grate, and the velocity of flow in the
gutter. The efficiency of a grate is dependent on the same factors and total flow in the
gutter.
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Figure 3-4. P-1-7/8 and P-1-7/8 x 4 Grates
(Same as P-1-7/8 Grate Without 3/8-in. Transverse Rods)
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Figure 3-5. P-1-1/8 Grate
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Figure 3-6. Curved Vane Grate
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Figure 3-7. 45-Degree 2-1/4 and 45-Degree 3-1/4 Tilt-bar Grates
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Figure 3-8. 30-Degree 3-1/4 Tilt-bar Grates

3-5.3.1.2 Interception capacity of a curb-opening inlet is largely dependent on flow
depth at the curb and curb opening length. Flow depth at the curb and consequently,
curb-opening inlet interception capacity and efficiency, is increased by the use of a local
gutter depression at the curb opening or a continuously depressed gutter to increase
the proportion of the total flow adjacent to the curb. Top slab supports placed flush with
the curb line can substantially reduce the interception capacity of curb openings. Tests
have shown that such supports reduce the effectiveness of openings downstream of the
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support by as much as 50 percent and, if debris is caught at the support, interception by
the downstream portion of the opening may be reduced to near zero. If intermediate top
slab supports are used, they should be recessed several inches from the curb line and
rounded in shape.

Figure 3-9. Reticuline Grate
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3-5.3.1.3 Slotted inlets function in essentially the same manner as curb-opening inlets,
i.e., as weirs with flow entering from the side. Interception capacity is dependent on flow
depth and inlet length. Efficiency is dependent on flow depth, inlet length, and total
gutter flow.

3-5.3.1.4 The interception capacity of an equal length combination inlet consisting of a
grate placed alongside a curb opening on a grade does not differ materially from that of
a grate only. Interception capacity and efficiency are dependent on the same factors
that affect grate capacity and efficiency. A combination inlet consisting of a curb-
opening inlet placed upstream of a grate inlet has a capacity equal to that of the curb-
opening length upstream of the grate plus that of the grate, taking into account the
reduced spread and depth of flow over the grate because of the interception by the curb
opening. This inlet configuration has the added advantage of intercepting debris that
might otherwise clog the grate and deflect water away from the inlet.
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3-5.4 Interception Capacity of Inlets on Grade. Section 3-5.3.1 examines the
factors that influence the interception capacity of inlets on grade. This section (3-5.4)
introduces the design charts for inlets on grade (Appendix B) and procedures for using
the charts for the various inlet configurations. Remember that for locally depressed
inlets, the quantity of flow reaching the inlet would be dependent on the upstream gutter
section geometry and not the depressed section geometry.

Charts for grate inlet interception are presented in Appendix B. The chart for
frontal flow interception is based on test results that show that grates intercept all of the
frontal flow until a velocity is reached at which water begins to splash over the grate. At
velocities greater than "splash-over" velocity, 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. A chart is provided to determine side-flow interception.

One set of charts is provided for slotted inlets and curb-opening inlets
because these inlets are both side-flow weirs. The equation developed for determining
the length of inlet required for total interception fits the test data for both types of inlets.

3-5.4.1 Grate Inlets. Grates are effective highway pavement drainage inlets where
clogging with debris is not a problem. Where clogging may be a problem, see

Table 3-3's ranking of grates for susceptibility to clogging based on laboratory tests
using simulated leaves. This table should be used for relative comparisons only.

Table 3-3. Average Debris Handling Efficiencies of Grates Tested

Longitudinal Slope
Rank Grate 0,005 9 804

1 Curved Vane 46 61
2 30°- 85 Tilt Bar 44 55
3 45°- 85 Tilt Bar 43 48
4 P-50 32 32
5 P - 50xI00 18 28
6 45°- 60 Tilt Bar 16 23
7 Reticuline 12 16
8 P-30 9 20

When the velocity approaching the grate is less than the "splash-over"
velocity, the grate will intercept essentially all of the frontal flow. Conversely, when the
gutter flow velocity exceeds the "splash-over" velocity for the grate, only part of the flow
will be intercepted. A part of the flow along the side of the grate will be intercepted,
dependent on the cross slope of the pavement, the length of the grate, and the flow
velocity.
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3-5.4.1.1 The ratio of frontal flow to total gutter flow, E,, for a uniform cross slope is
expressed by Equation 3-11:

E, =g (Pﬂ]w (3-11)
Q T
where:
Q = total gutter flow, ft/s
Qw = flow in width, W, ft¥/s
W = width of depressed gutter or grate, ft
T = total spread of water, ft

Example 3-2 and Chart 2 provide solutions of E, for either uniform cross
slopes or composite gutter sections.

3-5.4.1.2 The ratio of side flow, Qs, to total gutter flow is:

Q g Qu_y_ E, (3-12)
Q Q

3-5.4.1.3 The ratio of frontal flow intercepted to total frontal flow, Ry, is expressed by
Equation 3-13:

R, =1-0.09(V -V,) (3-13)
where:

V = velocity of flow in the gutter, ft/s

V, = gutter velocity where splash-over first occurs, ft/s

(NOTE: Rf cannot exceed 1.0.)

This ratio is equivalent to frontal flow interception efficiency. Chart 5 provides
a solution for Equation 3-13 that takes into account grate length, bar configuration, and
gutter velocity at which splash-over occurs. The average gutter velocity (total gutter flow
divided by the area of flow) is needed to use Chart 5. This velocity can also be obtained
from Chart 4.

3-5.4.1.4 The ratio of side flow intercepted to total side flow, Rs, or side flow

interception efficiency, is expressed by Equation 3-14. Chart 6 in Appendix B provides a
solution to Equation 3-14.
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Ry=+ (3-14)

: ( o.15v1-8]
14228
SXL2.3

A deficiency in developing empirical equations and charts from experimental
data is evident in Chart 6. 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 chart. Error due to this deficiency is very small. In fact, where velocities
are high, side flow interception may be neglected without significant error.

3-5.4.1.5 The efficiency, E, of a grate is expressed as in Equation 3-15:
E=RE,+R.(1-E,) (3-15)

The first term on the right side of Equation 3-15 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.

3-5.4.1.6 It is important to recognize that the frontal flow to total gutter flow ratio, E,, for
composite gutter sections assumes by definition a frontal flow width equal to the
depressed gutter section width. The use of this ratio when determining a grate's
efficiency requires that the grate width be equal to the width of the depressed gutter
section, W. If a grate having a width less than W is specified, the gutter flow ratio, E,,
must be modified to accurately evaluate the grate's efficiency. Because an average
velocity has been assumed for the entire width of gutter flow, the grate's frontal flow
ratio, E,, can be calculated by multiplying E, by a flow area ratio. The area ratio is
defined as the gutter flow area in a width equal to the grate width divided by the total
flow area in the depressed gutter section. This adjustment is represented in

Equation 3-15a:

£ EO(A’N j (3-15a)
A,
where:
E's = adjusted frontal flow area ratio for grates in composite cross sections
A, = gutter flow area in a width equal to the grate width, ft?
A, = flow area in depressed gutter width, ft*

3-5.4.1.7 The interception capacity of a grate inlet on grade is equal to the efficiency of
the grate multiplied by the total gutter flow as represented in Equation 3-16. Note that
E's should be used in place of E, in Equation 3-16 when appropriate.

Q =EQ=Q[RE, +R,(1-E,)] (3-16)
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3-5.4.1.8 The use of Chart 5 and Chart 6 is illustrated in the Examples 3-6 and 3-7.

Example 3-6

Given: The gutter section from Example 3-2 (illustrated in Figure 3-1 a.2) with:

T = 82ft
S. = 0.010
Sx = 0.020
W = 20ft
n = 0.016

Continuous gutter depression, a = 2 in. or 0.167 ft
Find: The interception capacity of a curved vane grate 2 ft by 2 ft

Solution: From Example 3-2:

Sw = 0.103 ft/ft
E, = 0.70
Q = 23fts

Step 1. Compute the average gutter velocity.
Q_23

A A

A = 05T°S,+05aW

A = 0.5(8.2)%0.2) + 0.5(0.167)(2.0)

A = 0.84ft
V = 23 2.74 ft/s
0.84

Step 2. Determine the frontal flow efficiency using Chart 5.

Ri = 1.0
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Step 3. Determine the side flow efficiency using Equation 3-14 or Chart 6.

1
Rs = =
) 1+(0.15v*?)
Rs = — 1
1+(0.15)2.74)"*
(0.02)2.0)**
Rs = 0.10

Step 4. Compute the interception capacity using Equation 3-16.

Qi

Qi

Qi
Example 3-7

Q [RiEo + Rs(1-Eo)]

(2.3) [(1.0(0.70) + (0.10)(1-0.70)]

1.68 ft3/s

Given: The gutter section illustrated in Figure 3-1 a.1 with:

T = 9.84ft
S. = 0.04 ft/ft
Sx = 0.025 f/ft
n = 0.016

Bicycle traffic not permitted.
Find: The interception capacity of the following grates:
a. P-50:2.0ftx2.0ft
b. Reticuline: 2.0 ft x 2.0 ft
c. Grates in a. and b. with a length of 4.0 ft
Solution:

Step 1. Using Equation 3-2 or Chart 1, determine Q.
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Q — [0:6JSiGYSSST 2.67
_ (.56) 167 05 2.67
Q = 0016) (0.025)°"(0.04)"°(9.84)
Q = 6.621t’s
Step 2. Determine E, from Equation 3-4 or Chart 2.
W _ 20
T 9.84
= 0.2
EO = Q_W
Q
2.67
E, = 1—(1—\’1)
T
= 1-(1-0.2)*%
Eo, = 0.45

Step 3. Using Equation 3-8 or Chart 4, compute the gutter flow velocity.

V = (£j88.583.67T0.67
n
(1.11) 05 067 067
V = 0.04 0.025 9.84
{000 0.0257 " (0.80)
V = 54ft/s

Step 4. Using Equation 3-13 or Chart 5, determine the frontal flow efficiency for
each grate.

Using Equation 3-14 or Chart 6, determine the side flow efficiency for each grate.
Using Equation 3-16, compute the interception capacity of each grate.

Table 3-4 summarizes the results.
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Table 3-4. Grate Efficiency and Capacity Summary

Grate _ Size Fr(_)n_tal Flow S_id_e Flow Interce_ption
(width by length) | Efficiency, Ry Efficiency, Rs | Capacity, Q;
P-1-7/8 2.0ftby 2.0 ft 1.0 0.036 3.21 ft%/s
Reticuline 2.0 ft by 2.0 ft 0.9 0.036 2.89 ft¥/s
P-1-7/8 2.0 ft by 4.0 ft 1.0 0.155 3.63 ft%/s
Reticuline 2.0 ftby 4.0 ft 1.0 0.155 3.63 ft’/s

NOTE: The P-1-7/8 parallel bar grate will intercept about 14 percent more flow than the
reticuline grate, or 48 percent of the total flow as opposed to 42 percent for the
reticuline grate. Increasing the length of the grates would not be cost effective because
the increase in side flow interception is small.

3-5.4.2 Curb-opening Inlets. Curb-opening inlets are effective in the drainage of
highway pavements where flow depth at the curb is sufficient for the inlet to perform
efficiently, as discussed in section 3-5.3.1. Curb openings are less susceptible to
clogging and offer little interference to traffic operation. They are a viable alternative to
grates on flatter grades where grates would be in traffic lanes or would be hazardous for
pedestrians or bicyclists.

3-5.4.2.1 Curb opening heights vary in dimension; however, a typical maximum height
is approximately 4 to 6 inches. The length of the curb-opening inlet required for total
interception of gutter flow on a pavement section with a uniform cross slope is
expressed by Equation 3-17:

06
L, =(O.6)Q°'4ZSE'3[%j (3-17)
where:
L+ = curb opening length required to intercept 100 percent of the gutter flow, ft
S. = longitudinal slope
Q = gutter flow, ft/s

3-5.4.2.2 The efficiency of curb-opening inlets shorter than the length required for total
interception is expressed by Equation 3-18:

E- 1—(1—£] | (3-18)

T
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where:
L = curb opening length, ft

Chart 7 is a nomograph for the solution of Equation 3-17, and Chart 8 provides a
solution to Equation 3-18.

3-5.4.2.3 The length of inlet required for total interception by depressed curb-opening
inlets or curb openings in depressed gutter sections can be found by the use of an
equivalent cross slope, Se, in Equation 3-17 in place of Sy. Se can be computed using
Equation 3-19.

S.=S,+S, E, (3-19)
where:

S'w = cross slope of the gutter measured from the cross slope of the
pavement, Sy, ft/ft

a )
S'w = ﬁ,foerft,Ol’ZS -S
w 12W W X

a = gutter depression, in.

Eo, = ratio of flow in the depressed section to total gutter flow determined by
the gutter configuration upstream of the inlet

Figure 3-10 shows the depressed curb inlet for Equation 3-19. E, is the same
ratio as used to compute the frontal flow interception of a grate inlet.

Figure 3-10. Depressed Curb-opening Inlet

oz

3-5.4.2.4 As seen from Chart 7, the length of the curb opening required for total
interception can be significantly reduced by increasing 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.
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Using the equivalent cross slope, Se, Equation 3-17 becomes:

0.6
1
L, =(0.6)Q%*s?? [E] (3-20)

3-5.4.2.5 Equation 3-18 is applicable with either straight cross slopes or composite
cross slopes. Charts 7 and 8 are applicable to depressed curb-opening inlets using Se
rather than Sy.

3-5.4.2.6 Equation 3-19 uses the ratio, E,, in the computation of the equivalent cross
slope, Se. Example 3-8a demonstrates the procedure to determine spread and then
uses Chart 2 to determine E,. Example 3-8b demonstrates the use of these
relationships to design the length of a curb-opening inlet.

Example 3-8a

Given: A curb-opening inlet with the following characteristics:

S. = 0.014 fr/ft

S, = 0.02 ft/ft
Q = 1.77fts
n = 0.016

Find: The interception capacity of the following grates:
(1) Q;fora 9.84 ft curb opening.

(2) Qifor a depressed 9.84 ft curb-opening inlet with a continuously depressed
curb section.

a = 1lin.
W = 2ft
Solution (1):

Step 1. Determine the length of curb opening required for total interception of
gutter flow using Equation 3-17 or Chart 7.

nS

X

I—T — (O 6p0.4280.3(ij0.6
- L
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Ly = (0.6)(1.77)0-“2(0.014)0-3([(O.0161)(0.02)00'6

Lr = 23.94 1t

Step 2. Compute the curb-opening efficiency using Equation 3-18 or Chart 8.

L - 98 g4
L, 23.94
L 18
E = 1-|1-—
( I‘T)
E = 1-(1-041°
E = 061

Step 3. Compute the interception capacity.
Q = EQ
(0.61)(1.77)

Qi = 1.08fts
Solution (2):

Step 1. Use Equation 3-4 (Chart 2) and Equation 3-2 (Chart 1) to determine the
WIT ratio.

Determine the spread, T (procedure from Example 3-2, Solution 2).
0.64 ft¥/s
Qw = Q-Qs

= 1.77-0.64

Assume Qs

= 1.13ft%s

EO: Q_W
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Use Equation 3-4 or Chart 2 to determine W/T.

Ts

0.64

S, .2

W
0.02+ 25
2.0

0.062
0.062 _ 31
0.02

8.3-2.0
6.3 ft

Use Equation 3-2 or Chart 1 to obtain Q..

Qs

Qs

Qs

= {—(0'56) }(0.02)1-67 (0.01)°°(6.3)**"

0.56
( - js)l(.msf.s-l-sz.w

(0.016)

0.69 ft®/s, which is close to the Qs assumed value
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Step 2. Determine the efficiency of the curb opening.

Se = S,+SLE, =S, +(ion
w
= 0.02+ (0.083) (0./ 64)
(2.0)
Se = 0.047

Using Equation 3-20 or Chart 7:

06
. - oomest{2)

06
Lr = (0-6)(1-77)0'42(0'01)03{((0.016)1(0.047))}
Ly = 14.34ft

Using Equation 3-18 or Chart 8 to obtain curb inlet efficiency:

L ﬂ:o_sg
L, 14.34
|_ 1.8
E = 1-|1-—
[ LTJ
E = 1-(1-0.69)"°
E = 088

Step 3. Compute curb opening inflow using Equation 3-9.

Q = QE
(1.77)(0.88)

1.55 ft¥/s

Qi

The depressed curb-opening inlet will intercept 1.5 times the flow intercepted by the
undepressed curb opening.
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Example 3-8b

Given:  From Example 3-6:

S, = 0.01 ft/ft
S« = 0.02 fi/ft
T = 8.2ft
Q = 2.26ft%s
n = 0.016
W = 2.0ft
A = 20in
E, = 0.70

Find: The minimum length of a locally depressed curb-opening inlet required to
intercept 100 percent of the gutter flow.

Solution:

Step 1. Compute the composite cross slope for the gutter section using
Equation 3-19.

Se = S, +S| E,

Se = o.oz{ﬂjmo
0.6

Se = 0.07

Step 2. Compute the length of curb-opening inlet required from Equation 3-20.

06
Ly = (o.e)tg““%f-{é}

06
Lt = (0.6)(2.26)0'42(0.01)0'3[(0.?1)(0.07)}
Lt = 12.5ft

3-5.4.2.7 The use of depressed inlets and combination inlets enhances the interception
capacity of the inlet. Example 3-6 determined the interception capacity of a depressed
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curved vane grate, 2 ft by 2 ft; Examples 3-8a and 3-8b for an undepressed curb-
opening inlet with a length of 9.8 ft and a depressed curb-opening inlet with a length of
9.8 ft; and Example 3-10 for a combination of 2 ft by 2 ft depressed curve vane grate
located at the downstream end of a 9.8-ft-long depressed curb-opening inlet. The
geometries of the inlets and the gutter slopes were consistent in the examples, and
Table 3-5 summarizes a comparison of the intercepted flow of the various
configurations.

Table 3-5. Comparison of Inlet Interception Capacities

Inlet Type Intercepted Flow, Q;

Curved Vane - Depressed 1.2 ft¥/s (Example 3-6)
Curb-Opening - Undepressed 1.1 ft¥/s (Example 3-8a)
Curb-Opening - Depressed 1.59 ft*/s (Example 3-8b)
Combination - Depressed 1.76 ft3/s (Example 3-10)

Table 3-5 shows that the combination inlet intercepted approximately
100 percent of the total flow whereas the curved vane grate alone intercepted only
66 percent of the total flow. The depressed curb-opening inlet intercepted 90 percent of
the total flow; however, if the curb-opening inlet was undepressed, it would have
intercepted only 62 percent of the total flow.

3-5.5 Interception Capacity of Inlets in Sag Locations. Inlets in sag locations
operate as weirs under low head conditions and as orifices at greater depths. Orifice
flow begins at depths dependent on the grate size, the curb opening height, or the slot
width of the inlet. At depths between those at which weir flow definitely prevails and
those at which orifice flow prevails, flow is in a transition stage. At these depths, control
is ill-defined and flow may fluctuate between weir and orifice control. Design procedures
presented here are based on a conservative approach to estimating the capacity of
inlets in sump locations.

The efficiency of inlets in passing debris is critical in sag locations because all
runoff that enters the sag must be passed through the inlet. Total or partial clogging of
inlets in these locations can result in hazardous ponded conditions. When a clogged
inlet can lead to a hazardous condition (i.e., abnormally high depths of water such as at
an underpass where there is no other avenue for the water to exit), extra precautions
are recommended. Some of these include flanking inlets and combination inlets. Grate
inlets alone are not recommended for use in sag locations because of the tendency of
grates to become clogged. Combination inlets, flanking inlets, or curb-opening inlets are
recommended for use in these locations. More information on flanking inlets can be
found in section 3-5.6.3. If the depth of ponding is not hazardous even when the inlet is
clogged, additional precautions may not be necessary.

3-5.5.1 Grate Inlets in Sags. A grate inlet in a sag location operates as a weir to
depths dependent on the size of the grate and as an orifice at greater depths. Grates of
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larger dimension will operate as weirs to greater depths than smaller grates. The
capacity of grate inlets operating as weirs is:

Q =C,Pd**® (3-21)
where:
P = perimeter of the grate (ft) disregarding the side against the curb
Cw = weir coefficient, 3.0

o
1

average depth across the grate; 0.5 (d; + d>), ft (Figure 3-11)

Figure 3-11. Definition of Depth

3-5.5.1.1 The capacity of a grate inlet operating as an orifice is:

Q =C,A,(2gd)* (3-22)
where:

C, = orifice coefficient, 0.67

Ay = clear opening area of the grate, ft?

g acceleration due to gravity, 32.16 ft/s®

Use of Equation 3-22 requires the clear area of opening of the grate. Tests of
three grates for the FHWA showed that for flat bar grates, such as the P-1-7/8 x 4 and
P-1-1/8 grates, the clear opening is equal to the total area of the grate less the area
occupied by longitudinal and lateral bars. The curved vane grate performed about
10 percent better than a grate with a net opening equal to the total area less the area of
the bars projected on a horizontal plane. That is, the projected area of the bars in a
curved vane grate is 68 percent of the total area of the grate, leaving a net opening of
32 percent; however, the grate performed as a grate with a net opening of 35 percent.
Tilt-bar grates were not tested, but analysis of the results would indicate a net opening
area of 34 percent for the 30-degree tilt-bar and zero for the 45-degree tilt-bar grate.
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Obviously, the 45-degree tilt-bar grate would have greater than zero capacity. Tilt-bar
and curved vane grates are not recommended for sump locations where there is a
chance that operation would be as an orifice. Opening ratios for the grates are given on
Chart 9 in Appendix B.

3-5.5.1.2 Chart 9 is a plot of Equations 3-21 and 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. Transition 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 a curve between the lines representing the perimeter and net
area of the grate to be used.

Example 3-9 illustrates use of Equations 3-21 and 3-22 and Chart 9.

Example 3-9

Given: Under design storm conditions, a flow to the sag inlet is 6.71 ft*/s. Also:

Sx 0.05 f/ft

n 0.016
Talowable = 9.84 ft

Find: The grate size required and depth at curb for the sag inlet assuming 50 percent
clogging where the width of the grate, W, is 2.0 ft.

Solution:

Step 1. Determine the required grate perimeter.
Depth at curb, dy:

d2

T Sy = (9.84)(0.05)

d, 0.49 ft

Average depth over grate:

d = d, —(W7JSW

= 0.49- (2_;))(_05)

d = 04451t

o
|
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From Equation 3-26 or Chart 9:

5 - _Q

p - . (671
~ |(3.0)0.44)]

P = 7.66ft

Some assumptions must be made regarding the nature of the clogging in
order to compute the capacity of a partially clogged grate. If the area of a grate is
50 percent covered by debris so that the debris-covered portion does not contribute to
interception, the effective perimeter will be reduced by a lesser amount than 50 percent.
For example, if a 2 ft by 4 ft grate is clogged so that the effective width is 1 ft, then the
calculation for the perimeter, P, is P =1 + 4 +1 = 6 ft, rather than 7.66 ft, the total
perimeter, or 3.83 ft, half of the total perimeter. The area of the opening would be
reduced by 50 percent and the perimeter by 25 percent. Therefore, assuming
50 percent clogging along the length of the grate, a4 ftby 4 ft, 2 ft by 6 ft, ora 3 ft by 5
ft grate would meet the requirements of a 7.66 ft perimeter 50 percent clogged.

Assuming 50 percent clogging along the grate length,

Peftecive = 8.0 =(0.5)(2) W + L

If W 2 ft,thenL >5ft

If W

3ft,thenL=5ft
Select a double 2 ft by 3 ft grate:
Peftective = (0.5)(2)(2.0) + (6)
Pefteciive = 8 ft
Step 2. Check the depth of flow at the curb using Equation 3-21 or Chart 9.

o= [

w

r 671 0.67
d = |—2=

_(3-0)(8-0)}
d = 0431t
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Conclusion:

A double 2 ft by 3 ft grate 50 percent clogged is adequate to intercept the
design storm flow at a spread that does not exceed design spread; however, the
tendency of grate inlets to clog completely warrants consideration of a combination inlet
or curb-opening inlet in a sag where ponding can occur, and flanking inlets in long flat
vertical curves.

3-5.5.2 Curb-opening Inlets. The capacity of a curb-opening inlet in a sag depends
on the water depth at the curb, the curb opening length, and the height of the curb
opening. The inlet operates as a weir to depths equal to the curb opening height and as
an orifice at depths greater than 1.4 times the opening height. At depths between 1.0
and 1.4 times the opening height, flow is in a transition stage.

3-5.5.2.1 Spread on the pavement is the usual criterion for judging the adequacy of a
pavement drainage inlet design. It is also convenient and practical in the laboratory to
measure depth at the curb upstream of the inlet at the point of maximum spread on the
pavement. Therefore, depth at the curb measurements from experiments coincide with
the depth at the curb of interest to designers. The weir coefficient for a curb-opening
inlet is less than the usual weir coefficient for several reasons, the most obvious of
which is that depth measurements from experimental tests were not taken at the weir,
and drawdown occurs between the point where measurements were made and the
weir.

3-5.5.2.2 The weir location for a depressed curb-opening inlet 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 inlet that is not
depressed is at the lip of the curb opening, and its length is equal to that of the inlet, as
shown in Chart 10 of Appendix B.

3-5.5.2.3 The equation for the interception capacity of a depressed curb-opening inlet
operating as a weir is:

Q =C,(L+1.8 W)d* (3-23)
where:
Cw = 23
L = length of curb opening, ft
W = lateral width of depression, ft

d

depth at curb measured from the normal cross slope, ft, i.e., d = T Sy

3-5.5.2.4 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 3-23 for a depressed curb-opening inlet is:
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d<h+ (3-24)
12
where:
h = height of curb-opening inlet, ft

a = depth of depression, in.

3-5.5.2.5 Experiments have not been conducted for curb-opening inlets with a
continuously depressed gutter, but it is reasonable to expect that the effective weir
length would be as great as that for an inlet in a local depression. Use of Equation 3-23
will yield conservative estimates of the interception capacity.

3-5.5.2.6 The weir equation for curb-opening inlets without depression becomes:
Q =Cc,Ld"*® (3-25)

Without depression of the gutter section, the weir coefficient, C,,, becomes
3.0. The depth limitation for operation as a weir becomes d < h.

3-5.5.2.7 At curb-opening lengths greater than 12 ft, Equation 3-25 for non-depressed
inlets produces intercepted flows that exceed the values for depressed inlets computed
using Equation 3-23. Since depressed inlets will perform at least as well as non-
depressed inlets of the same length, Equation 3-25 should be used for all curb-opening
inlets with lengths greater than 12 ft.

3-5.5.2.8 Curb-opening inlets operate as orifices at depths greater than approximately
1.4 times the opening height. The interception capacity can be computed by

Equation 3-26a and Equation 3-26b. These equations are applicable to depressed and
undepressed curb-opening inlets. The depth at the inlet includes any gutter depression.

Q=ChL(2gd,)* (3-26a)

or
h 0.5

Q ~C,A, [Zg(di _EH (3-26)
where:

Co, = orifice coefficient (0.67)

do = effective head on the center of the orifice throat, ft

L = length of orifice opening, ft
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Ay = clear area of opening, ft?
di = depth at lip of curb opening, ft
h = height of curb-opening orifice, ft

The height of the orifice in Equation 3-26a and Equation 3-26b assumes a
vertical orifice opening. As illustrated in Figure 3-12, other orifice throat locations can
change the effective depth on the orifice and the dimension (d; - h/2). A limited throat
width could reduce the capacity of the curb-opening inlet by causing the inlet to go into
orifice flow at depths less than the height of the opening.

Figure 3-12. Curb-opening Inlets

b. Inclined Throat

¢. Yertical Throat
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3-5.5.2.9 For curb-opening inlets with other than vertical faces (see Figure 3-12),
Equation 3-26a can be used with:

h

orifice throat width, ft

do effective head on the center of the orifice throat, ft

Chart 10 provides solutions for Equation 3-23 and Equation 3-26 for depressed
curb-opening inlets, and Chart 11 provides solutions for Equation 3-25 and Equation
3-26 for curb-opening inlets without depression. Chart 12 is provided for use for curb
openings with other than vertical orifice openings. Example 3-10 illustrates the use of
Chart 11 and Chart 12.

Example 3-10

Given: Curb-opening inlet in a sump location with:

L = 8.2ft

h 0.432 ft

(1) Undepressed curb opening:
Sx = 0.02

T = 8.2ft

(2) Depressed curb opening:

Sx = 0.02

a =1

W = 2ft

T = 82ft
Find: Q;

Solution (1): Undepressed

Step 1. Determine the depth at curb.

d = TSx=(8.2)(0.02)
d = 0.16ft
d = 0.16 ft £ h = 0.43 ft, therefore weir flow controls
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Step 2. Use Equation 3-25 or Chart 11 to find Q;.

Qi = CWL dl'5

Qi (3.0)(8.2)(0.16)1.5
= 1.6fts
Solution (2): Depressed
Step 1. Determine the depth at curb, d;.
d = d+a
d = SxT+a
di = (0.02)(8.2) + 1/12
d = 0.25ft
di = 0.25ft<h =0.43 ft, therefore weir flow controls
Step 2. Determine the efficiency of the curb opening.
P = L+18W
P = 82+(1.8)(2.0)

P = 118ft
Q= C,[L+1.8w)d"*

Qi = (2.3)(11.8)(0.16)1.5

1.7 ft¥/s

The depressed curb-opening inlet has 10 percent more capacity than an inlet
without depression.

3-5.6 Inlet Locations. The location of inlets is determined by geometric controls
that require inlets at specific locations, the use and location of flanking inlets in sag
vertical curves, and the criterion of spread on the pavement. In order to adequately
design the location of the inlets for a given project, specific information is needed:

= A layout or plan sheet suitable for outlining drainage areas
= Road or runway profiles

= Typical cross sections
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= Grading cross sections
= Superelevation diagrams
= Contour maps

3-5.6.1 Geometric Controls. In a number of locations, inlets may be necessary with
little regard to the contributing drainage area. These locations should be marked on the
plans prior to any computations regarding discharge, water spread, inlet capacity, or
flow bypass. These are examples of such locations:

= At all low points in the gutter grade

» Immediately upstream of median breaks, entrance/exit ramp gores, cross
walks, and street intersections, i.e., at any location where water could flow
onto the travelway

= Immediately up grade of bridges (to prevent pavement drainage from flowing
onto bridge decks)

= Immediately downstream of bridges (to intercept bridge deck drainage)
* Immediately up grade of cross slope reversals

= Immediately up grade from pedestrian cross walks

= At the end of channels in cut sections

»= On side streets immediately up grade from intersections

= Behind curbs, shoulders, or sidewalks to drain low areas

In addition to these areas, runoff from areas draining towards the pavement
should be intercepted by roadside channels or inlets before it reaches the roadway. This
applies to drainage from cut slopes, side streets, and other areas alongside the
pavement. Curbed pavement sections and pavement drainage inlets are inefficient
means for handling extraneous drainage.

3-5.6.2 Inlet Spacing on Continuous Grades. Design spread is the criterion used
for locating storm drain inlets between those required by geometric or other controls.
The interception capacity of the upstream inlet will define the initial spread. As flow is
contributed to the gutter section in the downstream direction, spread increases. The
next downstream inlet is located at the point where the spread in the gutter reaches the
design spread. Therefore, the spacing of inlets on a continuous grade is a function of
the amount of upstream bypass flow, the tributary drainage area, and the gutter
geometry.

3-5.6.2.1 For a continuous slope, the designer may establish the uniform design
spacing between inlets of a given design if the drainage area consists of pavement only
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or has reasonably uniform runoff characteristics and is rectangular in shape. In this
case, the time of concentration is assumed to be the same for all inlets. The following
procedure and example illustrate the effects of inlet efficiency on inlet spacing.

3-5.6.2.2 In order to design the location of inlets on a continuous grade, the
computation sheet shown in Figure 3-13 may be used to document the analysis. A step-
by-step procedure for the use of Figure 3-13 follows.

Step 1. Complete the blanks at the top of the sheet to identify the job by
state project number, route, date, and your initials.

Step 2. Mark on a plan the location of inlets that are necessary even
without considering any specific drainage area, such as the
locations described in section 3-5.6.1.

Step 3. Start at a high point, at one end of the job if possible, and work
towards the low point. Then begin at the next high point and work
backwards toward the same low point.

Step 4. To begin the process, select a trial drainage area approximately
300 to 500 ft long below the high point and outline the area on the
plan. Include any area that may drain over the curb, onto the
roadway. However, where practical, drainage from large areas
behind the curb should be intercepted before it reaches the
roadway or gutter.

Step 5. Col. 1 Describe the location of the proposed inlet by number
(col. 1) and station (col. 2) and record this.

Col. 2 Information in columns 1 and 2. Identify the curb and
gutter type in Column 19.

Col. 19 Remarks. A sketch of the cross section should be
prepared.

Step 6. Col. 3 Compute the drainage area (acres) outlined in Step 4
and record in Column 3.

Step 7. Col. 4 Determine the runoff coefficient, C, for the drainage area.
Select a C value provided in Table 2-1 or determine a weighted C
value using Equation 3-2 and record the value in Column 4.

Step 8. Col. 5 Compute the time of concentration, t;, in minutes, for the
first inlet and record it in Column 5. The t. is the amount of time it
takes for the water to flow from the most hydraulically remote point
of the drainage area to the inlet, as discussed in Chapter 2. The
minimum t. is 5 minutes.
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Figure 3-13. Inlet Spacing Computation Sheet

97



UFC 3-230-01 AC 150/5320-5C
8/1/2006 9/29/2006

98



UFC 3-230-01
8/1/2006

Step 9.

Step10.

Step 11.

Stepl2.

Stepl3.

Stepl4.

Step 15.

Step 16.

Step 17.

AC 150/5320-5C
9/29/2006

Col. 6 Using the time of concentration, t., determine the rainfall
intensity from the IDF curve for the design frequency. Enter the
value in Column 6.

Col. 7 Calculate the flow in the gutter using Equation 3-1,
Q = CIA. The flow is calculated by multiplying Column 3 times
Column 4 times Column 6. Enter the flow value in Column 7.

Col. 8 From the roadway profile, enter in Column 8 the gutter
longitudinal slope, S, at the inlet, taking into account any
superelevation.

Col. 9 From the cross section, enter the cross slope, Sy, in
Column 9 and the grate or gutter width, W, in Column 13.

Col. 11  For the first inlet in a series, enter the value from Column
7 into Column 11 since there was no previous bypass flow.
Additionally, if the inlet is the first in a series, enter 0 into Column
10.

Col. 14 Determine the spread, T, by using Equations 3-2 and 3-4
or Chart 1 and Chart 2 and enter the value in Column 14. Also,
determine the depth at the curb, d, by multiplying the spread by the
appropriate cross slope, and enter the value in Column 12.
Compare the calculated spread with the allowable spread as
determined by the design criteria outlined in section 3.2.
Additionally, compare the depth at the curb with the actual curb
height in Column 19. If the calculated spread, Column 14, is near
the allowable spread and the depth at the curb is less than the
actual curb height, continue on to Step 15. Otherwise, expand or
decrease the drainage area up to the first inlet to increase or
decrease the spread, respectively. The drainage area can be
expanded by increasing the length to the inlet, and it can be
decreased by decreasing the distance to the inlet. Then, repeat
Steps 6 through 14 until you obtain the appropriate values.

Col. 15 Calculate W/T and enter the value in Column 15.

Col. 16  Select the inlet type and dimensions and enter the values
in Column 16.

Col. 17 Calculate the flow intercepted by the grate, Q;, and enter
the value in Column 17. Use Equations 3-11 and 3-8 or Chart 2 and
Chart 4 to define the gutter flow. Use Chart 5 and Equation 3-14 or
Chart 6 to define the flow intercepted by the grate. Use Equations
3-17 and 3-18 or Chart 7 and Chart 8 for curb-opening inlets.
Finally, use Equation 3-16 to determine the intercepted flow.
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Step 18.

Step 19.

Step 20.

Step 21.

Step 22.

Step 23.

Step 24.

Step 25.
Step 26.

Step 27.

Step 28.

AC 150/5320-5C
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Col. 18 Determine the bypass flow, Qp, and enter it into Column
18. The bypass flow is Column 11 minus Column 17.

Col. 1-4 Proceed to the next inlet down the grade. To begin the
procedure, select a drainage area approximately 300 to 400 ft
below the previous inlet for a first trial. Repeat Steps 5 through 7
considering only the area between the inlets.

Col. 5 Compute the time of concentration, t;, for the next inlet
based upon the area between the consecutive inlets and record this
value in Column 5.

Col. 6 Determine the rainfall intensity from the IDF curve based
on the time of concentration, t;, determined in Step 20 and record
the value in Column 6.

Col. 7 Determine the flow in the gutter by using Equation 3-1
and record the value in Column 7.

Col. 11 Record the value from Column 18 of the previous line
into Column 10 of the current line. Determine the total gutter flow by
adding Column 7 and Column 10 and record the value in Column
11.

Col. 12 Determine the spread and the depth at the curb as
outlined in Step 14. Repeat Steps 18 through 24 until the spread
and the depth at the curb are within the design criteria.

Col. 16  Select the inlet type and record it in Column 16.

Col. 17 Determine the intercepted flow in accordance
with Step 17.

Col. 18 Calculate the bypass flow by subtracting Column 17 from
Column 11. This completes the spacing design for the inlet.

Repeat Steps 19 through 27 for each subsequent inlet down to the
low point. HEC-22 provides an example that illustrates the use of
this procedure and Figure 3-13.

For inlet spacing in areas with changing grades, the spacing will vary as the
grade changes. If the grade becomes flatter, inlets may be spaced at closer intervals
because the spread will exceed the allowable spread. Conversely, for an increase in
slope, the inlet spacing will become longer because of increased capacity in the gutter
sections. Additionally, individual transportation agencies may limit spacing due to
maintenance constraints.
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3-5.6.3 Flanking Inlets. As explained in section 3-5.6.2, inlets should always be
located at the low or sag points in the gutter profile. In addition, it is good engineering
practice to place flanking inlets on each side of the low point inlet when in a depressed
area that has no outlet except through the system. This is illustrated in Figure 3-14. The
purpose of the flanking inlets is to act in relief of the inlet at the low point if it should
become clogged or if the design spread is exceeded. For a complete explanation of the
application of flanking inlets, see section 3-5.5. To summarize, flanking inlets should be
used when the runoff entering the sag has only one exit location, i.e., the inlet in the
bottom of the sag and the depth of ponding caused by clogging at the low point would
cause a hazardous condition. An example would be a sag at an underpass. If the depth
of ponding does not become too great and the runoff can exit over the curb, then
flanking inlets may not be necessary.

Figure 3-14. Example of Flanking Inlets

d=DEPTH AT CURB
AT DESIGN SPREAD

| e

} 63% d
d T

/
1] 5]

FLANKING
INLET

FLANKING
INLET

LOW POINT INLET

Inlet spacing N Inlet spacing
from sag r from sag

Example 3-11

Given: A 500-ft (L) sag vertical curve at an underpass on a 4-lane divided highway with
begin and end slopes of -2.5 percent and +2.5 percent respectively. The spread at
design Q is not to exceed the shoulder width of 9.8 ft.

Sx = 0.02

Find: The location of the flanking inlets if located to function in relief of the inlet at the
low point when the inlet at the low point is clogged.

Solution:
Step 1. Find the rate of vertical curvatures, K.

L
-S

K = (S

end beginning )
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500ft
(2.5% — (- 2.5%))

A
1

100 ft

Step 2. Determine the depth at the curb at the design spread.
d = SxT=(0.02)(9.84)
d = 0.2ft

Step 3. Determine the depth for the flanker locations.

d = 63 percent of depth over the inlet at the bottom of the sag (see
Figure 3-14)

= 0.63(0.2)
= 0.13ft
Step 4. For use with Table 3-6:

d = 0.20-0.13=0.07ft

X = distance from sag point, (200dK)°*
= {(200)(0.07)(100)}°*
= 3741t

The inlet spacing is 37.4 ft from the sag point.

3-5.6.3.1 Flanking inlets can be located so they will function before water spread
exceeds the allowable spread at the sump location. The flanking inlets should be
located so that they will receive all of the flow when the primary inlet at the bottom of the
sag is clogged. They should do this without exceeding the allowable spread at the
bottom of the sag. If the flanking inlets are the same dimension as the primary inlet, they
will each intercept one-half the design flow when they are located so that the depth of
ponding at the flanking inlets is 63 percent of the depth of ponding at the low point. If the
flanking inlets are not the same size as the primary inlet, it will be necessary to either
develop a new factor or do a trial and error solution using assumed depths with the weir
equation to determine the capacity of the flanking inlet at the given depths.

3-5.6.3.2 Table 3-6 shows the spacing required for various depth at curb criteria and
vertical curve lengths defined by K = L / (G2 - G1), where L is the length of the vertical
curve in feet and G; and G; are the approach grades in percent. The AASHTO policy on
geometrics specifies maximum K values for various design speeds and a maximum K of
167 considering drainage. The use of Table 3-6 is illustrated in Example 3-11.
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Table 3-6. Distance to Flanking Inlets in a Sag Vertical Curve
Using Depth at Curb Criteria

K (ft/percent)

20 30 40 50 70 90 110 130 160 167

0.1 20 24 28 32 37 42 a7 51 57 58
0.2 28 35 40 45 53 60 66 72 80 82
0.3 35 42 49 55 65 73 81 88 98 100
0.4 40 49 57 63 75 85 94 102 113 116
0.5 45 55 63 71 84 95 105 114 126 129
0.6 49 60 69 77 92 104 115 125 139 142
0.7 53 65 75 84 99 112 124 135 150 153
0.8 57 69 80 89 | 106 | 120 133 144 160 163
NOTES: 1. X =(200dK)*°, where X = distance from sag point
2. d=Y-Y,whereY = depth of ponding and Y; = depth at the flanker inlet
3. Drainage maximum K = 167

d (ft)

3-5.6.3.3 Example problem solutions in section 3-5.5 illustrate the total interception
capacity of inlets in sag locations. Except where inlets become clogged, spread on low
gradient approaches to the low point is a more stringent criterion for design than the
interception capacity of the sag inlet. AASHTO recommends that a gradient of

0.3 percent be maintained within 50 ft of the level point in order to provide for adequate
drainage. It is considered advisable to use spread on the pavement at a gradient
comparable to that recommended by the AASHTO Committee on Design to evaluate
the location and excessive spread in the sag curve. Standard inlet locations may need
to be adjusted to avoid excessive spread in the sag curve. Inlets may be needed
between the flankers and the ends of the curves also. For major sag points, the flanking
inlets are added as a safety factor, and are not considered as intercepting flow to
reduce the bypass flow to the sag point. They are installed to assist the sag point inlet in
the event of clogging.

3-5.7 Median, Embankment, and Bridge Inlets. Flow in median and roadside
ditches is discussed briefly in Chapter 5 and in the FHWA's HEC-15 and HDS-4. It is
sometimes necessary to place inlets in medians at intervals to remove water that could
cause erosion. Inlets are sometimes used in roadside ditches at the intersection of cut
and fill slopes to prevent erosion downstream of cut sections.

Where adequate vegetative cover can be established on embankment slopes
to prevent erosion, it is preferable to allow storm water to discharge down the slope with
as little concentration of flow as practicable. Where storm water must be collected with
curbs or swales, inlets are used to receive the water and discharge it through chutes,
sod or riprap swales, or pipe downdrains.
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Bridge deck drainage is similar to roadway drainage, and deck drainage inlets
are similar in purpose to roadway inlets.

3-5.7.1 Median and Roadside Ditch Inlets. Median and roadside ditches may be
drained by drop inlets similar to those used for pavement drainage, by pipe culverts
under one roadway, or by cross drainage culverts that are not continuous across the
median. Figure 3-15 illustrates a traffic-safe median inlet. Inlets, pipes, and
discontinuous cross drainage culverts should be designed not to detract from a safe
roadside. Drop inlets should be flush with the ditch bottom, and traffic-safe bar grates
should be placed on the ends of pipes used to drain medians that would be a hazard to
errant vehicles, although this may cause a plugging potential. Cross-drainage structures
should be continuous across the median unless the median width makes this
impractical.

Figure 3-15. Median Drop Inlet

Section A-A

S { —

T BSmETe N mly

Section B-B

3-5.7.1.1 Ditches tend to erode at drop inlets; paving around the inlets helps to prevent
erosion and may increase the interception capacity of the inlet marginally by
acceleration of the flow.

3-5.7.1.2 Pipe drains for medians operate as culverts and generally require more water
depth to intercept median flow than drop inlets. No test results are available on which to
base design procedures for estimating the effects of placing grates on culvert inlets;
however, little effect is expected.

3-5.7.1.3 The interception capacity of drop inlets in median ditches on continuous
grades can be estimated by use of Chart 14 and Chart 15 in Appendix B to estimate
flow depth and the ratio of frontal flow to total flow in the ditch.
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3-5.7.1.4 Chart 14 is the solution to Manning's equation for channels of various side
slopes. Manning's equation for open channels is:

~1.486
n

Q ARS8 (3-27)

where:

Q = discharge rate, ft*/s

n = hydraulic resistance variable
A = cross-sectional area of flow, ft°
R = hydraulic radius = area/wetted perimeter, ft

S. = bed slope, ft/ft

3-5.7.1.5 For the trapezoidal channel cross section shown on Chart 14, Manning's
equation becomes:

o_ 1486 (B+Zd2{ B + zd? ]OIGYSE'S 3-28)
n B+2dvz? +1
where:
B = bottom width, ft
z = horizontal distance of the side slope to a rise of 1 ft vertical, ft

Equation 3-28 is a trial and error solution to Chart 14.

3-5.7.1.6 Chart 15 is the ratio of frontal flow to total flow in a trapezoidal channel. This
is expressed as:

W
E, Brad) (3-29)

3-5.7.1.7 Chart 5 and Chart 6 are used to estimate the ratios of frontal and side flow
intercepted by the grate-to-total flow.

3-5.7.1.8 Small dikes downstream of drop inlets (Figure 3-15) can be provided to
impede bypass flow in an attempt to cause complete interception of the approach flow.
The dikes usually need not be more than a few inches high and should have traffic safe
slopes. The height of dike required for complete interception on continuous grades or
the depth of ponding in sag vertical curves can be computed by use of Chart 9. The
effective perimeter of a grate in an open channel with a dike should be taken as
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2(L + W) since one side of the grate is not adjacent to a curb. Use of Chart 9 is
illustrated in section 3-5.5.1.2.

3-5.7.1.9 The following examples illustrate the use of Chart 14 and Chart 15 for drop
inlets in ditches on continuous grade.

Example 3-12

Given: A median ditch with these characteristics:

B = 39ft
n = 0.03
zZ = 6

S = 0.02

The flow in the median ditch is to be intercepted by a drop inlet with a 2 ft by 2 ft
P-50 parallel bar grate; there is no dike downstream of the inlet.

Q = 9.91ft%s
Find: The intercepted and bypassed flows (Q;and Qy)
Solution:
Step 1. Compute the ratio of frontal to total flow in a trapezoidal channel.
Qn = (9.9)(0.03)
Qn= 0.301ftYs
From Chart 13:

d

— = 0.12

B
B d

d = (B) (EJ
= (0.12)(3.9)
= 0.467 ft

Using Equation 3-29 or Chart 15:
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w

Eo =
(B +dz)

2.0
[3.9+(0.47)(6)]

0.30

Step 2. Compute the frontal flow efficiency.

v =2
A
A = (0.47)[(6)(0.47) + 3.9]
A = 3.18ft?
v = 9.9
3.18
= 3.11 ft/s

From Chart 5, Rr=1.0
Step 3. Compute the side flow efficiency.

Since the ditch bottom is wider than the grate and has no cross slope, use the
least cross slope available on Chart 6 or use Equation 3-14 to solve for Rs.

Using Equation 3-14 or Chart 6:

Rs = L "
= fomeor)

0.04

Step 4. Compute the total efficiency.

E EoRf + Rs(l - EO)

E

(0.30)(1.0) + (0.04)(1 - 0.30)
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= 0.33
Step 5. Compute the interception and bypass flow.
Q = EQ
Qi = (0.33)(9.9)
Q = 3271s
Qv = Q-Qi
Qv = (9.9)-(3.27)
Qv = 6.631ft%s

In the above example, a P-1-7/8 inlet would intercept about 33 percent of the
flow in a 3.9-ft bottom ditch on a continuous grade.

For grate widths equal to the bottom width of the ditch, use Chart 6 by
substituting ditch side slopes for values of Sy, as illustrated in Example 3-13.

Example 3-13

Given: A median ditch with these characteristics:

Q = 9.9ft%s
W = 2ft

Z =6

S = 0.03 fi/ft
B = 2ft

n = 0.03

Sy = 0.17 ft/ft

The flow in the median ditch is to be intercepted by a drop inlet with a 2 ft by 2 ft
P-1-7/8 parallel bar grate. There is no dike downstream of the inlet.

Find: The intercepted and bypassed flows (Q;and Qy).
Solution:
Step 1. Compute the ratio of frontal to total flow in a trapezoidal channel.

Qn = (9.9)(0.03)
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Qn = 0.30ftYs

From Chart 14:

d = 0.25
B
d

(0.25)(2.0)

0.50 ft
Using Equation 3-29 or Chart 15:

w

Eo =
(B +dz)

2.0
[2.0+(0.5)6)]

0.40

Step 2. Compute the frontal flow efficiency.

v=-2
A
A = (0.5)[(6)(0.5) + 2.0]
A = 25ft
V - %
25
= 4.0ft/s

From Chart 5, Ry = 1.0
Step 3. Compute the side flow efficiency.
Using Equation 3-14 or Chart 6:

1

[ 0.15\/1-8j
14V
S, 23

Rs =
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1
R. =
) (0.15)4.0)*®
1+
{017)2.07°]
= 0.32

Step 4. Compute the total efficiency.

E

EoRf + Rs(l = Eo)

E

(0.40)(1.0) + (0.32)(1 - 0.40)
= 0.59
Step 5. Compute the interception and bypass flow.
Q = EQ
Qi = (0.59)(9.9)
Q = 5.83ft’s
Qv = Q-Qi
Qv = (9.9)-(5.83)
Qo = 4.07fts

The height of dike downstream of a drop inlet required for total interception is
illustrated by Example 3-14.

Example 3-14

Given: Data from Example 3-13.

Find: The required height of a berm to be located downstream of the grate inlet to
cause total interception of the ditch flow.

Solution:
P = 2(L+W)
P = 2(2.0+2.0)
= 8.0ft

110



UFC 3-230-01 AC 150/5320-5C
8/1/2006 9/29/2006

Using Equation 3-21 or Chart 9:

7 :<chP>T67

w

{(3.0Y8.0

o
I

0.55 ft

A dike will need to have a minimum height of 0.55 ft for total interception. Due
to the initial velocity of the water that may provide adequate momentum to carry the flow
over the dike, an additional 0.5 ft may be added to the height of the dike to ensure
complete interception of the flow.

3-5.7.2 Embankment Inlets. Drainage inlets are often needed to collect runoff from
pavements in order to prevent erosion of fill slopes or to intercept water upgrade or
downgrade of bridges. Inlets used at these locations differ from other pavement
drainage inlets in three respects. First, the economies that can be achieved by system
design are often not possible because a series of inlets is not used; second, total or
near total interception is sometimes necessary in order to limit the bypass flow from
running onto a bridge deck; and third, a closed storm drainage system is often not
available to dispose of the intercepted flow, and the means for disposal must be
provided at each inlet. Intercepted flow is usually discharged into open chutes or pipe
downdrains that terminate at the toe of the fill slope.

3-5.7.2.1 Example problem solutions in other sections of this UFC illustrate by
inference the difficulty in providing for near total interception on grade. Grate inlets
intercept little more than the flow conveyed by the gutter width occupied by the grate.
Combination curb-opening and grate inlets can be designed to intercept total flow if the
length of curb opening upstream of the grate is sufficient to reduce spread in the gutter
to the width of the grate used. Depressing the curb opening would significantly reduce
the length of inlet required. Perhaps the most practical inlets or procedure for use where
near total interception is necessary are sweeper inlets, increase in grate width, and
slotted inlets of sufficient length to intercept 85 to 100 percent of the gutter flow. Design
charts and procedures in section 3-5.4 are applicable to the design of inlets on
embankments. Figure 3-16 illustrates a combination inlet and downdrain.

3-5.7.2.2 Downdrains or chutes used to convey intercepted flow from inlets to the toe of
the fill slope may be open or closed chutes. Pipe downdrains are preferable because
the flow is confined and cannot cause erosion along the sides. Pipes can be covered to
reduce or eliminate interference with maintenance operations on the fill slopes. Open
chutes are often damaged by erosion from water splashing over the sides of the chute
due to oscillation in the flow and from spill over the sides at bends in the chute. Erosion
at the ends of downdrains or chutes can be a problem if not anticipated. The end of the
device may be placed low enough to prevent damage by undercutting due to erosion.
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Well-graded gravel or rock can be used to control the potential for erosion at the outlet
of the structure; however, some transportation agencies install an elbow or a "tee" at the
end of the downdrains to redirect the flow and prevent erosion. See the FHWA's
HEC-14 for additional information on energy dissipator designs.

Figure 3-16. Embankment Inlet and Downdrain

a. Perspective

b. Section

3-6 GRATE TYPE SELECTION CONSIDERATIONS. Grate type selection should
consider such factors as hydraulic efficiency, debris handling characteristics, pedestrian
and bicycle safety, and loading conditions. Relative costs will also influence grate type
selection.

3-6.1 Charts 5, 6, and 9 illustrate the relative hydraulic efficiencies of the various
grate types explained here. The parallel bar grate (P-1-7/8) is hydraulically superior to
all others but is not considered bicycle safe. The curved vane and the P-1-1/8 grates
have good hydraulic characteristics with high velocity flows. The other grates tested are
hydraulically effective at lower velocities.

3-6.2 Debris-handling capabilities of various grates are reflected in Table 3-3. The
table shows a clear difference in efficiency between the grates with the 3.25-in.
longitudinal bar spacing and those with smaller spacings. The efficiencies shown in the
table are suitable for comparisons between the grate designs tested, but should not be
taken as an indication of field performance since the testing procedure used did not
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simulate actual field conditions. Some local transportation agencies have developed
factors for use of debris-handling characteristics with specific inlet configurations.

3-6.3 Table 3-7 ranks grate styles according to relative bicycle and pedestrian
safety. The bicycle safety ratings were based on a subjective test program performed by
the FHWA; however, all the grates are considered bicycle and pedestrian safe except
the P-1-7/8. In recent years with the introduction of very narrow racing bicycle tires,
some concern has been expressed about the P-1-1/8 grate. Exercise caution when
using it in bicycle areas.

3-6.4 Grate loading conditions must also be considered when determining an
appropriate grate type. Grates in traffic areas must be able to withstand traffic loads;
conversely, grates draining yard areas usually do not need to be as rigid.

Table 3-7. Grate Ranking with Respect to Bicycle and Pedestrian Safety

Rank Grate Style
1 P-1-7/8 x 4

Reticuline

P-1-1/8

45° - 3-1/4 Tilt Bar

45° - 2-1/4 Tilt Bar

Curved Vane

30° - 3-1/4 Tilt Bar

N|[ofga(bh|wW|N
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CHAPTER 4

CULVERT DESIGN

4-1 PURPOSE. This chapter discusses the hydraulic design of culverts. Though it
is fairly easy to perform culvert design using the charts and nomographs from this
chapter, it is still highly recommended that the designer obtain a copy of the FHWA's
HY-8 culvert analysis software from the FHWA Web site. The HY-8 program is easy and
quick to use and provides accurate answers using the equations shown on the charts
and nomographs.

A drainage culvert is defined as any structure under a pavement with a clear
opening of 20 feet or less measured along the center of the pavement. Culverts are
used to convey flow through an embankment or past some other type of flow
obstruction. Culverts are constructed from a variety of materials and are available in
many different shapes and configurations. Culvert hydraulics and diagrams, charts,
coefficients, and related information useful in the design of culverts are shown later in
this chapter.

4-1.1 Culverts are generally of circular, oval, elliptical, arch, or box cross section
and may be of single or multiple construction, the choice depending on available
headroom and economy. Culvert materials for permanent-type installations include plain
concrete, reinforced concrete, corrugated metal, and plastic. Concrete culverts may be
either precast or cast in place, and corrugated metal culverts may have either annular or
helical corrugations and be constructed of steel or aluminum. For the metal culverts,
different kinds of coatings and linings are available for improvement of durability and
hydraulic characteristics. The design of economical culverts involves consideration of
many factors relating to requirements of hydrology, hydraulics, physical environment,
imposed exterior loads, construction, and maintenance. With the design discharge and
general layout determined, the design requires detailed consideration of such hydraulic
factors as shape and slope of approach and exit channels, allowable head at entrance
(and ponding capacity, if appreciable), tailwater levels, hydraulic and energy grade lines,
and erosion potential. A selection from possible alternative designs may depend on
practical considerations such as minimum acceptable size, available materials, local
experience concerning corrosion and erosion, and construction and maintenance
aspects. If two or more alternative designs involving competitive materials of equivalent
merit appear to be about equal in estimated cost, plans will be developed to permit
contractor’s options or alternate bids, so that the least construction cost will result.

4-1.2 Culvert pipe is available in many sizes depending on the material type and
configuration. Pipe manufacturers provide pipe and culvert manuals and handbooks that
describe their products. See Chapter 9 of this UFC for allowable pipe sizes and fill
heights. Designs for extra large sizes or for special shapes or structural requirements
may be submitted by manufacturers for approval and fabrication. Short culverts under
sidewalks (not entrances or driveways) may be as small as 8 in. in diameter if placed to
be comparatively free from accumulation of debris or ice. In general, pipe diameters or
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pipe-arch rises should be not less than 18 inches. A diameter or pipe-arch of not less
than 24 in. should be used in areas where windblown materials such as weeds and
sand may tend to block the waterway. Within these ranges of sizes, structural
requirements may limit the maximum size that can be used for a specific installation.

4-1.3 The capacity of a culvert is determined by its ability to admit, convey, and
discharge water under specified conditions of potential and kinetic energy upstream and
downstream. The hydraulic design of a culvert for a specified design discharge involves
selection of a type and size, determination of the position of hydraulic control, and
hydraulic computations to determine whether acceptable headwater depths (HW/D) and
outfall conditions will result. In considering what degree of detailed refinement is
appropriate in selecting culvert sizes, the relative accuracy of the estimated design
discharge should be taken into account. Hydraulic computations will be carried out by
standard methods based on pressure, energy, momentum, and loss considerations.
Appropriate formulas, coefficients, and charts for culvert design are provided later in this
chapter. The FHWA'’s Hydraulic Design Series No. 5 (HDS-5) should be consulted for
detailed information regarding culvert design practice.

4-1.4 Rounding or beveling the entrance in any way will increase the capacity of a
culvert for every design condition. Some degree of entrance improvement should
always be considered for incorporation in design. A headwall will improve entrance flow
over that of a projecting culvert. A headwall is particularly desirable as a cutoff to
prevent saturation, sloughing, and/or erosion of the embankment. Provisions for
drainage should be made over the center of the headwall to prevent scouring along the
sides of the walls. A mitered entrance conforming to the fill slope produces a little
improvement in efficiency over that of the straight, sharp-edged, projecting inlet, but
may be structurally unsafe due to uplift forces. Both types of inlets tend to inhibit the
culvert from flowing full when the inlet is submerged. The most efficient entrances
incorporate such geometric features as elliptical arcs, circular arcs, tapers, and
parabolic drop-down curves. In general, elaborate inlet designs for culverts are
justifiable only in unusual circumstances.

4-1.5 Outlets and endwalls must be protected against undermining, bottom scour,
damaging lateral erosion, and degradation of the downstream channel. The presence of
tailwater higher than the culvert crown will affect culvert performance and may require
protection of the adjacent embankment against wave or eddy scour. Endwalls (outfall
headwalls) and wingwalls should be used where practical, and wingwalls should flare 1
on 8 from 1 diameter width to that required for the formation of a hydraulic jump and the
establishment of a Froude number in the exit channel that will ensure stability. Two
general types of channel instability can develop downstream of a culvert: gully scour or
a localized erosion referred to as a scour hole. Gully scour is to be expected when the
Froude number of flow in the channel exceeds that required for stability. Erosion of this
type may be considerable depending upon the location of the stable channel section
relative to that of the outlet in both the vertical and downstream directions. A scour hole
can be expected downstream of an outlet even if the downstream channel is stable. The
severity of damage depends upon the conditions existing or created at the outlet. More
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information on erosion protection is provided at the end of this chapter. In addition, the
FHWA's HEC-14 is highly recommended for this topic.

4-1.6 In the design and construction of any drainage system it is necessary to
consider the minimum and maximum earth cover allowable in the underground conduits
to be placed under both flexible and rigid pavements. Minimum-maximum cover
requirements for various pipe and culverts is provided in Chapter 9 of this UFC. The
cover depths recommended are valid for average bedding and backfill conditions.
Deviations from these conditions may result in significant minimum cover requirements.

4-1.7 Infiltration of fine-grained soils into drainage pipelines through joint openings
is one of the major causes of ineffective drainage facilities. This is particularly a problem
along pipes on relatively steep slopes such as those encountered with broken-back
culverts. Infiltration of backfill and subgrade material can be controlled by watertight
flexible joint materials in rigid pipe and with watertight coupling bands in flexible pipe.
The results of laboratory research concerning solil infiltration through pipe joints and the
effectiveness of gasketing tapes for waterproofing joints and seams are available. More
information on watertight joints can be found in Chapter 9.

4-2 FISH PASSAGE CONSIDERATIONS. While the need for fish passage rarely
occurs on DOD projects, this section provides some general fish passage guidance.

4-2.1 General. When it is determined that fish are present and fish passage must
be accommodated, several design items must be considered. Consult a local fisheries
biologist prior to making any of the design accommodations noted in paragraphs 4-2.2
through 4-2.8.

4-2.2 High Inverts. Fish passage is impossible when the culvert outlet is set too
high, exceeding jumping ability of the fish and creating a spill velocity exceeding the
swimming capability of the fish. Causes can be survey or design error, improper
installation, or unexpected degradation of the downstream channel after culvert
installation.

4-2.3 High Velocities in Culverts. These prevent fish from swimming upstream.
Factors affecting velocity include the culvert’s area, shape, slope, and internal
roughness, and inlet and outlet conditions. Some increases in velocity result from the
increased slope due to the culvert alignment being straight in lieu of the natural stream’s
meander, reduced surface roughness of the pipe, and a reduction in the cross-sectional
area due to the pipe. Tailwater elevation, the water level in the downstream channel at
the culvert outlet, should be based on the type of fish present. This minimum should be
set with due consideration to recommendations of local fishery biologists.

Countersinking or partially burying a culvert will allow the natural stream
material to be sustained throughout the length of the culvert. Enlarged, countersunk
pipes have been effective for passing fish through a culvert.
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4-2.4 Undersized or Failed Culverts. These can cause overtopping and washout
of an embankment and destroy a fish resource by release of large amounts of sediment
and debris.

4-2.5 Erosion Along Drainageways or at Outlets. Additional sediment from
uncontrolled erosion can adversely affect fish. Causes can be high velocities, high
inverts, undersized culverts, inadequate bank protection, and lack of suitable culvert
endwalls.

4-2.6 Channel Filling. Covering an extensive reach of stream bottom decreases
the area most suitable for spawning, depleting renewal of stocks. Proper biological input
in siting and designing drainageways will avoid this problem.

4-2.7 Culvert Installation. Scheduling culvert excavation, channel diversion, and
channel crossings by equipment should avoid times of the year that are critical to the
fish cycle.

4-2.8 Control of Icing. Thawing devices such as electrical cables or steam lines,
essential to any design where there is ice buildup, should be in operation to assure
freedom from ice blockages during the spring migration period.

4-3 DESIGN STORM

4-3.1 The design of culverts will be based on the design storm frequencies defined
in Chapter 2, section 2-2.5. The headwater depth for the design storm shall not exceed
1.25 or the local requirement. Examples of conditions where greater than the design
storm frequency may be used are areas of steep slope in which overflows would cause
severe erosion damage; high road fills that impound large quantities of water; and
primary diversion structures, important bridges, and critical facilities where uninterrupted
operation is imperative.

4-3.2 Protection of facilities against flood flows originating from areas exterior to the
facility will normally be based on local design requirements but not less than the 10-yr
event. Operational requirements, cost-benefit considerations, and the nature and
consequences of flood damage resulting from the failure of protective works shall also
be considered. Justification for the selected design storm will be presented, and, if
appropriate, comparative costs and damages for alternative designs should be included.

4-4 DESIGN. Improper design and careless construction of various drainage
structures may render facilities ineffective and unsafe. Consequently, the necessity of
applying basic hydraulic principles to the design of all drainage structures must be
emphasized. Care should be give to both preliminary field surveys that establish control
elevations and to the construction of the various hydraulic structures in strict
accordance with proper and approved design procedures. A successful drainage
system requires the coordination of both the field and design engineers.
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4-4.1 Hydraulic Design Data for Culverts

4-4.1.1 General. This section presents diagrams, charts, coefficients, and related
information useful in the design of culverts. The information has been obtained largely
from the U.S. Department of Transportation (USDOT), Federal Highway Administration
(FHWA), and supplemented or modified as appropriate by information from various
other sources and as required for consistency with design practice of the U.S. Army
Corps of Engineers.

4-4.1.2 Culvert Flow. Laboratory tests and field observations show two major types
of culvert flow: flow with inlet control and flow with outlet control. Under inlet control, the
cross-sectional area of the culvert barrel, the inlet geometry, and the amount of
headwater (HW) or ponding at the entrance are of primary importance. Outlet control
involves the additional consideration of the elevation of the tailwater in the outlet
channel and the slope, roughness, and length of the culvert barrel. The type of flow or
the location of the control is dependent on the quantity of flow, roughness of the culvert
barrel, type of inlet, flow pattern in the approach channel, and other factors. In some
instances, the flow control changes with varying discharges, and occasionally the
control fluctuates from inlet control to outlet control and vice versa for the same
discharge. Thus, the design of culverts should consider both types of flow and should
be based on the more adverse flow condition anticipated.

4-4.1.3 Inlet Control. The discharge capacity of a culvert is controlled at the culvert
entrance by the depth of headwater and the entrance geometry, including the area,
slope, and type of inlet edge. Types of inlet-controlled flow for unsubmerged and
submerged entrances are shown at A and B in Figure 4-1. A mitered entrance (C,
Figure 4-1) produces little improvement in efficiency over that of the straight, sharp-
edged, projecting inlet. Both types of inlets tend to inhibit the culvert from flowing full
when the inlet is submerged. With inlet control, the roughness and length of the culvert
barrel and outlet conditions (including depths of tailwater) are not factors in determining
culvert capacity. The effect of the barrel slope on inlet-control flow in conventional
culverts is negligible. Nomographs for determining culvert capacity for inlet control were
developed by the Division of Hydraulic Research, Bureau of Public Roads (see the
FHWA's HDS-1). These nomographs (Figures 4-2 through 4-9) give headwater-
discharge relations for most conventional culverts flowing with inlet control.
Nomographs for other culvert shapes are provided in HDS-5.
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Figure 4-1. Inlet Control
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Figure 4-3. Headwater Depth for Oval Concrete Pipe Culverts Long Axis
Vertical with Inlet Control
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Figure 4-4. Headwater Depth for Oval Concrete Pipe Culverts Long Axis

Horizontal with Inlet Control
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Figure 4-5. Headwater Depth for Corrugated Metal Pipe Culverts with

Inlet Control
— 180 ~ 10,000 ()
L 168 — 8,000 EXAMPLE
156 — 6,000 D = 36 inches (3.0 feet) 6. (@)
- — 5,000 Q = 66 cfs L (3}
144 L - — 6.
r 4,000 Hw* HW 5. [
- 132 ) L 3 000 D (feet) - s 6.
= C ! .
; E (&) 1.8 5.4 4. i i
~120 °© - r — 5.
i w - 2,000 (2) 2.1 6.3 r A
< E 3) 2.2 6.6 r A
— 108 & - — 3. i — 4.
i i - *D in feet s : "
q ™ -
- [ 98 s — 1,000 - -3
i 5 — - F 3
| =1 — 800 | -
| & - - -
-84 o — 600 — 2. r B
i - 500 i | 3
" 400 ATTTERTTL,
" — ?2 B / = L C -
| & — 300 e F a
| T L F -~ =15 | i
— o [ 200 g/ = r B
— 60 = > w 1.5 -
E E - t*‘*/ 5 = L 1.5
é L 54 oL - W f B L
[ = C
E 3 — 100 ~ =3 i
w — 48 x — 80 o R
> o |-
B It e0 z -
L a2 ~ 2 50 - A
u - o F EF _
o . — 40 w 1.0
o / / - (== .5 [— .g
,"‘_’ =3¢ —- 30 HW SCALE ENTRANCE Ei
i o D TYPE - | i - .9
z 33 L 20 s
a E (1) Headwall al 8 — .8 -
. — 30 - (2) Mitered to conform 3
= - to slope T I - — .8
S o
o — 27 10 (3) Projecting
@ |- — .7 — 7 B
— — .7
P — 6 - 5
w - 5
| = To use scale (2) or (3) project -
21 — 4 horizontally to scale (1), then — .6
- use straight inclined line through — .6
- 3 D and Q scales, or reverse as &
C illustrated. .
- 18 - -
= 2 |
- 15 s - Ls
— 1.0 — .5
PREPARED BY
BUREAU OF PUBLIC ROADS
— L2

123



UFC 3-230-01
8/1/2006

AC 150/5320-5C
9/29/2006

Figure 4-6. Headwater Depth for Structural Plate and Standard Corrugated
Metal Pipe-Arch Culverts with Inlet Control

|
|

NOTE: CALIBRATIONS NOT DESIGNATED REFER TO

18-IN. CORNER RADIUS
STRUCTURAL PLATEC. M. —————=

=

STANDARD C. M.

INTERMEDIATE SIZES LISTED IN CATALOGUES

SIZE (SPAN x RISE) OF PIPE-ARCH

16'-7"x 10'-1"

15'-4"x 9'-3"

12'-10"x 8'-4"

1'-5"x 7'-3"

9'-6" x 6'-5"

8'-2"x5'-9"

7'-0" x5'-1"

6'-1" x 4'-7°

72" x 44"

65" x 40"

58" x 36"

50" x 31"

29" x 18"

25" x 16°

22" x 13"

18" x 11"

\| DISCHARGE (Q) IN CFS

- 5,000
- 4,000
- 3,000 EXAMPLE
: Size: 36" x 22"
- 2,000 Q= 20cfs
[ HW* HW
D (feet)
1.10 .
- 1,000 (1) 20
B (2) 1.15 2.1
[ 800 (3) 1.22 2.2
- 600 *D in feet
+ 500
- 400
-
- 300
- 200
~
- 100 Vs
- 80 -
e r
- *Q/
- 60 /1»“/
- 50 //
- 40 _
-
y 30 e
-~
A~
F 20w ENTRANCE
: D SCALE TYPE
(1) Headwall
B 10 (2) Mitered to conform
Y to slope
o (3) Projecting
- 6
- 5
- 4
To use scale (2) or (3) project
- 3 horizontally to scale (1), then
[ use straight inclined line through
- D and Q scales, or reverse as
i illustrated.
- 2
jo——8 ————
- 1.0 E
- ]
- .6
- .5

(n
- 4
(2)
-4 (3)
L 5 ! -4
B -3
5 1 -3
- 2 i
[ -2 L 2
- 1.5
C F -
- 1.5 - 1.5
/.___.: —
- 1.0
gl - 1.0
= I - 1.
IZr® Lo °
w
o[ s - 9
@
w - .8 — .8
o
wrl L - .8
z
wl.T » [
e 7
Z - .7
I !
'_
i
al® - 6
[+ 4 - .6
W
-
-4 L
=
o
o
[ - .5 - .5
A NP
L L 35
.35 L 3%
PREPARED BY
BUREAU OF PUBLIC ROADS

124



UFC 3-230-01 AC 150/5320-5C
8/1/2006 9/29/2006
Figure 4-7. Headwater Depth for Box Culverts with Inlet Control
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Figure 4-8. Headwater Depth for Corrugated Metal Pipe Culverts with
Tapered Inlet Inlet Control
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Figure 4-9. Headwater Depth for Circular Pipe Culverts with
Beveled Ring Inlet Control
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4-4.1.4  Outlet Control. Culverts flowing with outlet control can flow with the culvert
barrel full or partially full for part of the barrel length or for all of it (Figure 4-10). If the
entire barrel is filled (both cross section and length) with water, the culvert is said to be
in full flow or flowing full (Figure 4-10, A and B). The other two common types of outlet-
control flow are shown in Figure 4-10, C and D. The procedure given for outlet-control
flow does not give an exact solution for a free-water-surface condition throughout the
barrel length shown in Figure 4-10, D. An approximate solution is given for this case
when the headwater, HW, is equal to or greater than 0.75D, where D is the height of the
culvert barrel. The head, H, required to pass a given quantity of water through a culvert
flowing full with control at the outlet is made up of three major parts.

Figure 4-10. Outlet Control
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4-4.1.4.1 These three parts are usually expressed in feet of water and include a

velocity head, an entrance loss, and a friction loss. The velocity head (the kinetic energy
2

: \Y : :
of the water in the culvert barrel) equals g The entrance loss varies with the type or
g
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design of the culvert inlet and is expressed as a coefficient times the velocity head, or

2

K. \é— Values of K, for various types of culvert entrances are given in Table 4-1. The

friction loss, H;, is the energy required to overcome the roughness of the culvert barrel
and is usually expressed in terms of Manning’s n (Table 6-1) and Equation 4-1:

29n%L \(V?
H; = RL3% Z

(4-1)

Table 4-1. Entrance Loss Coefficients, Outlet Control, Full or Partly Full

Entrance Head Loss, H, =K, —*

Type of Structure and Design of Entrance

Coefficient, K¢

Pipe, Concrete

beveled top edge

Projecting from fill, socket end (groove-end) 0.2
Projecting from fill, square-cut end 0.5
Headwall or headwall and wingwalls
Socket end of pipe (groove-end) 0.2
Square-edge 0.5
Rounded (radius = 0.083 barrel dimension) 0.2
Mitered to conform to fill slope 0.7
**End section conforming to fill slope 0.5
Beveled edges, 33.7-degree or 45-degree bevels 0.2
Side- or sloped-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-degree or 45-degree 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 0.083 barrel dimension, or
. 0.2
beveled edges on 3 sides
Wingwalls at 30 degrees to 75 degrees to barrel
Square-edged at crown 0.4
Crown edge rounded to radius of 0.083 barrel dimension, or 0.2

129



UFC 3-230-01 AC 150/5320-5C

8/1/2006 9/29/2006
Type of Structure and Design of Entrance Coefficient, Ke
Wingwalls at 10 degrees to 25 degrees to barrel
Square-edged at crown 0.7
Wingwalls parallel (extension of sides)
Square-edged at crown 0.7
Side- or slope-tapered inlet 0.2

* Table developed by the U.S. Army Corps of Engineers

** NOTE: Made of either metal or concrete, these end sections are commonly available from
manufacturers. From limited hydraulic tests, they are equivalent in operation to a headwall in
both inlet and outlet control. Some end sections, incorporating a closed taper in their design,
have a superior hydraulic performance. These latter sections can be designed using the
information given for the beveled inlet.

4-4.1.4.2 Adding the three terms and simplifying, yields for full pipe, outlet control flow
Equation 4-2:

29n°L \(V?
H= [14— Ke +Wj (EJ (4'2)

This equation can be solved readily by the use of the full-flow nomographs,
Figures 4-11 through 4-17. The equations shown on these nomographs are the same
as Equation 4-1 but expressed in a different form. Each nomograph is drawn for a single
value of n as noted in the respective figure. These nomographs may be used for other
values of n by modifying the culvert length as explained later in this chapter in the
section describing the use of the outlet-control nomographs. The value of H (head, ft)
must be measured from some “control” elevation at the outlet that is dependent on the
rate of discharge or the elevation of the water surface of the tailwater. For simplicity, a
value h, is used as the distance in feet from the culvert invert (flow line) at the outlet to
the control elevation. Equation 4-3 is used to compute headwater in reference to the
inlet invert:

HW =h, +H-LS, (4-3)
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Figure 4-11. Head for Circular Pipe Culverts Flowing Full, n = 0.012
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Figure 4-12. Head for Oval Circular Pipe Culverts Long Axis Horizontal or
Vertical Flowing Full, n =0.012
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Figure 4-13. Head for Circular Pipe Culverts Flowing Full, n = 0.024
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Figure 4-14. Head for Circular Pipe Culverts Flowing Full, n = 0.0328 to 0.0302
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Figure 4-15. Head for Standard Corrugated Metal Pipe-Arch Culverts
Flowing Full, n = 0.024
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Figure 4-16. Head for Field-Bolted Structural Plate Pipe-Arch Culverts 18 in.
Corner Radius Flowing Full, n = 0.0327 to 0.0306
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Figure 4-17. Head for Concrete Box Culverts Flowing Full, n =0.012
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4-4.1.5 Tailwater Elevation at or Above the Top of the Culvert Barrel Outlet
(Figure 4-10, A). The tailwater (TW) depth is equal to h,, and the relation of headwater
to other terms in Equation 4-3 is illustrated in Figure 4-18.

Figure 4-18. Tailwater Elevation at or Above the Top of the Culvert
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4-4.1.6 Tailwater Elevation Below the Top or Crown of the Culvert Barrel Outlet.
Figure 4-10, B, C, and D are three common types of flow for outlet control with this low
TW condition (Figure 4-19). In these cases, h, is found by comparing two values, TW

. D .
depth in the outlet channel and dC; , and setting h, equal to the larger value. The

fraction d ; D is a simplified means of computing h, when the TW is low and the

discharge does not fill the culvert barrel at the outlet. In this fraction, d. is critical depth
as determined from Figures 4-20 through 4-25, and D is the culvert height. The value of
dc should never exceed D, making the upper limit of this fraction equal to D. Figure 4-21
shows the terms of Equation 4-3 for the cases discussed above. Equation 4-3 gives
accurate answers if the culvert flows full for a part of the barrel length as illustrated by
Figure 4-25. This condition of flow will exist if the headwater, as determined by
Equation 4-3, is equal to or greater than the quantity:

2
HW >D +(1+ Ke)\;— (4-4)
g

4-4.1.6.1 If the headwater drops below this point, the water surface will be free
throughout the culvert barrel as in Figure 4-10, D, and Equation 4-3 will yield answers
with some error since the only correct method of finding headwater in this case is by a
backwater computation starting at the culvert outlet. Equation 4-3 will give answers of
sufficient accuracy for design purposes, however, if the headwater is limited to values
greater than 0.75D. For lower headwaters, backwater calculations are required to obtain
accurate headwater elevations.

4-4.1.6.2 The depth of TW is important in determining the hydraulic capacity of culverts
flowing with outlet control. In many cases, the downstream channel is of considerable
width and the depth of water in the natural channel is less than the height of water in the
outlet end of the culvert barrel, making the tailwater ineffective as a control. There are
instances, however, where the downstream water-surface elevation is controlled by a
downstream obstruction or backwater from another stream. A field inspection of all
major culvert locations should be made to evaluate downstream controls and determine
water stages.

4-4.1.6.3 An approximation of the normal depth of flow in a natural stream (outlet

channel) can be made by using Manning’s equation, V :@RMS“, if the channel

is reasonably uniform in cross section, slope, and roughness. Values of n for natural
streams in Manning’s formula are given in Table 5-1. Chart 14 of Appendix B provides
the solution to Manning’s equation for various channels. This chart could be used to
quickly estimate the tailwater depth downstream of the culvert. If the water surface in
the outlet channel is established by downstream controls, other means must be found to
determine the tailwater elevation. Sometimes this necessitates studying the stage-
discharge relation of another stream into which the stream in question flows or securing
data on reservoir elevations if a storage dam is involved.
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Figure 4-20. Circular Pipe Critical Depth

3 —
. 32 20
2% |
2 —
/
29 /%ﬁ
e
. ® ® RANGE OF 404D TO 090
o a
A
/ ]
% 10 20 30 40 50 60 70 80 90 100
DISCHARGE-Q-CFS
6 8
’/ ¥ -
* /‘?’é — -l 7
. | 27 “
w 7 - e
Y o o 74 1T -1 .
'o 7 =1~
? A A/ 2 /
= Z
a /) “T——DIAMETER ¥RANGE OF 4=04D TO 090 s
w 3 7 IN FEET
o [y //
J 7
3 7
- % 100 200 300 400 500 600 700 800 900 1000
= DISCHARGE -Q-CFS
o
14
\S
| —= 1
2 e
P -—adEn
10 > 94,/
A\ /
%//4
Y
// ,//
6 A/ *RANGE OF ¢, 04D TO 090
Y,
//
//
“ 1000 2000 3000 2000
DISCHARGE-Q-CFS
*NOTE: FOR VALUES OF dc ABOVE
CURVE, USE dc =D
PREPARED BY
BUREAU OF PUBLIC ROADS

140



UFC 3-230-01
8/1/2006

AC 150/5320-5C

9/29/2006

Figure 4-21. Oval Concrete Pipe Long Axis Horizontal Critical Depth
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Figure 4-22. Oval Concrete Pipe Long Axis Vertical Critical Depth
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Figure 4-23. Standard Corrugated Metal Pipe-Arch Critical Depth

20

o
\
\

»
*
7
W
A
AVAN

AWM
ALY

~
»
N
*

NANN

* RANGE OF —£=0.3 TO 0.9

o

N
NIRY

CRITICAL DEPTH -d,- FEET

o
@

M
. N
\\\\\ 9.

06 “

04 A

] 10 20 30 40 50 60
DISCHARGE-Q- CFS

34 T
32 12

30 .*“0‘ =

28
- S
2.2
20 s
1.8
1.6

17

l..O /

0.6
0

&

FEET
\>.
\

R
\\\]\ﬁ'
\50\

g
4
N

£«03 TO 0.9

oo

"RANGE OF

N
AN

CRITICAL DEPTH -d

20 40 60 80 100 120 140 160 180 200 220 240
DISCHARGE-Q-CFS

*NOTE: FOR VALUES OF d. ABOVE BB R
CURVE, USE dC =D BUREAU OF PUBLIC ROADS

143



UFC 3-230-01 AC 150/5320-5C
8/1/2006 9/29/2006

Figure 4-24. Structural Plate Pipe-Arch Critical Depth
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Figure 4-25. Critical Depth Rectangular Section
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4-4.1.7 Procedure for Selection of Culvert Size

4-4.1.7.1 Using the Culvert Design Form (Figure 4-26) as a guide, perform the steps in
paragraph 4-4.1.7.2 to design a culvert. Evaluate both inlet and outlet control conditions.

4-4.1.7.2 Select the culvert size by following these steps:
a. Step 1: List the given data.
(1) Design discharge, Q, in ft¥/s.
(2) Approximate length of the culvert, in feet.

(3) Allowable headwater depth, in feet, which is the vertical distance from
the culvert invert (flow line) at entrance to the water-surface elevation
permissible in the approach channel upstream from the culvert.

(4) Type of culvert, including barrel material, barrel cross-sectional shape,
and entrance type.

(5) Slope of the culvert. (If the grade is given in percent, convert it to slope
in feet per foot.)

(6) Allowable outlet velocity (if scour or fish passage are issues).
b. Step 2: Determine a trial culvert size.

(1) Refer to the inlet-control nomograph (Figures 4-2 through 4-9) for the
selected culvert type.

(2) Using an % of approximately 1.25 and the scale for the entrance

type to be used, find a trial-size culvert by following the instructions for
the use of these nomographs. If there are reasons for less or greater

relative depth of headwater in a particular case, another value of %
may be used for this trial selection.

(3) If the trial size for the culverts is obviously too large because of limited
height of embankment or availability of size, try a % value or multiple

culverts by dividing the discharge equally for the number of culverts
used. Raising the embankment height or using pipe-arch and box
culverts with width greater than height should be considered. Selection
should be based on an economic analysis.

146



UFC 3-230-01 AC 150/5320-5C
8/1/2006 9/29/2006

Figure 4-26: Culvert Design Form
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c. Step 3: Find the headwater depth for the trial-size culvert.

(1) Determine and record the headwater depth by use of the appropriate
inlet-control nomograph (Figures 4-2 through 4-9). Tailwater conditions
are to be neglected in this determination. Headwater in this case is

found by simply multiplying % obtained from the nomograph by D.

(2) Compute and record the headwater for outlet control using these
instructions:

(@) Approximate the depth of the tailwater for the design flood
condition in the outlet channel. The tailwater depth may also be
due to backwater caused by another stream or some control
downstream.

(b) For tailwater depths equal to or above the depth of the culvert at
the outlet, set the tailwater equal to h, and find the headwater
by the following equation:

HW =h, +H-S, L

H is estimated from the outlet control nomographs (Figures 4-11
through 4-17).

(c) For tailwater elevations below the crown of the culvert at the
outlet, use the following equation to find the headwater:

HW =h, +H-S L

d.+D

where h, = or TW, whichever is greater. When d.

(Figures 4-20 through 4-25) exceeds the height of the culvert, h,
should be set equal to D. Again, H is estimated from the outlet
control nomographs (Figures 4-11 through 4-17).

(3) Compare the headwater determined from the inlet control and outlet
control computations. The higher headwater governs and indicates the
flow control existing under the given conditions.

(4) Compare the higher headwater with that allowable at the site. If
headwater is greater than allowable, repeat the procedure using a
larger culvert. If headwater is less than allowable, repeat the procedure
to investigate the possibility of using a smaller size.
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Step 4: Check the outlet velocities for the selected size.

Q

(1) If outlet control governs in Step 3(2)c, outlet velocity equals N where

A is the cross-sectional area of flow at the outlet. If dc or TW is less than
the height of the culvert barrel, use a cross-sectional area
corresponding to d. or TW depth, whichever gives the greater area of
flow. The total barrel area is used when the tailwater exceeds the top of
the barrel.

(2) Ifinlet control governs in Step 3(2)c, outlet velocity can be assumed to
equal normal velocity in open-channel flow as computed by Manning’s
equation for the barrel size, roughness, and slope of the selected
culvert. The FHWA'’s HDS-3 contains many charts that can be used to
estimate the normal depth exiting a culvert. Both circular and box
shapes are represented in
HDS-3.

Step 5: Try a culvert of another type or shape and determine the size and
headwater by the same procedure.

Step 6: Record the final selection of culvert with size, type, outlet velocity,
required headwater, and economic justification on the Culvert Design Form
(Figure 4-26).

Instructions for Using the Inlet-Control Nomographs (Figures 4-2

through 4-9)

4-4.1.8.1 To determine headwater:

a.

Connect with a straight edge the given culvert diameter or height, D, and the

discharge, Q, or % for box culverts; mark the intersection of the straight edge

HW
on —— scale 1.
D

If % scale 1 represents the entrance type used, read % on scale 1. If

some other entrance type is used, extend the point of intersection ((a) above)

horizontally to scale 2 or 3 and read %

Compute the headwater by multiplying % by D.

149



UFC 3-230-01 AC 150/5320-5C
8/1/2006 9/29/2006

4-4.1.8.2 To determine the culvert size:

, HW HW :
a. Given an — value, locate D on the scale for the appropriate entrance

type. If scale 2 or 3 is used, extend % point horizontally to scale 1.

b. Connect the point on % scale 1 ((a) above) to the given discharge and

read the required diameter, height, or size of the culvert.

4-4.1.8.3 To determine the discharge:

a. Given HW and D, locate % on the scale for the appropriate entrance type.

Continue as in paragraph 4-4.1.8.2, step (a).

b. Connect the point on % scale 1 ((a) above) and the size of the culvert on

Q

the left scale and determine Q or B on the discharge scale.

c. |If Q is determined, multiply B to find Q.

B

4-4.1.9 Instructions for Using the Outlet-Control Nomographs. Figures 4-11
through 4-17 are nomographs to solve for the head when culverts flow full with outlet
control. They are also used in approximating the head for some patrtially full flow
conditions with outlet control. These nomographs do not give a complete solution for
finding headwater.

a. Locate the appropriate nomograph for the selected type of culvert.

b. Begin finding the nomograph solution by locating a starting point on the length
scale. To locate the proper starting point on the length scale, follow these
instructions:

(2) If the n value of the nomograph corresponds to that of the culvert being
used, find the proper K¢ from Table 4-1, and on the appropriate
nomograph, locate the starting point on the length curve for the Ke. If a
Ke curve is not shown for the selected Ke, go to step 2, below. If the n
value for the selected culvert differs from that of the nomograph, see
step 3, below.

(2) For the n of the nomograph and a K. intermediate between the given
scales, connect the given length on adjacent scales by a straight line
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and select a point on this line spaced between the two chart scales in
proportion to the K¢ values.

3) For a different value of roughness coefficient, n;, than that of the chart
n, use the length scales shown with an adjusted length, L, calculated
by the formula:

L, = L[ﬁj (4-5)

n

where:  L; = adjusted culvert length
L = actual culvert length
n; = desired n value
n = n value from the outlet control chart

Using a straight edge, connect the point on the length scale to the size of the
culvert barrel and mark the point of crossing on the “turning line.”

Pivot the straight edge on this point on the turning line and connect the given
discharge rate. Read the head in feet on the head scale. For values beyond
the limit of the chart scales, find H by solving the equation given in the
nomograph or by using the FHWA'’s HY-8 computer program.

4-4.1.9.1 Table 4-1 is used to find the n value for the selected culvert.

4-4.1.9.2 To use the box-culvert nomograph (Figure 4-17) for full flow for other than
square boxes:

a.

Compute the cross-sectional area of the rectangular box.

NOTE: The area scale on the nomograph is calculated for barrel cross
sections with span B twice the height D; its close correspondence with the
area of square boxes assures that it may be used for all sections intermediate
between square and B = 2D or B = 2/3D. For other box proportions, use the
equation shown in the nomograph for more accurate results.

Connect the proper point on the length scale to the barrel area and mark the
point on the turning line.

Pivot the straight edge on this point on the turning line and connect the given
discharge rate. Read the head in feet on the head scale.
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4-4.2 Headwalls and Endwalls

4-4.2.1  The normal functions of a headwall or wingwall are to recess the inflow or
outflow end of the culvert barrel into the fill slope to improve entrance flow conditions, to
anchor the pipe and to prevent disjointing caused by excessive pressures, to control
erosion and scour resulting from excessive velocities and turbulences, and to prevent
adjacent soil from sloughing into the waterway opening.

4-4.2.2 Headwalls are particularly desirable as a cutoff to prevent saturation
sloughing, piping, and erosion of the embankment. Provisions for drainage should be
made over the center of the headwall to prevent scouring along the sides of the walls.

4-4.2.3 Whether or not a headwall is desirable depends on the expected flow
conditions and the embankment stability. Erosion protection such as riprap or sacked
concrete with a sand-cement ratio of 9:1 may be required around the culvert entrance if
a headwall is not used.

4-4.2.4 In the design of headwalls, some degree of entrance improvement should
always be considered. The most efficient entrances would incorporate one or more of
such geometric features as elliptical arcs, circular arcs, tapers, and parabolic drop-down
curves. Elaborate inlet design for a culvert would be justifiable only in unusual
circumstances. The rounding or beveling of the entrance in almost any way will increase
the culvert capacity for every design condition. These types of improvements provide a
reduction in the loss of energy at the entrance for little or no additional cost.

4-4.2.5 Entrance structures (headwalls and wingwalls) protect the embankment from
erosion and, if properly designed, may improve the hydraulic characteristics of the
culvert. The height of these structures should be kept to the minimum that is consistent
with hydraulic, geometric, and structural requirements. Several entrance structures are
shown in Figure 4-27. Straight headwalls (Figure 4-27a) are used for low to moderate
approach velocity, light drift (small floating debris), broad or undefined approach
channels, or small defined channels entering culverts with little change in alignment.
The “L” headwall (Figure 4-27b) is used if an abrupt change in flow direction is
necessary with low to moderate velocities; however, before an “L” headwall is
considered, all efforts should be made to align the culvert with the natural stream. The
change in flow direction often causes debris and sediment problems. Winged headwalls
or wingwalls (Figure 4-27c) are used for channels with moderate velocity and medium
floating debris. Wingwalls are most effective when set flush with the edges of the culvert
barrel, aligned with the stream axis (Figure 4-27d), and placed at a flare angle of 18 to
45 degrees. Warped wingwalls (not shown) are used for well-defined channels with
high-velocity flow and a free water surface. They are used primarily with box culverts.
Warped headwalls are hydraulically efficient because they form a gradual transition
from a trapezoidal channel to the barrel. The use of a drop-down apron in conjunction
with these wingwalls may be particularly advantageous.
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Figure 4-27. Culvert Headwalls and Wingwalls
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Headwalls are normally constructed of plain or reinforced concrete or of

masonry and usually consist of either a straight headwall or a headwall with wingwalls,
apron, and cutoff wall, as required by local conditions. Definite design criteria applicable
to all conditions cannot be formulated, but certain features require careful consideration
to ensure an efficient headwall structure:

Most culverts outfall into a waterway of relatively large cross section; only
moderate tailwater is present, and except for local acceleration, if the culvert
effluent freely drops, the downstream velocities gradually diminish. In such
situations, the primary problem is usually not one of hydraulics but the
protection of the outfall against undermining bottom scour, damaging lateral
erosion, and perhaps degrading the downstream channel. The presence of
tailwater higher than the culvert crown will affect the culvert performance and
may possibly require protection of the adjacent embankment against wave or
eddy scour. In any event, a determination must be made about downstream
control, its relative permanence, and tailwater conditions likely to result.
Endwalls (outfall headwalls) and wingwalls will not be used unless justifiable
as an integral part of outfall energy dissipators or erosion protection works, or
for reasons such as right-of-way restrictions and occasionally aesthetics.
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= The system will fail if there is inadequate endwall protection. Usually the end
sections are damaged first, thus causing flow obstruction and progressive
undercutting during high runoff periods, which causes washout of the
structure. For corrugated metal (pipe or arch) culvert installations, the use of
prefabricated end sections may prove desirable and economically feasible.
When a metal culvert outfall projects from an embankment fill at a substantial
height above natural ground, either a cantilevered free outfall pipe or a pipe
downspout will probably be required. In either case, the need for additional
erosion protection requires consideration.

4-4.2.7 Headwalls and endwalls incorporating various designs of energy dissipators,
flared transitions, and erosion protection for culvert outfalls are explained in detail in
subsequent sections of this chapter.

4-4.2.8 Headwalls or endwalls will be adequate to withstand soil and hydrostatic
pressures. In areas of seasonal freezing, the structure will also be designed to preclude
detrimental heave or lateral displacement caused by frost action. The most satisfactory
method of preventing such damage is to restrict frost penetration beneath and behind
the wall to non-frost-susceptible materials. Positive drainage behind the wall is also
essential. Criteria for determining the depth of backfill behind walls are given in

UFC 3-220-03FA.

4-4.2.9 The headwalls or endwalls will be large enough to preclude the partial or
complete stoppage of the drain by sloughing of the adjacent soil. This can best be
accomplished by a straight headwall or by wingwalls. Typical erosion problems result
from uncontrolled local inflow around the endwalls. The recommended preventive for
this type of failure is the construction of a berm behind the endwall (outfall headwall) to
intercept local inflow and direct it properly to protected outlets such as field inlets and
paved or sodded chutes that will conduct the water into the outfall channel. The proper
use of solid sodding will often provide adequate headwall and channel protection.

4-4.2.10 In general, two types of channel instability can develop downstream from
storm sewer and culvert outlets: gully scour or a localized erosion termed a scour hole.
Distinction between the two conditions can be made by comparing the original or
existing slope of the channel or drainage basin downstream of the outlet relative to that
required for stability as illustrated in Figure 4-28.
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Figure 4-28. Types of Scour at Storm Drain and Culvert Outlets
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4-4.2.10.1  Gully scour is to be expected when the Froude number of flow

(F= V/(gy)®® where F is the Froude Number, g is 32.3 ft/s?, and y is the depth of water in
the channel) in the channel exceeds that required for stability. It begins at a control point
downstream where the channel is stable and it progresses upstream. If sufficient
differential in elevation exists between the outlet and the section of stable channel, the
outlet structure will be completely undermined. The primary cause of gully scour is the
practice of siting outlets high, with or without energy dissipators relative to a stable
downstream grade in order to reduce quantities of pipe and excavation. Erosion of this
type may be extensive, depending upon the location of the stable channel section
relative to that of the outlet in both the vertical and downstream directions. To prevent
gully erosion, outlets and energy dissipators should be located at sites where the slope
of the downstream channel or drainage basin is naturally moderate enough to remain
stable under the anticipated conditions, or else it should be controlled by ditch checks,
drop structures, and/or other means to a point where a naturally stable slope and cross
section exist. Design of stable open channels is discussed later in this UFC.

4-4.2.10.2 A scour hole or localized erosion can occur downstream of an outlet even
if the downstream channel is stable. The severity of damage to be anticipated depends
upon the conditions existing or created at the outlet. In many situations, flow conditions
can produce scour resulting in embankment erosion as well as structural damage to the
apron, endwall, and culvert.

4-4.2.10.3 Empirical equations have been developed for estimating the extent of the
anticipated scour hole in sand. These equations are based on knowledge of the design
discharge, the culvert diameter, and the duration and Froude number of the design flow
at the culvert outlet; however, the relationship between the Froude number of flow at the
culvert outlet and a discharge parameter, or Q/D,>?, can be calculated for any shape of
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outlet, and this discharge parameter is just as representative of flow conditions as is the
Froude number. The relationship between the two parameters for partial and full pipe
flow in square culverts is shown in Figure 4-29. Since the discharge parameter is easier
to calculate and is suitable for application purposes, the original data were reanalyzed in
terms of discharge parameter for estimating the extent of localized scour to be
anticipated downstream of culvert and storm drain outlets. The equations for the
maximum depth, width, length, and volume of scour and comparisons of predicted and
observed values are shown in Figures 4-30 through 4-33. Minimum and maximum
tailwater depths are defined as those less than 0.5D, and equal to or greater than
0.5D,, respectively. Dimensionless profiles along the center lines of the scour holes to
be anticipated with minimum and maximum tailwaters are presented in Figure 4-34 and
Figure 4-35. Dimensionless cross sections of the scour hole at a distance of 0.4 of the
maximum length of scour downstream of the culvert outlet for all tailwater conditions are
also shown in Figure 4-34 and Figure 4-35.

Figure 4-29. Square Culvert Froude Number
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Figure 4-30. Predicted Scour Depth vs. Observed Scour Depth
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Figure 4-31. Predicted Scour Width vs. Observed Scour Width
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Figure 4-32. Predicted Scour Length vs. Observed Scour Length
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Figure 4-33. Predicted Scour Volume vs. Observed Scour Volume
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Figure 4-34. Dimensionless Scour Hole Geometry for Minimum Tailwater
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Figure 4-35. Dimensionless Scour Hole Geometry for Maximum Tailwater
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4-4.3 Erosion Control at Outlets. There are various methods of preventing scour
and erosion at outlets and protecting the structure from undermining. Some of these
methods will be explained in subsequent paragraphs. For a complete description of
scour at the outlet of culverts and the design of energy dissipators, refer to the FHWA's
HEC-14. It has charts, nomographs, and tables necessary for estimating scour holes
and the design of energy dissipators. In addition, the HY-8 culvert evaluation software,
also available from the FHWA, uses the techniques discussed in HEC-14 to perform
scour hole calculations and energy dissipator designs. HEC-14 and HY-8 are highly
recommended for energy dissipater design.

4-4.3.1 In some situations, placement of riprap at the end of the outlet may be
sufficient to protect the structure. The average size of stone (dsp) and configuration of a
horizontal blanket of riprap at outlet invert elevation required to control or prevent
localized scour downstream of an outlet can be estimated using the information in
Figures 4-36 to 4-38. For a given design discharge, culvert dimensions, and tailwater
depth relative to the outlet invert, the minimum average size of stone (dsg) for a
horizontal blanket of protection can be determined using data in Figure 4-36. The length
of stone protection (LSP) can be determined by the relations shown in Figure 4-37. The
recommended configuration of the blanket is shown in Figure 4-38.
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Figure 4-36. Recommended Size of Protective Stone
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Figure 4-37. Length of Stone Protection, Horizontal Blanket
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Figure 4-38. Recommended Configuration of Riprap Blanket Subject
to Minimum and Maximum Tailwaters
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4-4.3.2 The relative advantage of providing both vertical and lateral expansion
downstream of an outlet to permit dissipation of excess kinetic energy in turbulence,
rather than direct attack of the boundaries, is shown in Figure 4-36. Figure 4-36
indicates that the required size of stone may be reduced considerably if a riprap-lined,
preformed scour hole is provided instead of a horizontal blanket at an elevation
essentially the same as the outlet invert. Details of a scheme of riprap protection termed
"preformed scour hole lined with riprap” are shown in Figure 4-39.
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Figure 4-39. Preformed Scour Hole
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4-4.3.3 Three ways in which riprap can fail are movement of the individual stones by
a combination of velocity and turbulence, movement of the natural bed material through
the riprap, resulting in slumping of the blanket, and undercutting and raveling of the
riprap by scour at the end of the blanket; therefore, in design, consideration must be
given to the selection of adequately sized stone, use of an adequately graded riprap or
provision of a filter blanket, and proper treatment of the end of the blanket.

4-4.3.4 Expanding and lining the channel downstream from a square or rectangular
outlet for erosion control is usually accomplished using rip rap as shown in Figure 4-40.
Figure 4-41 can be used to determine the thickness of the riprap lining. The
effectiveness of the lined channel expansion relative to the other schemes of riprap
protection described previously is shown in Figure 4-36.
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Figure 4-40. Culvert Outlet Erosion Protection, Lined Channel Expansion
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Figure 4-41. Maximum Permissible Discharge for Lined Channel Expansions

0.4 T T T ] T Tf T T LI LR T 4
" NOTE: USE q INLIEUOF Q 7
= Do.w D2 .
OTHER THAN GIRCULAR &
0.1 OR SQUARE QUTLETS
T (9% T8 on Ta o .
B TW [ B," D, OR ' 0.018 :
Do, Dp 005 |
OR A \ )
Ts W
5% % | -
OR
0.01 &
b - /. cj ]
Do Do 0,008 C A o .
) i L poc _
i 0 o RIPRAP ]
B 4 BLOCK -
o SACK
u.m‘ L 1 L L1 1 1 1 1 1 1 1.3
0.1 05 1.0 5 10 20
Q
D, *

167



UFC 3-230-01 AC 150/5320-5C
8/1/2006 9/29/2006

5/2 32

4-4.3.5 The maximum discharge parameters, Q/D,”“ or q/D,™“, of various schemes
of protection can be calculated based on the information in paragraph 4-4.3.4;
comparisons relative to the cost of each type of protection can then be made to
determine the most practical design for providing effective drainage and erosion control
facilities for a given site. In some conditions, the design discharge and economical size
of the conduit will result in a value of the discharge parameter greater than the
maximum value permissible, thus requiring some form of energy dissipator.

4-4.3.6  The simplest form of energy dissipator is the flared outlet transition.

Protection is provided to the local area covered by the apron, and a portion of the kinetic
energy of flow is reduced or converted to potential energy by hydraulic resistance
provided by the apron. A typical flared outlet transition is shown in Figure 4-42. The flare
angle of the walls should be 1 on 8. The length of transition needed for a given
discharge conduit size and tailwater situation with the apron at the same elevation as
the outlet invert (H = 0) can be calculated by these equations:

L D 2 2.5(TW / D, )M 2
—= 0.30(—"} ( ?,2 j Circular and square outlets (4-6)
D, T™W D,

L D, Y[ q o2 Rectangular and other
—=0.30 —rr (4-7)
D, TW ) (D shapedoutlets

Recessing the apron and providing an end sill will not significantly improve
energy dissipation.

Figure 4-42. Flared Outlet Transition
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4-4.3.7 The flared transition is satisfactory only for low values of Q/D,>“ or g/D,”“, as
at culvert outlets. With higher values, however, as at storm drain outlets, other types of
energy dissipators will be required. Design criteria for three types of laboratory-tested
energy dissipators are presented in Figures 4-43 to 4-45. Each type has advantages
and limitations. Selection of the optimum type and size is dependent upon local tailwater
conditions, maximum expected discharge, and economic considerations.

4-4.3.8 The stilling well shown in Figure 4-43 consists of a vertical section of circular
pipe affixed to the outlet end of a storm sewer. The recommended depth of the well
below the invert of the incoming pipe is dependent on the slope and diameter of the
incoming pipe and can be determined from the plot in Figure 4-43. The recommended
height above the invert of the incoming pipe is two times the diameter of the incoming
pipe. The required well diameter can be determined from the equation in Figure 4-43.
The top of the well should be located at the elevation of the invert of a stable channel or
drainage basin. The area adjacent to the well may be protected by riprap or paving.
Energy dissipation does not require maintaining a specified tailwater depth in the vicinity
of the outlet. Use of the stilling well is not recommended with Q/D,>? greater than 10.

4-4.3.9 The U.S. Bureau of Reclamation (USBR) impact energy dissipator shown in
Figure 4-44 is an efficient stilling device even with deficient tailwater. Energy dissipation
is accomplished by the impact of the entering jet on the vertically hanging baffle and by
the eddies that are formed following impact on the baffle. Excessive tailwater causes
flow over the top of the baffle and should be avoided. The basin width required for good
energy dissipation for a given storm drain diameter and discharge can be calculated
from the information in Figure 4-44. The other dimensions of the energy dissipator are a
function of the basin width as shown in Figure 4-44. This basin can be used with Q/D,>?
ratios up to 21.

4-4.3.10 The Saint Anthony Falls (SAF) stilling basin shown in Figure 4-45is a
hydraulic jump energy dissipator. To function satisfactorily, this basin must have
sufficient tailwater to cause a hydraulic jump to form. Design equations for determining
the dimensions of the structure in terms of the square of the Froude number of flow
entering the dissipator are shown in this figure. Figure 4-46 is a design chart based on
these equations. The width of basin required for good energy dissipation can be
calculated from the equation in Figure 4-45. Tests used to develop this equation were
limited to basin widths of three times the diameter of the outlet, but other model tests
indicate that this equation also applies to ratios greater than the maximum shown in
Figure 4-45. However, outlet portal velocities exceeding 60 ft/s are not recommended
for design containing chute blocks. Parallel basin sidewalls are recommended for best
performance. Transition sidewalls from the outlet to the basin should not flare more than
1 on 8.
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Figure 4-43. Stilling Well
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Figure 4-44. U.S. Bureau of Reclamation Impact Basin
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Figure 4-45. Saint Anthony Falls Stilling Basin
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Figure 4-46. Design Chart for SAF
Stilling Basin
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4-4.3.11 Riprap will be required downstream from the energy dissipators described in
this chapter. The size of the stone can be estimated by this equation:

3
d,, =D (LJ or F =(dg, /D) (4-8)

Jp

This equation is also to be used for riprap subject to direct attack or adjacent
to hydraulic structures such as inlets, confluences, and energy dissipators, where
turbulence levels are high. The riprap should extend downstream for a distance
approximately 10 times the theoretical depth of flow required for a hydraulic jump.

4-4.3.12 Smaller riprap sizes can be used to control channel erosion. Equation 4-9 is
to be used for riprap on the banks of a straight channel where flows are relatively quiet
and parallel to the banks.

= Trapezoidal channels

3
d., =.0.35D [L] or F=1.42(d.,/D)" (4-9)

N

= Equation 4-10 is to be used for riprap at the outlets of pipes or culverts where
no preformed scour holes are made.

= \Wide channel bottom or horizontal scour hole

3
d., =0.15D (LJ or F=1.88(d.,/D)" (4-10)

Jo

= 15 D deep scour hole

3
dy, =0.09D (LJ or F=2.23(d.,/D)" (4-11)

Jo

= D deep scour hole

3
dg, =0.055D [Lj or F=2.63(d,,/D)" (4-12)

Jo

= These relationships are shown in Figures 4-47 and 4-48.
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Figure 4-47. Recommended Riprap Sizes
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Figure 4-48. Scour Hole Riprap Sizes
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4-4.3.13 User-friendly computer programs are available to assist the designer with
many of the design problems discussed in this chapter. More information on available
computer programs is located in Chapter 12 of this UFC.

4-4.4 Vehicular Safety and Hydraulically Efficient Drainage Practice

4-4.4.1 Some drainage structures are potentially hazardous and, if located in the path
of an errant vehicle, can substantially increase the probability of an accident. Inlets
should be flush with the ground, or should present no obstacle to a vehicle that is out of
control. End structures or culverts should be placed outside the designated recovery
area wherever possible. If grates are necessary to cover culvert inlets, take care to
design the grate so that the inlet will not clog during periods of high water. Where curb
inlet systems are used, setbacks should be minimal and grates should be designed for
hydraulic efficiency and safe passage of vehicles. Hazardous channels or energy
dissipating devices should be located outside the designated recovery area, or
adequate guardrail protection should be provided.
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4-4.4.2 Itis necessary to emphasize that liberties should not be taken with the
hydraulic design of drainage structures to make them safer unless it is clear that their
function and efficiency will not be impaired by the changes. Even minor changes at
culvert inlets can seriously disrupt hydraulic performance.

4-5 OUTLET PROTECTION DESIGN EXAMPLES

4-5.1 This section contains examples of recommended application to estimate the
extent of scour in a cohesionless soil and alternative schemes of protection required to
prevent local scour.

4-5.2 Circular and rectangular outlets with equivalent cross-sectional areas that will
be subjected to a range of discharges for a duration of 1 hr are used with these
parameters:

= Dimensions of rectangular outlet = W, = 10 ft, D, =5 ft

= Diameter of circular outlet, D, = 8 ft

= Range of discharge, Q = 362 to 1,086 ft®/s

= Discharge parameter for rectangular culvert, g/D,** = 3.2 to 9.7

= Discharge parameter for circular culvert, Q/D,>? = 2 to 6

= Duration of runoff event, t = 60 min

= Maximum tailwater elevation = 6.4 ft above outlet invert (> 0.5 Do)
= Minimum tailwater elevation = 2.0 ft above outlet invert (< 0.5 Do)

4-5.2.1 Example 4-1. Determine the maximum depth of scour for minimum and
maximum flow conditions for the culverts specified in paragraphs 4-5.2.1.1 and
4-5.2.1.2.

4-5.2.1.1 Rectangular Culvert. See Figure 4-30.

=  Minimum Tailwater

D 0.375
sm _ 080 q tO.lO
D D

3/2

(o] (o]

D, =0.80(3.2 to 9.7)°*™® (60)*! (5)=9.3ftt014.0ft
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= Maximum Tailwater

D 0.375
sm _ 074 [ q j tO.lO
D

3/2
Do

o

D,, =0.74(3.2 to 9.7)°*™® (60)*! (5)=8.6ftt013.0ft

4-5.2.1.2 Circular Culvert. See Figure 4-30.

=  Minimum Tailwater

D Q 0.375
< :o.so(Ds,Z) {010

o] (0]

D, =0.80 (2 to 6)°° (60)°! (8)=12.5 ft t018.9 ft

= Maximum Tailwater

D 0.375
sm _ 074 [ q J tO.l
D

5/2

(o] (o]

D,, =0.74 (210 6)*%" (60)** (8) =11.6 ft to 17.5 ft

AC 150/5320-5C
9/29/2006

4-5.2.2 Example 4-2. Determine the maximum width of scour for minimum and

maximum flow conditions for the culverts specified in paragraphs 4-5.2.
4-52.2.2.

4-5.2.2.1 Rectangular Culvert. See Figure 4-31.

=  Minimum Tailwater

W 0.915
sm _ 100 [ q j t0.15
D

3/2

(0] (0]

W, =1.00(3.2 to 9.7)°%° (60)** (5)=27 ftto 74 ft

Wo —%:(Zﬂo 74)+%—%: 29.5 ft to 76.5 ft

smr sm
2
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= Maximum Tailwater

W 0.915
sm _ 072 ( q j t0.15
D

3/2
Do

(0]

W, =0.72(3.2t09.7)*%® (60)°%° =19 ft to 53 ft

W, D 10 5

Wopy =W, + 2= —> =(191053) + =~~~ =21.5ft 10 55 5 ft

smr sm
2

4-5.2.2.2 Circular Culvert. See Figure 4-31.

=  Minimum Tailwater

W Q 0.915
Dsm =1-00(D5/2j tO.lS

(o]

[o]

W, =1.00(2 to 6)°°° (60)**® (8)=28 ftto 76 ft

=  Maximum Tailwater

W 0.915
sm _ 072 ( Q J t0.15
D

5/2

(0] (o]

W, =0.72(2 to 6)°%° (60)°*° (8)=20 ftto 55 ft

4-5.2.3 Example 4-3. Determine the maximum length of scour for minimum and
maximum flow conditions for the culverts specified in paragraphs 4-5.2.3.1 and
4-5.2.3.2.

4-5.2.3.1 Rectangular Culvert (see Figure 4-32)

= Minimum Tailwater

0.71
Lsm :240[ q j t0.125
D

3/2

(0] (0]

L., =2.4(3.2 to 9.7)°™ (60)°® (5)=46 ftto101ft
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= Maximum Tailwater

071
Lo :4.10( q j £0.125
D

D3/2

(0] (0]

L., =4.10(3.2 to 9.7)°"* (60)*'* (5)=78ftto171ft

4-5.2.3.2 Circular Culvert. See Figure 4-32.

=  Minimum Tailwater

0.71
Lsm :240( Q j t0.125
D

5/2

(0] (0]

L., =2.4(2 to 6)°" (60)°'* (8)=52ftto114 ft

= Maximum Tailwater

0.71
Lsm :410( Q j t0.125
D

5/2

(0] (0]

L., =4.10(2 to 6)>™ (60)**** (8) =190 ft to 195 ft

4-5.2.4 Example 4-4. Determine the profile and cross section of scour for maximum
discharge and minimum tailwater conditions (see Figure 4-34):

Circular Culvert
For Lgy, = 114 ft and Ds,, = 18.9 ft

Ls/Lsm 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

L 0.0 114 (228 |34.2 |456 |57.0 (684 |[79.8 |91.2 |102.6 |114.0
Ds/Dsm |0.7 0.75 [0.85 ([0.95 |1.0 095 [0.75 |[0.55 |0.33 |0.15 |0.0
Ds 13.2 (142 |16.1 |18.0 |189 |18.0 |14.2 |104 |6.3 2.9 0.0

For Wq, = 76 ft and Ds,, = 18.9 ft

Ws/Wsn 0.0 0.2 0.4 0.6 0.8 1.0
Ws 0.0 15.2 30.4 45.6 60.8 76.0
Ds/Dsm 1.0 0.67 0.27 0.15 0.05 0.0
Ds 18.9 12.6 5.1 2.8 0.95 0.0
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Rectangular Culvert
For Lsy, = 101 ft and Dsy, = 14.0 ft

Le/Lsm 0.0 |0.1 |0.2 0.3 |04 0.5 0.6 0.7 1|0.8 0.9 1.0

L 0.0 |10.1 |20.2 |30.3 |40.4 |50.5 |60.6 |70.7 |80.8 |90.9 |101.0

Ds/Dsm 0.7 |0.75 |0.85 |0.95 |1.0 0.95 |0.75 |0.55 |0.33 |0.15 |0.0

Ds 9.8 (105|119 |13.3 |14.0 |13.3 |105 |7.7 |4.6 2.1 0.0

For Wy, = 74 ft and Ds, = 14.0 ft

Wo/Wen 0.0 0.2 04 0.6 0.8 1.0

Ws 0.0 14.8 29.6 44 .4 59.2 74.0

Ds/Dsm 1.0 0.67 0.27 0.15 0.05 0.0

Ds 14.0 9.38 3.78 2.10 0.70 0.0

Wy = Wy

W, + W, D, 0-2.5 17.3 32.1 46.9 61.7 76.5
2 2

4-5.2.5 Example 4-5. Determine the depth and width of the cutoff wall for the culverts

specified in paragraphs 4-5.2.5.1 and 4-5.2.5.2.

4-5.2.5.1 Rectangular Culvert. The maximum depth and width of scour equals 14 ft

and 76.5 ft.

= From Figure 4-34, depth of cutoff wall

= From Figure 4-34, width of cutoff wall

= 0.7 (Dsm) = 0.7 (14) = 9.8 ft

= 2 (Wsm) = 2 (76.5) = 153 ft

4-5.2.5.2 Circular Culvert. The maximum depth and width of scour equals 18.9 ft and

76.0 ft.

= From Figure 4-34, depth of cutoff wall

= 0.7 (Dsm) = 0.7 (18.9) = 13.2 ft

= From Figure 4-34, width of cutoff wall = 2 (Wgy) = 2 (76) = 152 ft

NOTE: The depth of the cutoff wall may be varied with width in accordance

with the cross section of the scour hole at the location of the maximum depth of scour.
See Figures 4-34 and 4-35.
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4-5.2.6 Example 4-6. Determine the size and extent of the horizontal blanket of
riprap for the culverts specified in paragraphs 4-5.2.6.1 and 4-5.2.6.2.

4-5.2.6.1 Rectangular Culvert

=  Minimum Tailwater

4/3

From Figure 4 - 36 o _ 0.020 D, ]
y D . TW DO3/2

[o]

d,, =0.020 (5/2) (3.2 to 9.7)*'® (5)=1.2ftt0o 5.2 ft

q

3/2
Do

L
From Figure 4 - 37, DS" =1.8 +7

(o]

L, =[1.8(3.2 to 9.7) + 7] 5=64ftt0122 ft

= Maximum Tailwater

4/3
di:0.0ZO i q/
D TW (D2

(o]

d,, =0.020 (5/6.4)(3.2 to 9.7)"'% (5)=0.37 ft t0 0.76 ft

Lsp _ q
D - D3/2

L, =3(3.2 to 9.7) 5=48 ft to 145 ft

4-5.2.6.2 Circular Culvert

=  Minimum Tailwater

4/3
dﬂ=o_020 DO &/
D TW (DJ'?

(o]

d,, =0.020 (8/2)(2 to 6)*'° (8)=1.6ftto 7.0t

L
»_18 2 |47
D D

5/2

(o] (o]
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L, =1.8(2 to 6)+7 8=85ftto142ft

=  Maximum Tailwater

4/3
dizoozo & (?/2
D TW |D?

o]

d.,, =0.020 (8/6.4)(2 to 6)*'* (8)=0.50 ft to 2.18 ft

Lﬂ=3 [i)
D Dy'?

(o]

L, =3(2 to 6) 8=48ftto144 ft

AC 150/5320-5C
9/29/2006

Use Figure 4-38 to determine the recommended configuration of a horizontal

blanket of riprap subject to minimum and maximum tailwaters.

4-5.2.7 Example 4-7. Determine the size and geometry of riprap-lined preformed
scour holes 0.5- and 1.0-D, deep for minimum tailwater conditions for the culverts

specified in paragraphs 4-5.2.7.1 and 4-5.2.7.2.

4-5.2.7.1 Rectangular Culvert. See Figure 4-36.

= 0.5-Do-Deep Riprap-Lined Preformed Scour Hole

4/3
9% _00125 Do [ 9
D Tw (D?

(o]

d,, =0.0125 (5/2)(3.2 to 9.7)*'® (5)=0.73 ft to 3.2 ft

= 1.0-D,-Deep Riprap-Lined Preformed Scour Hole

4/3
95 _p00g2 2o |9
D TW (D

(o]

d., =0.0082 (5/2)(3.2 to 9.7)*'% (5)=0.48 ftto 2.1ft
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4-5.2.7.2 Circular Culvert

= 0.5-D,-Deep Riprap-Lined Preformed Scour Hole

4/3
di=0_0125 D, [_Q
D ™

5/2

(o] (o]

d, =0.0125 (8/2)(2 to 6)*'3 (8)=1.0ftto 4.4t

= 1.0-D,-Deep Riprap-Lined Preformed Scour Hole

4/3
9% _0.0082 Do [ Q.
D TW (D

[o]

o]

d., =0.0082 (8/2)(2 to 6)*° (8)=0.66ftto2.9ft

= See Figure 4-24 for geometry.
4-5.2.8 Example 4-8. Determine the size and geometry of a riprap-lined channel
expansion for minimum tailwaters for the culverts specified in paragraphs 4-5.2.8.1 and
4-5.2.8.2 (see Figure 4-41).

4-5.2.8.1 Rectangular Culvert

d D 4/3
S5 _0.016 = ( 9 J
D

TW 3/2

(o] (o]

d,, =0.016 (5/2)(3.2 to 9.7)*'% (5)=0.94ft to 4.1ft

4-5.2.8.2 Circular Culvert

d D 413
020,016 —° ( 9 J
D

TW 5/2

(o] (o]

d., =0.016 (8/2)(2 to 6)*' (8)=1.29ftt05.6 ft

= See Figure 4-40 for geometry.

4-5.2.9 Example 4-9. Determine the length and geometry of a flared outlet transition
for minimum tailwaters for the culverts specified in paragraphs 4-5.2.9.1 and 4-5.2.9.2.
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4-5.2.9.1 Rectangular Culvert

2
L 030D 4
D TW ) (D

[o]

JZ.S(TW /Dy )1/ 3

L=0.3(5/2)% (3.2 to 9.7)%5?*'»"° 5-80 ft to 616 ft

4-5.2.9.2 Circular Culvert

L D 2 2.5(TW /D, V'3
—=10.30 ° i
D TW ) | Dg"?

L= [0.3 (8/2)% (2 to 6)>52/®"° ] 8 =114 ft to 645 ft

= See Figure 4-42 for geometric details. These equations were developed for
H equals 0 or horizontal apron at outlet invert elevation without an end sill.

4-5.2.10 Example 4-10. Determine the diameter of the stilling well required
downstream of the 8-ft-diameter outlet:

=  From Figure 4-43:

D, =0.53(2 to 6) 8=8.5ftto25.4 ft

= See Figure 4-43 for additional dimensions.

4-5.2.11 Example 4-11. Determine the width of a USBR Type VI basin required
downstream of the 8-ft-diameter outlet:

= From Figure 4-44:.

W, =[1.3(2 to 6)°%°]| 8=15.2ftt0 27.9ft
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= See Figure 4-44 for additional dimensions.

4-5.2.12 Example 4-12. Determine the width of the SAF basin required downstream of
the 8-ft-diameter outlet:

= From Figure 4-45:

1.0
Wene _ 0.30 Q.
D

5/2

(o] (o]

W,,. =0.30(2 to 6) 8=4.8ftto14.4ft

= See Figure 4-45 for additional dimensions.

4-5.2.13 Example 4-13. Determine the size of riprap required downstream of an
8-ft-diameter culvert and a 14.4-ft-wide SAF basin with a discharge of 1,086 ft*/s:

Q 1086
W, 14.4

=75 ft*/slft

d, = 8.4 ft (from conjugate depth relations)

=  Minimum Tailwater Required For A Hydraulic Jump = 0.90 (8.4) = 7.6 ft
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CHAPTER 5

CHANNEL DESIGN

5-1 OPEN CHANNEL FLOW. Roadside and median channels are open-channel
systems that collect and convey storm water from the pavement surface, roadside, and
median areas. These channels may outlet to a storm drain piping system via a drop
inlet, to a detention or retention basin or other storage component, or to an outfall
channel. Roadside and median channels are normally trapezoidal in cross section and
are lined with grass or other protective lining.

The design and analysis of roadside and median channels follow the basic
principles of open channel flow. Summaries of several important open channel flow
concepts and relationships are presented in many hydraulic engineering texts and in the
FHWA’s HEC-22 manual.

5-1.1 Flow Resistance. The depth of flow in a channel of given geometry and
longitudinal slope is primarily a function of the channel's resistance to flow or
roughness. This depth is called the normal depth and is computed from Manning's
equation for "V" combined with the continuity equation, Q = VA. The combined equation,
often referred to as Manning's equation, is:

~ 1.486AR*%'S)®
n

Q

(5-1)

where:
Q = discharge rate, ft*/s

A = cross-sectional flow area, ft?
. ) A
R = hydraulic radius, B ft

P = wetted perimeter, ft
So = energy grade line slope, ft/ft
n = Manning's roughness coefficient

Nomograph solutions to Manning's equation for triangular and trapezoidal
channels are presented in Appendix B and are also available in many other texts.

5-1.1.1 The selection of an appropriate Manning's n value for design purposes is
often based on observation and experience. Manning's n values are also known to vary
with flow depth. Table 5-1 provides Manning’s n values for natural channels; Table 5-2
provides a tabulation of Manning's n values for various channel lining materials.
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Table 5-1. Manning’s n for Natural Stream Channels
(Surface Width at Flood Stage Less than 100 ft)

Stream Channel Characteristics n Value
Fairly regular section:

Some grass and weeds, little or no brush............ccooooviiii, 0.030-0.035
Dense growth of weeds, depth of flow materially greater than
weed height ... 0.035-0.05
Some weeds, light brush on banks...............ouiiiiieieee 0.035-0.05
Some weeds, heavy brush on banks............cccccciiiiiiiiiiiiiie 0.05-0.07
Some weeds, dense WIllows on banks .........ooooeveiiiiiiiie e, 0.06-0.08
For trees within the channel with branches submerged at high
stage, increase all above values by..........ccooeeiiiii i, 0.01-0.02

Irregular sections with pools, slight channel meander: increase these values
APPFOXIMALEIY ...ttt e e e r e e e e e e 0.01-0.02

Mountain streams, no vegetation in channel, banks usually steep,

trees and brush along banks submerged at high stage:
Bottom of gravel, cobbles, and few boulders........................l 0.04-0.05
Bottom of cobbles, with large boulders...........cccciiiiiiiiiiiie 0.05-0.07

Table 5-2. Manning's Roughness Coefficients for Lined Channels**

Lining Lining n Value for Given Depth Ranges
Category Type 0-0.5 ft 0.5-2.0 ft > 2.0 ft
Concrete 0.015 0.013 0.013
Grouted Riprap 0.040 0.030 0.028
Rigid Stone Masonry 0.042 0.032 0.030
Soil Element 0.025 0.022 0.020
Asphalt 0.018 0.016 0.016
Unlined Bare Soll 0.023 0.020 0.020
Rock Cut 0.045 0.035 0.025
Woven Paper Net 0.016 0.015 0.015
Jute Net 0.028 0.022 0.019
Fiberglass Roving 0.028 0.021 0.019
Temporary* -
Straw with Net 0.065 0.033 0.025
Curled Wood Mat 0.066 0.035 0.028
Synthetic Mat 0.036 0.025 0.021
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Lining Lining n Value for Given Depth Ranges
Category Type 0-0.5 ft 0.5-2.0 ft >2.0 ft

_ 1in. Dsg 0.044 0.033 0.030
Gravel Riprap
2 in. Dso 0.066 0.041 0.034
_ 6 in. Dso 0.104 0.069 0.035
Rock Riprap .
12 in. Dsg - 0.078 0,040

NOTE: Values listed are representative values for the respective depth ranges. Manning's

roughness coefficients, n, vary with the flow depth.

* Some "temporary" linings become permanent when buried.
** Table reproduced from FHWA HEC-15

5-1.1.2

Manning's roughness coefficient for vegetative and other linings varies

significantly depending on the amount of submergence. The classification of vegetal
covers by degree of retardance is provided in Table 5-3. Table 5-4 provides a list of
Manning's n relationships for five classes of vegetation defined by their degree of

retardance.

Table 5-3. Classification of Vegetal Covers as to Degree of Retardance*

Retardance

Cover Condition
Class
Weeping lovegrass Excellent stand, tall, average 2.5 ft
A Yellow bluestem Excellent stand, tall, average 3.0 ft
Ischaemum
Kudzu Very dense growth, uncut
Bermuda grass Good stand, tall, average 1.0 ft
Native grass mixture (Little Good stand, unmowed
bluestem, bluestem, blue gamma,
and other long and short midwest
5 grasses)

Weeping lovegrass
Lespedeza sericea
Alfalfa

Weeping lovegrass
Kudzu

Blue gamma

Good stand, tall, average 2.0 ft

Good stand, not woody, tall, average 1.6 ft
Good stand, uncut, average 0.91 ft

Good stand, unmowed, average 1.1 ft
Dense growth, uncut

Good stand, uncut, average 1.1 ft
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REEEENEE Cover Condition
Class

Crabgrass Fair stand, uncut, average 0.8 to 4.0 ft
Bermuda grass Good stand, mowed, average 0.5 ft
Common lespedeza Good stand, uncut, average 0.91 ft

C Grass-legume mixture—summer | Good stand, uncut, average 0.5 to 1.5 ft
(orchard grass, redtop Italian
ryegrass, and common lespedeza)
Centipede grass Very dense cover, average 0.5 ft
Kentucky bluegrass Good stand, headed, average. 0.5 to 1.0 ft
Bermuda grass Good stand, cut to 0.2 ft
Common lespedeza Excellent stand, uncut, average 0.4 ft
Buffalo grass Good stand, uncut, average 0.3 to 0.5 ft

D Grass-legume mixture—fall, spring| Good stand, uncut, average 0.3 to 0.4 ft
(orchard grass, redtop, Italian
ryegrass, and common lespedeza)
Lespedeza sericea After cutting to 0.2-ft height, very good

stand before cutting
£ Bermuda grass Good stand, cut to average 0.1 ft

Bermuda grass

Burned stubble

NOTE: These covers have been tested in experimental channels. The covers were green and
generally uniform.

*Table reproduced from FHWA HEC-15

Table 5-4. Manning's n Relationships for Vegetal Degree of Retardance

Retardance Manning's n Chapter Equation
Class Equation* Number

RY®

8 [L5.8 +19.97 log (R*S2* | 5-2
RY

° 23.0+19.97log(R™*S*)| 5-3
RY

© [30.2 - 19.97Iog(Rl-4sg-4)J 5-4
RY®

P [34.6 +19.97log (Rl"‘sg-“)J 5-5
RY

- 137.7 +19.97log(R**S%* )| 5-6

* Equations are valid for flows less than 50 ft*/s. Nomograph solutions for these
equations are in FHWA HEC-15.
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5-1.1.3 Example 5-1

Given: A trapezoidal channel (as shown in Figure 5-3) with these
characteristics:

= S, = 0.01

= B = 2.62 ft
=z = 3

= d = 1.64 ft

Find: The channel capacity and flow velocity for these channel linings:
(1) Riprap with a median aggregate diameter, dsp = 6 in.
(2) A good stand of buffalo grass, uncut, 3 to 6 in.
5-1.1.3.1 Solution 1: Riprap
Step 1. Determine the channel parameters. From Table 5-1:
n = 0.069
A = Bd+ 2(1/2)(d)(zd)
= Bd+zd®
= (2.62)(1.64) + (3)(1.64)2
= 1241t
P = B+ 2[(zd)2 +d2)]1/2
= B+ 2d(z2 +1)0.5
= (2.62)+ (2)(1.64) + (32 + 1)0.5
= 13.01t

R= 2
P

24

3.0

el

= 0951t
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5-1.1.3.2

Step 2. Compute the flow capacity.

Qn

1.49AR%%'S2°

= (1.49)(12.4)(0.95)0.67(0.01)0.5

= 1.79 ft}/s

- Q@

n

1.79

0.069

= 25.9 ft’/s

Step 3. Compute the flow velocity.

- Q

A

25.9
12.4

= 21ft/s

Solution 2: Buffalo Grass

Step 1. Determine the roughness. Use these characteristics:

Degree of retardance from Table 5-3
Retardance Class D
From paragraph 5-1.1.3.1, solution 1, step 1: R =0.95ft

Roughness coefficient, n, from Table 5-4

R 0.167

34.6+19.97log|R)"*(S, )**]

(0.95)0.167 .
34.6+19.97l0g|(0.95)**(0.0)** |

0.055
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Step 2. Compute the flow capacity. Use these values from step 1:
Qn = 1.79ft%s

Qn

n

Q =

1.79
0.55
= 325ft%s

Step 3. Compute the flow velocity.

V =

> |O

32.5

12.4
= 2.62ft/s

5-1.2 Stable Channel Design. HEC-15 provides a detailed presentation of stable
channel design concepts related to the design of roadside and median channels. This
section provides a brief summary of significant concepts.

5-1.2.1 Stable channel design concepts provide a means of evaluating and defining
channel configurations that will perform within acceptable limits of stability. For most
highway drainage channels, bank instability and lateral migration cannot be tolerated.
Stability is achieved when the material forming the channel boundary effectively resists
the erosive forces of the flow. Principles of rigid boundary hydraulics can be applied to
evaluate this type of system.

5-1.2.2 Both velocity and tractive force methods have been applied to the
determination of channel stability. Permissible velocity procedures are empirical in
nature, and have been used to design numerous channels in the United States and
throughout the world. However, tractive force methods consider actual physical
processes occurring at the channel boundary and represent a more realistic model of
the detachment and erosion processes.

5-1.2.3 The hydrodynamic force created by water flowing in a channel causes a
shear stress on the channel bottom. The bed material, in turn, resists this shear stress
by developing a tractive force. Tractive force theory states that the flow-induced shear
stress should not produce a force greater than the tractive resisting force of the bed
material. This tractive resisting force of the bed material creates the permissible or
critical shear stress of the bed material. In a uniform flow, the shear stress is equal to
the effective component of the gravitational force acting on the body of water parallel to
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the channel bottom. The average shear stress is equal to:

7=)RS (5-7)
where:
r = average shear stress, Ib/ft?
= unit weight of water, 62.4 Ib/ft® (at 15.6 °C (60 °F))
R = hydraulic radius, ft
S = average bed slope or energy slope, ft/ft

5-1.2.4 The maximum shear stress for a straight channel occurs on the channel bed
and is less than or equal to the shear stress at maximum depth. The maximum shear
stress is computed as follows:

7y =dS (5-8)
where:

r, = maximum shear stress, Ib/ft*

d = maximum depth of flow, ft

5-1.2.5 Shear stress in channels is not uniformly distributed along the wetted
perimeter of a channel. A typical distribution of shear stress in a trapezoidal channel
tends toward zero at the corners with a maximum on the bed of the channel at its
centerline, and the maximum for the side slopes occurs around the lower third of the
slope, as illustrated in Figure 5-1.

Figure 5-1. Distribution of Shear Stress

5-1.2.6  For trapezoidal channels lined with gravel or riprap having side slopes steeper
than 3:1, side slope stability must also be considered. This analysis is performed by
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comparing the tractive force ratio between side slopes and channel bottom with the ratio
of shear stresses exerted on the channel sides and bottom. The ratio of shear stresses
on the sides and bottom of a trapezoidal channel, Ky, is given in Chart 17 of Appendix B
and the tractive force ratio, K, is given in Chart 18. The angle of repose, 6, for different
rock shapes and sizes is provided in Chart 19. The required rock size for the side
slopes is found using the following equation:

(d 50 )sides = ::_i(d 50 )bottom (5-9)
where:

dso = mean riprap size, ft

Ki: = ratio of shear stresses on the sides and bottom of a trapezoidal channel

K, = ratio of tractive force on the sides and bottom of a trapezoidal channel

5-1.2.6.1 Flow around bends also creates secondary currents, which impose higher
shear stresses on the channel sides and bottom compared to straight reaches. Areas of
high shear stress in bends are illustrated in Figure 5-2. The maximum shear stress in a
bend is a function of the ratio of channel curvature to bottom width. This ratio increases
as the bend becomes sharper and the maximum shear stress in the bend increases.
The bend shear stress can be computed using this relationship:

7y, = Ky7y (5-10)

where:

7, = bend shear stress, Ib/ft?

Ky, = function of R./B (see Chart 21, HEC-22)
R. = radius to the centerline of the channel, ft
B = bottom width of channel, ft

maximum channel shear stress, Ib/ft?

d
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Figure 5-2. Shear Stress Distribution in Channel Bends

High Shear
Stress Zone

5-1.2.6.2 The increased shear stress produced by the bend persists downstream of the
bend a distance, p, as shown in Figure 5-2. This distance can be computed using this
relationship:

7/6
L, = 0.604R (5-11)
nb
where:

L, = length of protection (length of increased shear stress due to the bend)
downstream of the point of tangency, ft

N, = Manning's roughness in the channel bend

R = hydraulic radius, ft

5-1.2.6.3 Example 5-2

Given: A trapezoidal channel with these characteristics:

S, = 0.01 f/ft
B =3.0ft
z =3
Lining = A good stand of buffalo grass 3 to 6 in. high. From Example 5-1,

Solution 2, n = 0.055.
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The channel reach consists of a straight section and a 90-degree bend with a
centerline radius of 14.8 ft. The design discharge is 28.2 ft*/s.

Find: The maximum shear stress in the straight reach and in the bend.
Solution:

Step 1. Compute the channel parameters.

Qn

(28.2)(0.055)

1.555 ft¥/s

From (Chart 14A):

d/B = 0.49
d = BdB
= (3.0(0.49)
= 147t

Step 2. Compute the maximum shear stress in the straight reach.
w = ydS
= (62.5)(1.47)(0.01)
= 0.92 lo/it®

Step 3. Compute the shear stress in the bend.

R. _ (14.8)
B (0
= 493

From Chart 21 (HEC-22):
Kp = 1.55
Using Equation 5-10:

Kb 7y

3]

(1.55)(0.92)

1.43 Ib/ft?
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5-2 DESIGN PARAMETERS. Parameters required for the design of roadside and
median channels include discharge frequency, channel geometry, channel slope,
vegetation type, freeboard, and shear stress. This section provides criteria relative to
the selection or computation of these design elements.

5-2.1 Discharge Frequency. Roadside and median drainage channels are typically
designed to carry 5- to 10-yr design flows; however, when designing temporary channel
linings, a lower return period can be used. Usually a 2-yr return period is appropriate for
the design of temporary linings.

5-2.2 Channel Geometry. Most drainage channels are trapezoidal. Several typical
shapes with equations for determining channel properties are illustrated in Figure 5-3.
The channel depth, bottom width, and top width must be selected to provide the
necessary flow area. Chart 22 of Appendix B provides a nomograph solution for
determining channel properties for trapezoidal channels.

Channel side slopes for triangular or trapezoidal channels should not exceed
the angle of repose of the soil and/or lining material, and should generally be 1V:3H or
flatter. In areas where traffic safety may be of concern, channel side slopes should be
1V:4H or flatter.

Design of roadside and median channels should be integrated with the
geometric and pavement design to ensure proper consideration of safety and pavement
drainage needs.

5-2.3 Channel Slope. Channel bottom slopes are generally dictated by the road
profile or other constraints. However, if channel stability conditions warrant, it may be
feasible to adjust the channel gradient slightly to achieve a more stable condition.
Channel gradients greater than 2 percent may require the use of flexible linings to
maintain stability. Most flexible lining materials are suitable for protecting channel
gradients of up to 10 percent, with the exception of some grasses. Linings such as
riprap and wire-enclosed riprap are more suitable for protecting very steep channels
with gradients in excess of 10 percent. Rigid linings, such as concrete paving, are highly
susceptible to failure from structural instability due to such occurrences as overtopping,
freeze thaw cycles, swelling, and excessive soil pore water pressure.

5-2.4 Freeboard. The freeboard of a channel is the vertical distance from the water
surface to the top of the channel. The importance of this factor depends on the
consequence of overflow of the channel bank. At a minimum the freeboard should be
sufficient to prevent waves, superelevation changes, or fluctuations in water surface
from overflowing the sides. In a permanent roadside or median channel, about 0.5 ft of
freeboard is generally considered adequate. For temporary channels no freeboard is
necessary. However, a steep gradient channel should have a freeboard height equal to
the flow depth to compensate for the large variations in flow caused by waves,
splashing, and surging.
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Figure 5-3. Channel Geometries
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5-2.5 Shear Stress. The permissible or critical shear stress in a channel defines
the force required to initiate movement of the channel bed or lining material. Table 5-5
shows permissible shear stress values for manufactured, vegetative, and riprap channel
lining. The permissible shear stress for non-cohesive soils is a function of mean
diameter of the channel material as shown in Chart 23 of Appendix B. For larger stone
sizes not shown in Chart 23 and rock riprap, the permissible shear stress is given by the
following equation:

7, =4.0Dy, (5-12)
where:
7, = permissible shear stress, Ib/ft*
dso = mean riprap size, ft

For cohesive materials, the plasticity index provides a good guide for
determining the permissible shear stress as illustrated in Chart 24 of Appendix B.

Table 5-5. Permissible Shear Stresses for Lining Materials**

Lining Category Lining Type Permissible Unit Shear Stress, Ib/ft?
Woven Paper Net 0.15
Jute Net 0.45
Fiberglass Roving:
Single 0.60
Temporary* ng
Double 0.85
Straw with Net 1.45
Curled Wood Mat 1.55
Synthetic Mat 2.00
Class A 3.70
Class B 2.10
Vegetative Class C 1.00
Class D 0.60
Class E 0.35
. lin. 0.33
Gravel Riprap X
2in. 0.67
. 6 in. 2.00
Rock Riprap -
12 in. 4.00
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Lining Category Lining Type Permissible Unit Shear Stress, Ib/ft?

. Non-cohesive
Bare Soill

Cohesive

*Some “temporary” linings become permanent when buried.
**Table reproduced from HEC-15

5-2.5.1 Example 5-3

Given: The channel section and flow conditions in Example 5-2, paragraph
5-1.2.6.3.

Find: Determine if a good stand of buffalo grass (Class D degree of
retardance) will provide an adequate lining for this channel.

Solution:
Step 1. Determine the permissible shear stress.
From Table 5-4:

% = 0.60 Ib/ft?

Step 2. Compare 7, with the maximum shear stress in the straight section,
74, and with the shear stress in the bend, ..

w = 0.92 Ib/ft?
n = 1.43 |b/ft?
p =060 < g = 092
5 = 060 < 7 = 1.43

5-2.5.2 Example 5-4

Given: The channel section and flow conditions in Example 5-2
(paragraph 5-1.2.6.3) and Example 5-3 (paragraph 5-2.5.1).

Find: Determine the length of increased shear stress downstream of the
point of tangency of the 90-degree bend.

Solution:

Step 1. Determine the flow depth and hydraulic radius.
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Assume that the flow depth and hydraulic radius in the bend will be
approximately the same as those in the straight reach.

From Example 5-2:

d =147t
with d/B = 1.47/3.0
= 049

From Chart 22:
R/d = 0.61
R

dR/Md

(1.47)(0.61)

0.90 ft
Step 2. Determine the channel roughness in the bend.
From Example 5-2:

n = 0.055
Step 3. Determine length of increased shear stress.
Using Equation 5-11:

0.604R "

|_p = n—
b

_ 0.604(0.90)"°
(0.055)

= 9.7ft
Since the permissible shear stress, 7, was less than the actual shear stress

in the bend, z,, an adequate lining material would have to be installed throughout the
bend plus the length, L,, downstream of the point of tangency of the curve.
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CHAPTER 6

STORM DRAIN DESIGN

6-1 PURPOSE AND SCOPE. A storm drain is that portion of the drainage system
that receives surface water through inlets and conveys the water through conduits to an
outfall. It is composed of different lengths and sizes of pipe or conduit connected by
appurtenant structures. A section of conduit connecting one inlet or appurtenant
structure to another is termed a "segment” or "run." The storm drain conduit is most
often a circular pipe, but it can also be a box or other enclosed conduit shape.
Appurtenant structures include inlet structures (excluding the actual inlet opening),
access holes, junction chambers, and other miscellaneous structures. Generalized
design considerations for these structures are presented in Chapter 7. The computation
of energy losses through these structures is described in detail in HEC-22, Chapter 7.

6-2 DESIGN PROCEDURES FOR THE DRAINAGE SYSTEM. Design storm
runoff must be efficiently removed to avoid interruption of operations during or following
storms and to prevent temporary or permanent damage to pavement subgrades.
Removal is accomplished by a drainage system unique to each site. Drainage systems
will vary in design and extent depending upon local soil conditions and topography; size
of the physical facility; vegetation cover or its absence; the anticipated presence or
absence of ponding; and most importantly, upon local storm intensity and frequency
patterns. The drainage system should function with a minimum of maintenance
difficulties and expense and should be adaptable to future expansion. Open channels or
natural water courses are permitted only at the periphery of an airfield or heliport facility
and must be well removed from the landing strips and traffic areas. Provisions for
subsurface pavement drainage, the requirements for which are provided in UFC 3-250-
01FA or UFC 3-260-01, may necessitate careful consideration. Subdrains are used to
drain the base material, lower the water table, or drain perched water tables.
Fluctuations of the water table must be considered in the initial design of the facility. A
detailed step-by-step design procedure starts in section 6-3.

6-2.1 Grading. Proper grading is the most important single factor contributing to the
success of the drainage system. Development of grading and drainage plans must be
fully coordinated. Specific grading criteria for airfields can be found in UFC 3-260-01 for
DOD and AC 150/5300-13 for FAA.

6-2.2 Classification of Storm Drains. Storm drains may be classified in two
groups, primary and auxiliary.

6-2.2.1 Primary Drains. Primary drains consist of main drains and laterals that have
sufficient capacity to accommodate the project design storm, either with or without
supplementary storage in ponding basins above the drain inlets. To lessen construction
requirements for drainage facilities, maximum use of ponding consistent with
operational and grading requirements will be considered. The location and elevation of
the drain inlets are determined in the development of the grading plans.
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6-2.2.2 Auxiliary Drains. Auxiliary drains normally consist of any type or size drains
provided to facilitate the removal of storm runoff but lacking sufficient capacity to
remove the project design storm without excessive flooding or overflow. Auxiliary storm
drains may be used in certain airfields to provide positive drainage of long flat swales
located adjacent to runways or in unpaved adjacent areas. During less frequent storms
of high intensity, excess runoff should flow overland to the primary drain system or other
suitable outlet with a minimum of erosion. An auxiliary drain may also be installed to
convey runoff from pavement gutters wherever a gutter capacity of less than design
discharge is provided.

6-2.3 Hydraulics of Storm Drainage Systems. Hydraulic design of storm drainage
systems requires an understanding of basic hydrologic and hydraulic concepts and
principles. Hydrologic concepts were discussed earlier in this UFC. Important hydraulic
principles include flow classification, conservation of mass, conservation of momentum,
and conservation of energy. These elements are discussed in hydraulic texts. The
following sections assume a basic understanding of these topics.

6-2.3.1 Flow Type Assumptions. The design procedures presented here assume
that flow within each storm drain segment is steady and uniform. This means that the
discharge and flow depth in each segment are assumed to be constant with respect to
time and distance. Also, since storm drain conduits are typically prismatic, the average
velocity throughout a segment is considered constant.

In actual storm drainage systems, the flow at each inlet is variable, and flow
conditions are not truly steady or uniform; however, since the usual hydrologic methods
employed in storm drain design are based on computed peak discharges at the
beginning of each run, it is conservative to design using the steady uniform flow
assumption.

6-2.3.2 Open Channel vs. Pressure Flow. Two design philosophies exist for sizing
storm drains under the steady uniform flow assumption. The first is referred to as open
channel or gravity flow design. To maintain open channel flow, the segment must be
sized so that the water surface within the conduit remains open to atmospheric
pressure. For open channel flow, flow energy is derived from the flow velocity (kinetic
energy), depth (pressure), and elevation (potential energy). If the water surface
throughout the conduit is to be maintained at atmospheric pressure, the flow depth must
be less than the height of the conduit.

6-2.3.2.1 Pressure flow design requires that the flow in the conduit be at a pressure
greater than atmospheric. Under this condition, there is no exposed flow surface within
the conduit. In pressure flow, flow energy is again derived from the flow velocity, depth,
and elevation. The significant difference here is that the pressure head will be above the
top of the conduit, and will not equal the depth of flow in the conduit. In this case, the
pressure head rises to a level represented by the hydraulic grade line. A detailed
explanation of the hydraulic grade line is presented later in this chapter.
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6-2.3.2.2 The question of whether open channel or pressure flow should control design
has been debated. For a given flow rate, design based on open channel flow requires
larger conduit sizes than those sized based on pressure flow. While it may be more
expensive to construct storm drainage systems designed based on open channel flow,
this design procedure provides a margin of safety by providing additional headroom in
the conduit to accommodate an increase in flow above the design discharge. This factor
of safety is often desirable since the methods of runoff estimation are not exact, and
once placed, storm drains are difficult and expensive to replace.

6-2.3.2.3 There may be situations in which pressure flow design is desirable, however.
For example, on some projects, there may be adequate headroom between the conduit
and inlet/access hole elevations to tolerate pressure flow. In such a case, a significant
cost savings may be realized over the cost of a system designed to maintain open
channel flow. Also, in some cases it may be necessary to use an existing system that
must be placed under pressure flow to accommodate the proposed design flow rates. In
instances such as these, making a cursory hydraulic and economic analysis of a storm
drain using both design methods before making a final selection may be advantageous.

6-2.3.2.4 Under most ordinary conditions, it is recommended that storm drains be sized
based on a gravity flow criteria at flow full or near full. Designing for full flow is a
conservative assumption since the peak flow actually occurs at 93 percent of full flow.
However, the designer should maintain an awareness that pressure flow design may be
justified in certain instances. When pressure flow is allowed, special emphasis should
be placed on the proper design of the joints so that they are able to withstand the
pressure flow.

6-2.3.3 Hydraulic Capacity. The hydraulic capacity of a storm drain is controlled by
its size, shape, slope, and friction resistance. Several flow friction formulas have been
advanced that define the relationship between flow capacity and these parameters. The
most widely used formula for gravity and pressure flow in storm drains is Manning's
equation.

6-2.3.3.1 Manning’s equation was introduced in Chapter 3 for computing gutter
capacity and the capacity for roadside and median channels. For circular storm drains
flowing full, Manning's equation becomes:

0.46

0.59
V == =D82° Q== =D*Sy* (6-1)
where:
V = mean velocity, ft/s
Q = rate of flow, ft/s
n = Manning's coefficient (Table 6-1)
D = storm drain diameter, ft
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So = slope of the hydraulic grade line, ft/ft

6-2.3.3.2 A nomograph solution of Manning's equation for full flow in circular conduits is
presented in Chart 25 of Appendix B. Representative values of the Manning's coefficient
for various storm drain materials are provided in Table 6-1. Remember that the values
in the table are for new pipe tested in a laboratory. Actual field values for culverts may
vary depending on the effect of abrasion, corrosion, deflection, and joint conditions.

Table 6-1. Manning's Coefficients for Storm Drain Conduits

. Roughness or o
Type of Pipe Corrugation Manning's n
Concrete Pipe Smooth 0.010-0.011
Concrete Boxes Smooth 0.012-0.015
Spiral Rib Metal Pipe Smooth 0.012-0.013
Corrugated Metal Pipe, 2.66 by 0.5 in. 0.022-0.027
Pipe-Arch, and Box Annular
(Annular or Helical
Corrugations — see HDS-5, 2.66 by 0.5 in. 0.011-0.023
Manning's n varies with barrel Helical
size)
6 by 1in. 0.022-0.025
Helical
5by1in. 0.025-0.026
3by1lin. 0.027-0.028
6 by 2 in. 0.033-0.035
Structural Plate
9 by 2.51n. 0.033-0.037
Structural Plate
Corrugated Polyethylene Smooth 0.009-0.015
Corrugated Polyethylene Corrugated 0.018-0.025
Polyvinyl chloride (PVC) Smooth 0.009-0.011

*NOTE: The Manning's n values in this table were obtained in the laboratory and are
supported by the provided reference. Actual field values for storm drains may vary
depending on the effect of abrasion, corrosion, deflection, and joint conditions.

6-2.3.3.3 Figure 6-1 illustrates storm drain capacity sensitivity to the parameters in
Manning's equation. This figure can be used to study the effect changes in individual
parameters will have on storm drain capacity. For example, if the diameter of a storm
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drain is doubled, its capacity will be increased by a factor of 6.0; if the slope is doubled,
the capacity is increased by a factor of 1.4; however, if the roughness is doubled, the
pipe capacity will be reduced by 50 percent.

Figure 6-1. Storm Drain Capacity Sensitivity
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6-2.3.3.4 The hydraulic elements graph in Chart 26 of Appendix B is provided to assist
in the solution of the Manning's equation for part-full flow in storm drains. The hydraulic
elements chart shows the relative flow conditions at different depths in a circular pipe
and illustrates the following important points:
= Peak flow occurs at 93 percent of the height of the pipe. This means that if
the pipe is designed for full flow, the design will be slightly conservative.

= The velocity in a pipe flowing half-full is the same as the velocity for full flow.

= Flow velocities for flow depths greater than half-full are greater than velocities
at full flow.

= As the depth of flow drops below half-full, the flow velocity drops off rapidly.

6-2.3.3.5 The shape of a storm drain conduit also influences its capacity. Although
most storm drain conduits are circular, a significant increase in capacity can be realized
by using an alternate shape. Table 6-2 provides a tabular listing of the increase in
capacity that can be achieved using alternate conduit shapes that have the same height
as the original circular shape, but have a different cross-sectional area. Although these
alternate shapes are generally more expensive then circular shapes, their use can be
justified in some instances based on their increased capacity.
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Table 6-2. Increase in Capacity of Alternate Conduit Shapes Based on a
Circular Pipe with the Same Height

Shape Area Conveyance
P (Percent Increase) (Percent Increase)
Circular
Oval 63 87
Arch 57 78
Box (B = D) 27 27

In addition to the nomograph in Chart 25 of Appendix B, numerous charts have
been developed for conduits with specific shapes, roughness, and sizes.

6-2.3.3.5 Example 6-1

Given: Q 17.6 ft/s

So 0.015 ft/ft

Find:  The pipe diameter needed to convey the indicated design flow.
Consider use of both concrete and helical corrugated metal pipes.

Solution:

Step 1. Concrete Pipe. Using Equation 6-1 or Chart 25 with n = 0.013 for
concrete:

@n)

r 0.375
D =
(0.465° J

5 - | G7e)o013) T
| {0.46)0.015)°°
D = 1.69ft=20.3in

Use D = 21 in diameter standard pipe size.
Step 2. Helical Corrugated Metal Pipe. Using Equation 6-1 or Chart 25:

Assume n = 0.017
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_ [ (@n)

0.375
D =
(0.465°° )}

0.375
_ (17.6)0.017)
D = 0.5
| {0.46)0.015)°% |
D = 1.87ft=20.3in
Use D = 24 in. diameter standard size. (NOTE: The n value for

24 in. = 0.017. The pipe size and n value must coincide as shown in
Table 6-1.)

6-2.3.3.6 Example 6-2
Given:  The concrete and helical corrugated metal pipes in Example 6-1.
Find: The full flow pipe capacity and velocity.
Solution: Use Equation 6-1 or Chart 25.

Step 1. Concrete pipe:

Q = (%Dz.msg.sj
n
Q = (0.40) (1.75)*(0.015)*°
(0.013)
Q = 19.3ft%s

Step 2.  Helical corrugated metal pipe:

Q = (0'46D2.6780.5j

n
q = {049 5 gper(g grsys
(0.017)
Q = 21.1fs
V o= (@DO-WSC?-SJ
n
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v = 059 (2.05)”"(0.015)"°
(0.017)
V = 6.8ft/s

6-2.3.4 Energy Grade Line/Hydraulic Grade Line. The energy grade line (EGL) is
an imaginary line that represents the total energy along a channel or conduit carrying
water. Total energy includes elevation head, velocity head, and pressure head. The
calculation of the EGL for the full length of the system is critical to the evaluation of a
storm drain. To develop the EGL, it is necessary to calculate all of the losses through
the system. The energy equation states that the energy head at any cross section must
equal that in any other downstream section plus the intervening losses. The intervening
losses are typically classified as either friction losses or form losses. The friction losses
can be calculated using Manning's equation. Form losses are typically calculated by
multiplying the velocity head by a loss coefficient, K. Various tables and calculations
exist for developing the value of K depending on the structure being evaluated for loss.
Knowing the location of the EGL is critical to understanding and estimating the location
of the hydraulic grade line (HGL).

6-2.3.4.1 The HGL is a line coinciding with the level of flowing water at any point along
an open channel. In closed conduits flowing under pressure, the HGL is the level to
which water would rise in a vertical tube at any point along the pipe. The HGL is used to
aid the designer in determining the acceptability of a proposed storm drainage system
by establishing the elevation to which water will rise when the system is operating under
design conditions.

6-2.3.4.2 The HGL, a measure of flow energy, is determined by subtracting the velocity
head (V?/2g) from the EGL. Energy concepts can be applied to pipe flow as well as
open channel flow. Figure 6-2 illustrates the EGLs and HGLs for open channel and
pressure flow in pipes.

6-2.3.4.3 When water is flowing through the pipe and there is a space of air between
the top of the water and the inside of the pipe, the flow is considered as open channel
flow and the HGL is at the water surface. When the pipe is flowing full under pressure
flow, the HGL will be above the crown of the pipe. When the flow in the pipe just
reaches the point where the pipe is flowing full, this condition is between open channel
flow and pressure flow. At this condition, the pipe is under gravity full flow and the flow
is influenced by the resistance of the total circumference of the pipe. Under gravity full
flow, the HGL coincides with the crown of the pipe.
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Figure 6-2. Hydraulic and Energy Grade Lines in Pipe Flow

6-2.3.4.4 Inlet surcharging and possible access hole lid displacement can occur if the
HGL rises above the ground surface. A design based on open channel conditions must
be planned carefully as well, including evaluation of the potential for excessive and
inadvertent flooding created when a storm event larger than the design storm
pressurizes the system. As hydraulic calculations are performed, frequent verification of
the existence of the desired flow condition should be made. Often storm drainage
systems can alternate between pressure and open channel flow conditions from one
section to another.

6-2.3.4.5 A detailed procedure for evaluating the EGL and the HGL for storm drainage
systems is presented later in this chapter.

6-2.3.5 Storm Drain Outfalls. All storm drains have an outlet where flow from the
storm drainage system is discharged. The discharge point can be a natural river or
stream, an existing storm drainage system, or a channel that is either existing or
proposed for the purpose of conveying the storm water away from the highway. The
procedure for calculating the EGL through a storm drainage system begins at the
outfall; therefore, consideration of outfall conditions is an important part of storm drain
design.

6-2.3.5.1 Several aspects of outfall design must be given serious consideration. These
include the flowline or invert (inside bottom) elevation of the proposed storm drain
outlet, tailwater elevations, the need for energy dissipation, and the orientation of the
outlet structure.

6-2.3.5.2 The flowline or invert elevation of the proposed outlet should be equal to or
higher than the flowline of the outfall. If not, the water may need to be pumped or
otherwise lifted to the elevation of the outfall.

6-2.3.5.3 The tailwater depth or elevation in the storm drain outfall must be considered
carefully. Evaluation of the HGL for a storm drainage system begins at the system
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outfall with the tailwater elevation. For most design applications, the tailwater will either
be above the crown of the outlet or between the crown and critical depth of the outlet.
The tailwater may also occur between the critical depth and the invert of the outlet;
however, the starting point for the HGL determination should be either the design
tailwater elevation or the average of the critical depth and the height of the storm drain
conduit, (dc + D)/2, whichever is greater.

6-2.3.5.4 An exception to this rule would be for a very large outfall with low tailwater
where a water surface profile calculation would be appropriate to determine the location
where the water surface will intersect the top of the barrel and full flow calculations can
begin. In this case, the downstream water surface elevation would be based on critical
depth or the design tailwater elevation, whichever is highest.

6-2.3.5.5 If the outfall channel is a river or stream, it may be necessary to consider the
joint or coincidental probability of two hydrologic events occurring at the same time to
adequately determine the elevation of the tailwater in the receiving stream. The relative
independence of the discharge from the storm drainage system can be qualitatively
evaluated by a comparison of the drainage area of the receiving stream to the area of
the storm drainage system. For example, if the storm drainage system has a drainage
area much smaller than that of the receiving stream, the peak discharge from the storm
drainage system may be out of phase with the peak discharge from the receiving
watershed.

Table 6-3 provides a comparison of discharge frequencies for coincidental
occurrence for a 10- and 100-yr design storm. This table can be used to establish an
appropriate design tailwater elevation for a storm drainage system based on the
expected coincident storm frequency on the outfall channel. For example, if the
receiving stream has a drainage area of 500 acres and the storm drainage system has
a drainage area of 5 acres, the ratio of receiving area to storm drainage area is 500 to
5, which equals 100 to 1. From Table 6-3 and considering a 10-yr design storm
occurring over both areas, the flow rate in the main stream will be equal to that of a 5-yr
storm when the drainage system flow rate reaches its 10-yr peak flow at the outfall.
Conversely, when the flow rate in the main channel reaches its 10-yr peak flow rate, the
flow rate from the storm drainage system will have fallen to the 5-yr peak flow rate
discharge. This is because the drainage areas are different sizes, and the time to peak
for each drainage area is different.

6-2.3.5.6 There may be instances in which an excessive tailwater causes flow to back
up the storm drainage system and out of inlets and access holes, creating unexpected
and perhaps hazardous flooding conditions. The potential for this should be considered.
Flap gates placed at the outlet can sometimes alleviate this condition; otherwise, it may
be necessary to isolate the storm drain from the outfall by using a pump station.

6-2.3.5.7 Energy dissipation may be required to protect the storm drain outlet.
Protection is usually required at the outlet to prevent erosion of the outfall bed and
banks. Riprap aprons or energy dissipators should be provided if high velocities are
expected. See HEC-14 for guidance with designing an appropriate dissipator.
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Table 6-3. Frequencies for Coincidental Occurrence

Frequencies for Coincidental Occurrence
Area Ratio 10-Year Design 100-Year Design
Main Stream Tributary Main Stream Tributary
1 10 2 100
10,000to 1
10 1 100 2
2 10 10 100
1,000to 1
10 2 100 10
5 10 25 100
100to 1
10 5 100 25
10 10 50 100
10to 1
10 10 100 50
10 10 100 100
lto1l
10 10 100 100

6-2.3.5.8 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 turbulence and the potential for
excessive erosion. If the outfall structure cannot 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, care
must be taken to avoid erosion on the opposite channel bank. If erosion potential exists,
a channel bank lining of riprap or other suitable material should be installed on the bank.
Alternatively, an energy dissipator structure could be used at the storm drain outlet.

6-2.3.6 Energy Losses. Prior to computing the HGL, estimate all energy losses in
pipe runs and junctions. In addition to the principal energy involved in overcoming the
friction in each conduit run, energy (or head) is required to overcome changes in
momentum or turbulence at outlets, inlets, bends, transitions, junctions, and access
holes. The calculation of these losses is extremely important when designing the storm
drain. If the storm drain design does not account for energy losses, the performance of
the storm drain system is uncertain. HEC-22 has a comprehensive description of all of
the energy losses and includes an example problem that demonstrates the application
of some of these relationships. Refer to Chapter 7 of HEC-22.

6-2.4 Design Guidelines and Considerations. Design criteria and considerations
describe the limiting factors that qualify an acceptable design. Several of these factors,
including design and check storm frequency, time of concentration and discharge
determination, allowable high water at inlets and access holes, minimum flow velocities,
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minimum pipe grades, and alignment, are explained in paragraphs 6-2.4.1 through
6-2.4.2.5.

6-2.4.1 Design Storm Frequency. The storm drain conduit is one of the most
expensive and permanent elements within storm drainage systems. Storm drains
normally remain in use longer than any other system elements. Once a storm drain is
installed, increasing the capacity or repairing the line is very expensive. Consequently,
the design flood frequency for projected hydrologic conditions should be selected to
meet the need of the proposed facility both now and well into the future.

6-2.4.1.1 The design storm frequencies for DOD airfields and heliports, areas other
than airfields, and FAA facilities are given in Chapter 2 of this UFC; however, exercise
caution in selecting an appropriate storm frequency. Consider traffic volume, type and
use of roadway, speed limit, flood damage potential, and the needs of the local
community.

6-2.4.1.2 The highway community recommends designing storm drains that drain sag
points where runoff can be removed only through the storm drainage system for a
minimum 50-year frequency storm. The inlet at the sag point as well as the storm drain
pipe leading from the sag point must be sized to accommodate this additional runoff.
This can be done by computing the bypass occurring at each inlet during a 50-year
rainfall and accumulating it at the sag point. Another method would be to design the
upstream system for a 50-year design to minimize the bypass to the sag point. Evaluate
each case on its own merits and assess the risk and impacts of flooding a sag point.

6-2.4.1.3 Following the initial design of a storm drainage system, it is prudent to
evaluate the system using a higher check storm. Check storms are also explained in
Chapter 2. Often for roadway design, a 100-year frequency storm is recommended for
the check storm. The check storm is used to evaluate the performance of the storm
drainage system and determine if the major drainage system is adequate to handle the
flooding from a storm of this magnitude. Again, review local criteria.

6-2.4.2 Time of Concentration and Discharge. The rate of discharge at any point in
the storm drainage system is not the sum of the inlet flow rates of all inlets above the
section of interest. It is generally less than this total. The Rational Method is the most
common means of determining design discharges for storm drain design. The time of
concentration is very influential in determining the design discharge using the Rational
Method. The time of concentration is the period required for water to travel from the
most hydraulically distant point of the watershed to the point of interest. The designer is
usually concerned with two different times of concentration: one for inlet spacing and
the other for pipe sizing. The time of concentration for inlet spacing is the time required
for water to flow from the hydraulically most distant point of the unique drainage area
contributing only to that inlet. Typically, this is the sum of the times required for water to
travel overland to the pavement gutter and along the length of the gutter between inlets.
If the total time of concentration to the upstream inlet is less than 5 minutes, a minimum
time of concentration of 5 minutes is used as the duration of rainfall. The time of
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concentration for each successive inlet should be determined independently in the
same manner as was used for the first inlet.

6-2.4.2.1 The time of concentration for pipe sizing is the time required for water to
travel from the most hydraulically distant point in the total contributing watershed to the
design point. Typically, this time consists of two components: (1) the time for overland
and gutter flow to reach the first inlet, and (2) the time to flow through the storm
drainage system to the point of interest.

6-2.4.2.2 The flow path with the longest time of concentration to the point of interest in
the storm drainage system will usually define the duration used in selecting the intensity
value in the Rational Method. Exceptions to the general application of the Rational
Equation exist. For example, a small, relatively impervious area within a larger drainage
area may have an independent discharge higher than that of the total area. This
anomaly may occur because of the high runoff coefficient (C value) and high intensity
resulting from a short time of concentration. If an exception does exist, it can generally
be classified as one of two exception scenarios.

6-2.4.2.3 The first exception occurs when a highly impervious section exists at the most
downstream area of a watershed and the total upstream area flows through the lower
impervious area. When this occurs, two separate calculations should be made.

= First, calculate the runoff from the total drainage area with its weighted C
value and the intensity associated with the longest time of concentration.

= Second, calculate the runoff using only the smaller, less pervious area. The
typical procedure would be followed using the C value for the small less
pervious area and the intensity associated with the shorter time of
concentration.

Compare the results of these two calculations and use the largest value of
discharge for design.

6-2.4.2.4 The second exception exists when a smaller, less pervious area is tributary to
the larger primary watershed. When this occurs, two sets of calculations should also be
made.

= First, calculate the runoff from the total drainage area with its weighted C
value and the intensity associated with the longest time of concentration.

= Second, calculate the runoff to consider how much discharge from the larger
primary area is contributing at the same time as the peak from the smaller,
less pervious tributary area. When the small area is discharging, some
discharge from the larger primary area is also contributing to the total
discharge. In this calculation, use the intensity associated with the time of
concentration from the smaller, less pervious area. The portion of the larger
primary area to be considered is determined by this equation:
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A = Aler (6-2)

A is the most downstream part of the larger primary area that will contribute
to the discharge during the time of concentration associated with the smaller, less
pervious area. A is the area of the larger primary area, t.; is the time of concentration of
the smaller, less pervious tributary area, and t. is the time of concentration associated
with the larger primary area as is used in the first calculation. The C value to be used in
this computation should be the weighted C value that results from combining C values
of the smaller, less pervious tributary area and the area A.. The area to be used in the
Rational Method is the area of the less pervious area plus A.. This second calculation
should be considered only when the less pervious area is tributary to the area with the
longer time of concentration and is at or near the downstream end of the total drainage
area.

6-2.4.2.5 Finally, compare the results of these calculations and use the largest value of
discharge for design.

6-2.4.3 Maximum Highwater. Maximum highwater is the maximum allowable
elevation of the water surface (HGL) at any given point along a storm drain. These
points include inlets, access holes, or any place where there is access from the storm
drain to the ground surface. The maximum highwater at any point should not interfere
with the intended functioning of an inlet opening or reach an access hole cover.
Maximum allowable highwater levels should be established along the storm drainage
system prior to initiating hydraulic evaluations.

6-2.4.4 Minimum Velocity and Grades. It is desirable to maintain a self-cleaning
velocity in the storm drain to prevent deposition of sediments and subsequent loss of
capacity. For this reason, storm drains should be designed to maintain full-flow pipe
velocities of 3 ft/s or greater. A review of the hydraulic elements in Chart 26 (Appendix
B) indicates that this criteria results in a minimum flow velocity of 2 ft/s at a flow depth
equal to 25 percent of the pipe diameter. Minimum slopes required for a velocity of 3 ft/s
can be computed using the form of Manning's formula in Equation 6-3. Alternately, use
values in Table 6-4.

S= 2.67(ﬂj (6-3)

D0.67

where:

D = infeet when using Equation 6-3
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Table 6-4. Minimum Pipe Slopes to Ensure 3.0 ft/s Velocity in
Storm Drains Flowing Full
Pipe Size, | Full Pipe Flow, Minimum Slopes, ft/ft
in. ft'ls n=0.012 n=0.013 n =0.024

8 1.1 0.0064 0.0075 0.0256
10 1.6 0.0048 0.0056 0.0190
12 2.4 0.0037 0.0044 0.0149
15 3.7 0.0028 0.0032 0.0111
18 5.3 0.0022 0.0026 0.0087
21 7.2 0.0018 0.0021 0.0071
24 9.4 0.0015 0.0017 0.0059
27 11.9 0.0013 0.0015 0.0051
30 14.7 0.0011 0.0013 0.0044
33 17.8 0.0010 0.0011 0.0039
36 21.2 0.0009 0.0010 0.0034
42 28.9 0.0007 0.0008 0.0028
48 37.7 0.0006 0.0007 0.0023
54 47.7 0.0005 0.0006 0.0020
60 58.9 0.0004 0.0005 0.0017
66 71.3 0.0004 0.0005 0.0015
72 84.8 0.0003 0.0004 0.0014

6-3 PRELIMINARY DESIGN PROCEDURE. The preliminary design of storm

drains can be accomplished by using the following steps and the storm drain
computation sheet in Figure 6-3. This procedure assumes that each storm drain will be
initially designed to flow full under gravity conditions. The designer must recognize that
when the steps in this section are complete, the design is only preliminary. Final design
is accomplished after the EGL and HGL computations have been completed.

6-3.1

Step 1. Prepare a working plan layout and profile of the storm drainage
system establishing the following design information:

a. Location of Storm Drains

(1) Preliminary Layout. Prepare a preliminary map (scale 1 in. = 200 ft or
larger) showing the outlines of roadways, runways, taxiways, and parking
aprons. Contours should represent approximately the finished grade for
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the airfield, heliport, or roadway facility. Details of grading, including
ponding basins around primary drain inlets, need not be shown more
accurately than with 1-ft contour intervals.

(2) Profiles. Plot profiles of all roadways, or runways, taxiways, and aprons
so that elevations controlling the grading of intermediate areas may be
determined readily at any point.

b. Direction of Flow. Avoid drainage patterns consisting of closely spaced
interior inlets in pavements with intervening ridges for airfields. Such grading
may cause taxiing problems, including bumping or scraping of wing tanks.
Crowned sections are the standard cross sections for roadways, runways,
taxiways, and safety areas. Crowned sections generally slope each way from
the center line of the runway on a transverse grade to the pavement.
Although crowned grading patterns result in the most economical drainage,
adjacent pavements, topographic considerations, or other matters may
necessitate other pavement grading.

c. Location of Access Holes and Other Structures

(1) Drain Outlets. Consider the limiting grade elevations and feasible
channels for the collection and disposition of the storm runoff. Select the
most suitable locations for outlets of drains serving various portions of the
field. Then select a tentative layout for primary storm drains. The most
economical and most efficient design is generally obtained by maintaining
the steepest hydraulic gradient attainable in the main drain and
maintaining approximately equal lateral length on each side of the main
drain.

(2) Cross-sectional Profiles of Intermediate Areas. Assume the location of
cross-sectional profiles of intermediate areas. Plot data showing
controlling elevations and indicate the tentatively selected locations for
inlets by means of vertical lines. See Chapter 3 for guidance on the
preliminary location of inlets. To facilitate a comparison of the elevations of
intermediate areas with those of paved areas, projections of roadways,
runways, taxiways, or aprons for limited distances should be shown on the
profiles. Generally, one cross-sectional profile should follow each line of
the underground storm drain system. Other profiles should pass through
each of the inlets at approximately right angles to paved roadways,
runways, taxiways, or aprons.

(3) Correlation of the Controlling Elevations and Limiting Grades. Begin at
points corresponding to the controlling elevations, such as the edges of
runways, and sketch the ground profile from the given points to the
respective drain inlets. Make the grades conform to the limiting slopes.
Review the tentative grading and inlet elevations and make such
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adjustments in the locations of drain inlets and in grading details as
necessary to obtain the most satisfactory general plan.

d. Number or Label Assigned to Each Structure

e. Location of All Existing Utilities (e.g., water, sewer, gas, underground
cables)

(1) Trial Drainage Layouts. Several trial drainage layouts will be necessary
before the most economical system can be selected. The first
consideration will be the tentative layout serving all of the depressed areas
in which overland flow will accumulate. The inlet structures will be located,
during the initial step, at the lowest points within the field areas. The
pipelines will be shown next. Each of the inlet structures will be connected
to the field pipelines, which in turn will be connected to the major outfalls.

(2) Rechecking of Finished Contours. Before proceeding further, recheck
the finished contours to determine whether the surface flow is away from
the paved areas, that the flow is not directed across them, that no field
structures fall within the paved areas (except in aprons), that possible
ponding areas are not adjacent to pavement edges, and that surface
water will not have to travel excessively long distances to flow into the
inlets. If there is a long, gradually sloping swale between a runway and its
parallel taxiway (in which the longitudinal grade, for instance, is all in one
direction), additional inlets should be placed at regular intervals down this
swale. Should this be required, ridges may be provided to protect the area
around the inlet, prevent bypassing, and facilitate the entry of the water
into the structure. If the ridge area is within the runway safety area, the
grades and grade changes will need to conform to the limitations
established for runway safety areas in other pertinent publications.

(3) Maximum Spread and Ponding. Estimate the maximum elevation of
storage permissible in the various ponding areas and check the elevations
against the profiles. Ponding requirements for airfields and heliports are
provided in Chapter 2. Scale the distances from the respective drain inlets
to the point where the elevation of maximum permissible ponding
intersects the ground line, transfer the scaled distances to the map
prepared in (1) above, and sketch a line through the plotted points to
represent the boundary of the maximum ponding area during the design
storm. Criteria for allowable width of spread for roadways is provided in
Chapter 3.

(4) Ditches. A system of extensive peripheral ditches may become an
integral part of the drainage system. Ditch size and function are variable.
Some ditches carry the outfall away from the pipe system and drainage
areas into the natural drainage channels or into existing water courses.
Others receive outfall flow from the airport site or adjacent terrain. Open
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ditches are subject to erosion if their gradients are steep and if the volume
of flow is large. When necessary, the ditches may be turfed, sodded,
stabilized, or lined to control erosion. A complete explanation of median
drainage can be found in Chapter 3. Stable channel design is detailed in
Chapter 5.

(5) Study of the Contiguous Areas. After the storm drain system has been
tentatively laid out and before the actual computations have been started,
the areas contiguous to the graded portion of the airport that may
contribute surface flow upon it should again be studied. A system of open
channels, intercepting ditches, or storm drains should be designed where
necessary to intercept this storm flow and conduct it away from the facility
to convenient outfalls. A study of the soil profiles will assist in locating
porous strata that may be conducting subsurface water into the airport. If
this condition exists, the subsurface water should be intercepted and
diverted.
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Figure 6-3. Preliminary Storm Drain Computation Sheet
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6-3.2 Step 2. Determine the following hydrologic parameters for the drainage areas
tributary to each inlet to the storm drainage system. Use the completed grading plan as
a guide and sketch the boundaries of specific drainage areas tributary to their
respective drain inlets. Compute the area of paved and unpaved areas tributary to the
respective inlets.

= Drainage areas
=  Runoff coefficients
= Travel time

6-3.3 Step 3. Using the information generated in Steps 1 and 2, complete the
following information on the design form for each run of pipe starting with the upstream-
most storm drain run:

= FROM and TO stations, Columns 1 and 2.
= | ENGTH of run, Column 3.

= INC. drainage area, Column 4. The incremental drainage area tributary to the
inlet at the upstream end of the storm drain run under consideration.

» RUNOFF COEFF. "C," Column 6. The runoff coefficient for the drainage area
tributary to the inlet at the upstream end of the storm drain run under
consideration. In some cases, a composite runoff coefficient will need to be
computed.

6-3.4 Step 4. Using the information from Step 3, compute this information:

= TOTAL area, Column 5. Add the incremental area in Column 4 to the
previous section's total area and place this value in Column 5.

= INC."AREA" X "C," Column 7. Multiply the drainage area in Column 4 by the
runoff coefficient in Column 6. Put the product, CA, in Column 7.

= TOTAL "AREA" X "C," Column 8. Add the value in Column 7 to the value in
Column 8 for the previous storm drain run, and put this value in Column 8.

= RAIN"I," Column 11. Using the larger of the two times of concentration in
Columns 9 and 10, and an IDF curve, determine the rainfall intensity, I, and
place this value in Column 11.

» RUNOFF "Q," Column 12. Calculate the discharge as the product of Columns
8 and 11. Place this value in Column 12.
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= SLOPE, Column 21. Place the pipe slope value in Column 21. The pipe slope
will be approximately the slope of the finished roadway. The slope can be
modified as needed.

= PIPE DIA., Column 13. Size the pipe using relationships and charts presented
in Chapter 4 to convey the discharge by varying the slope and pipe size as
necessary. The storm drain should be sized as close as possible to a full
gravity flow. Since most calculated sizes will not be available, a nominal size
will be used. The designer will decide whether to go to the next larger size
and have part-full flow or whether to go to the next smaller size and have
pressure flow.

= Q (CAPACITY) FULL, Column 14. Compute the full flow capacity of the
selected pipe using Equation 6-1, and put this information in Column 14.

= VELOCITY, Columns 15 (FULL) and 16 (DESIGN). Compute the full flow and
design flow velocities (if different) in the conduit and place these values in
Columns 15 and 16. If the pipe is flowing full, the velocities can be determined
from V = Q/A, Equation 6-1, or Chart 25 (Appendix B). If the pipe is not
flowing full, the velocity can be determined from Chart 26.

= SEC (SECTION) TIME, Column 17. Calculate the travel time in the pipe
section by dividing the pipe length (Column 3) by the design flow velocity
(Column 16). Place this value in Column 17.

= CROWN DROP, Column 20. Calculate an approximate crown drop at the
structure to off-set potential structure energy losses using Equation 7-9 of
HEC-22.

= INVERT ELEV., Columns 18 and 19. Compute the pipe inverts at the upper
(U/S) and lower (D/S) ends of this section of pipe, including any pipe size
changes that occurred along the section.

6-3.5 Step 5. Repeat steps 3 and 4 for all pipe runs to the storm drain outlet. Use
equations and nomographs to accomplish the design effort.

6-3.6 Step 6. Check the design by calculating the EGL and HGL as described in
section 6-4.

An example of storm drain sizing and layout is provided in Chapter 7 of
HEC-22.

6-4 ENERGY GRADE LINE EVALUATION PROCEDURE. This section presents
a step-by-step procedure for manual calculation of the EGL and the HGL using the
energy loss method. For most storm drainage systems, computer methods such as
HYDRA are the most efficient means of evaluating the EGL and HGL; however, it is
important that the designer understand the analysis process to better interpret the
output from computer-generated storm drain designs.

223



UFC 3-230-01 AC 150/5320-5C
8/1/2006 9/29/2006

6-4.1 Figure 6-4 provides a sketch illustrating the use of the two grade lines in
developing a storm drainage system. The step-by-step procedure in paragraph 6-4.3
can be used to manually compute the EGL and HGL. The computation tables in
Figure 6-5 and Figure 6-6 can be used to document this procedure.

Figure 6-4. Energy and Hydraulic Grade Line Illustration
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6-4.2 Before beginning the computational steps in the procedure, it is important to

understand the organization of data on the form. In general, a line will contain the
information on a specific structure and the line downstream from the structure. As the
table is started, the first two lines may be unique. The first line will contain information
about the outlet conditions. This may be a pool elevation or information on a known
downstream system. The second line will be used to define the conditions right at the
end of the last conduit. Following these first two lines, the procedure becomes more
general. A single line on the computation sheet is used for each junction or structure
and its associated outlet pipe. For example, data for the first structure immediately
upstream of the outflow pipe and the outflow pipe would be tabulated in the third full line
of the computation sheet (lines may be skipped on the form for clarity).

Table A (Figure 6-5) is used to calculate the HGL and EGL elevations, while
table B (Figure 6-6) is used to calculate the pipe losses and structure losses. Values
obtained in Table B are transferred to Table A for use during the design procedure. In
the description of the computation procedures, a column number will be followed by a
letter A or B to indicate the appropriate table to be used.

6-4.3 EGL computations begin at the outfall and are worked upstream, taking each
junction into consideration. Many storm drain systems are designed to function in a
subcritical flow regime. In subcritical flow, pipe and access hole losses are summed to
determine the upstream EGL levels. If supercritical flow occurs, pipe and access losses
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are not carried upstream. When a storm drain section is identified as being supercritical,
the designer should advance to the next upstream pipe section to determine its flow
regime. This process continues until the storm drain system returns to a subcritical flow
regime. Again, HEC-22 includes a complete example that works through these steps.

NOTE: In the EGL computational procedure, values obtained in Table B are transferred
to Table A for use during the design procedure. In the step-by-step description, a
column number will be followed by a letter A or B to indicate the appropriate table
to be used.

6-4.3.1 Step 1. The first line of Table A includes information on the system beyond
the end of the conduit system. Define this as the stream, pool, existing system, etc., in
Column 1A. Determine the EGL and HGL for the downstream receiving system. If this is
a natural body of water, the HGL will be at the water surface. The EGL will also be at
the water surface if no velocity is assumed or will be a velocity head above the HGL if
there is a velocity in the water body. If the new system is being connected to an existing
storm drain system, the EGL and the HGL will be that of the receiving system. Enter the
HGL in Column 14A and the EGL in Column 10A of the first line on the computation
sheet.

6-4.3.2 Step 2. Identify the structure number at the outfall (this may be just the end of
the conduit, but it needs a structure number), the top of conduit (TOC) elevation at the
outfall end, and the surface elevation at the outfall end of the conduit. Place these
values in Columns 1A, 15A, and 16A, respectively. Also, add the structure number in
Column 1B.

6-4.3.3 Step 3. Determine the EGL just upstream of the structure identified in Step 2.
Two different cases exist when the conduit is flowing full:

= Case 1: If the tailwater at the conduit outlet is greater than (d; + D)/2, the EGL
will be the TW elevation plus the velocity head for the conduit flow conditions.

= Case 2: If the tailwater at the conduit outlet is less than (d. + D)/2, the EGL
will be the HGL plus the velocity head for the conduit flow conditions. The
equivalent HGL, EHGL, will be the invert plus (d; + D)/2.

The velocity head needed in either Case 1 or 2 will be calculated in the next
steps, so it may be helpful to complete Step 4 and work Step 5 to the point where
velocity head (Column 7A) is determined and then come back and finish this step. Enter
the EGL in Column 13A.

NOTE: The values for d. for circular pipes can be determined from Chart 27. Charts for

other conduits or other geometric shapes can be found in HDS-5. Note that the value of
dc cannot be greater than the height of the conduit.
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Figure 6-5. Energy Grade Line Computation Sheet - Table A
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Figure 6-6. Energy Grade Line Computation Sheet - Table B
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6-4.3.4  Step 4. Identify the structure for the junction immediately upstream of the
outflow conduit (for the first conduit) or immediately upstream of the last structure (if
working with subsequent lines) and enter this value in Column 1A and Column 1B of the
next line on the computation sheets. Enter the conduit diameter (D) in Column 2A, the
design discharge (Q) in Column 3A, and the conduit length (L) in Column 4A.

6-4.3.5 Step 5. If the barrel flows full, enter the full flow velocity from continuity in
Column 5A and the velocity head (V?/2g) in Column 7A. Put “full” in Column 6a and not
applicable (n/a) in Column 6b of Table A. Continue with Step 6. If the barrel flows only
partially full, continue with Step 5A.

NOTE: If the pipe is flowing full because of high tailwater or because the pipe has
reached its capacity for the existing conditions, the velocity will be computed based on
continuity using the design flow and the full cross-sectional area. Do not use the full flow
velocity determined in Column 15 of the Preliminary Storm Drain Computation Sheet
(Figure 6-3) for part-full flow conditions. For part-full conditions defined in Step 5, the
calculations in the preliminary form may be helpful. Actual flow velocities need to be
used in the EGL and HGL calculations.

6-4.3.5.1 Step 5A. Part-full flow: Using the hydraulic elements graph in Chart 26 with
the ratio of part-full to full flow (values from the Preliminary Storm Drain Computation
Sheet, Figure 6-3), compute the depth and velocity of flow in the conduit. Enter these
values in Column 6a and 5, respectively, of Table A. Compute the velocity head (V?/2g)
and place in Column 7A.

6-4.3.5.2 Step 5B. Compute the critical depth for the conduit using Chart 27. (If the
conduit is not circular, see HDS-5 for additional charts.) Enter this value in Column 6b of
Table A.

6-4.3.5.3 Step 5C. Compare the flow depth in Column 6a (Table A) with the critical
depth in Column 6b (Table A) to determine the flow state in the conduit. If the flow depth
in Column 6a is greater than the critical depth in Column 6b, the flow is subcritical,
continue with Step 6. If the flow depth in Column 6a is less than or equal to the critical
depth in Column 6b, the flow is supercritical; continue with Step 5D. In either case,
remember that the EGL must be higher upstream for flow to occur. If after checking for
super critical flow in the upstream section of pipe, ensure that the EGL is higher in the
pipe than in the structure.

6-4.3.5.4 Step 5D. Pipe losses in a supercritical pipe section are not carried upstream.
Therefore, enter a zero (0) in Column 7B for this structure.

6-4.3.5.5 Step 5E. Enter the structure ID for the next upstream structure on the next
line in Column 1A and Column 1B. Enter the pipe diameter (D), discharge (Q), and
conduit length (L) in Columns 2A, 3A, and 4A, respectively, of the same line.

NOTE: After a downstream pipe has been determined to flow in supercritical flow, it is
necessary to check each succeeding upstream pipe for the type of flow. This is done by
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calculating normal depth and critical depth for each pipe. If normal depth is less than the
diameter of the pipe, the flow will be open channel flow and the critical depth calculation
can be used to determine whether the flow is sub or supercritical. If the flow line
elevation through an access hole drops enough that the invert of the upstream pipe is
not inundated by the flow in the downstream pipe, the designer goes back to Column 1A
and begins a new design as if the downstream section did not exist.

6-4.3.5.6  Step 5F. Compute the normal depth for the conduit using Chart 26 and the
critical depth using Chart 27. (If the conduit is not circular, see HDS-5 for additional
charts.) Enter these values in Columns 6a and 6b of Table A.

6-4.3.5.7 Step 5G. If the pipe barrel flows full, enter the full flow velocity from
continuity in Column 5A and the velocity head (V?/2g) in Column 7A. Go to Step 3,
Case 2 to determine the EGL at the outlet end of the pipe. Put this value in Column 10A
and go to Step 6. For part-full flow, continue with Step 5H.

6-4.3.5.8 Step 5H. Part-full Flow: Compute the velocity of flow in the conduit and
enter this value in Column 5A. Compute the velocity head (V?/2g) and place the value in
Column 7A.

6-4.3.5.9 Step 5I. Compare the flow depth in Column 6a with the critical depth in
Column 6b to determine the flow state in the conduit. If the flow depth in Column 6a is
greater than the critical depth in Column 6b, the flow is subcritical; continue with Step
5J. If the flow depth in Column 6a is less than or equal to the critical depth in Column
6b, the flow is supercritical; continue with Step 5K.

6-4.3.5.10 Step 5J. Subcritical Flow Upstream: Compute the EGL at the outlet of the
structure (EGL,) at the outlet of the previous structure as the outlet invert plus the sum
of the outlet pipe flow depth and the velocity head. Place this value in Column 10A of
the appropriate structure and go to Step 9.

6-4.3.5.11 Step 5K. Supercritical Flow Upstream: Access hole losses do not apply
when the flow in two successive pipes is supercritical. Place zeros (0) in Columns 11A,
12A, and 15B of the intermediate structure (previous line). The HGL at the structure is
equal to the pipe invert elevation plus the flow depth. Check the invert elevations and
the flow depths both upstream and downstream of the structure to determine where the
highest HGL exists. The highest value should be placed in Column 14A of the previous
structure line. Perform Steps 20 and 21 and then repeat Steps 5E through 5K until the
flow regime returns to subcritical. If the next upstream structure is end-of-line, skip to
Step 10B and then perform Steps 20, 21, and 24.

6246739 Step 6. Compute the friction slope (Sy) for the pipe: Ss=H;/L=[Q n/(0.46
D=

Enter this value in Column 8A of the current line. This equation assumes full

flow in the outlet pipe. If full flow does not exist, set the friction slope equal to the pipe
slope.
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6-4.3.7 Step 7. Compute the friction loss (Hr) by multiplying the length (L) in Column
4A by the friction slope (S¢) in Column 8A and enter this value in Column 2B. Compute
other losses along the pipe run such as bend losses (h,), transition contraction (H¢) and
expansion (He) losses, and junction losses (H;) using Equations 7-5 through 7-8 of HEC-
22 and place the values in Columns 3B, 4B, 5B, and 6B, respectively. Add the values in
2B, 3B, 4B, 5B, and 6B and place the total in Columns 7B and 9A.

6-4.3.8 Step 8. Compute the EGL value at the outlet of the structure (EGL,) as the
EGL for an inflow pipe (EGL;) elevation from the previous structure (Column 13A) plus
the total pipe losses (Column 9A). Enter the EGL, value in Column 10A.

6-4.3.9 Step 9. Estimate the depth of water in the access hole (estimated as the
depth from the outlet pipe invert to the HGL in the pipe at the outlet). It is computed as
EGL, (Column 10A) minus the pipe velocity head in Column 7A minus the pipe invert
elevation (from the Preliminary Storm Drain Computation Sheet, Figure 6-3). Enter this
value in Column 8B. If supercritical flow exists in this structure, leave this value blank
and skip to Step 5E.

6-4.3.10  Step 10. If the inflow storm drain invert is submerged by the water level in
the access hole, compute access hole losses using Equation 7-10 and Equation 7-11 of
HEC-22. Start by computing the initial structure head loss coefficient (K,) based on the
relative access hole size. Enter this value in Column 9B. Continue with Step 11. If the
inflow storm drain invert is not submerged by the water level in the access hole,
compute the head in the access hole using culvert techniques from HDS-5:

6-4.3.10.1 Step 10A. If the structure outflow pipe is flowing full or partially full under
outlet control, compute the access hole loss by setting K in Equation 7-10 to K¢ as
reported in Table 7-5b of HEC-22. Enter this value in Columns 15B and 11A and
continue with Step 17. Add a note on Table A indicating that this is a drop structure.

6-4.3.10.2 Step 10B. If the outflow pipe functions under inlet control, compute the
depth in the access hole (HGL) using Chart 28 or 29 (Appendix B). If the storm conduit
shape is other than circular, select the appropriate inlet control nomograph from HDS-5.
Add these values to the access hole invert to determine the HGL. Since the velocity in
the access hole is negligible, the EGL and HGL are the same. Enter the HGL in

Column 14A and the EGL in Column 13A. Add a note on Table A indicating that this is a
drop structure. Go to Step 20.

6-4.3.11  Step 11. Using Equation 7-13 of HEC-22, compute the correction factor for
pipe diameter (Cp) and enter this value in Column 10B. Note, this factor is only
significant in cases where the dan/D, ratio is greater than 3.2.

6-4.3.12  Step 12. Using Equation 7-14 of HEC-22, compute the correction factor for

flow depth (C4) and enter this value in Column 11B. Note, this factor is only significant in
cases where the dano/D, ratio is less than 3.2.
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6-4.3.13  Step 13. Using Equation 7-15 of HEC-22, compute the correction factor for
relative flow (Co) and enter this value in Column 12B. This factor equals 1.0 if there are
less than 3 pipes at the structure.

6-4.3.14  Step 14. Using Equation 7-16 of HEC-22, compute the correction factor for
plunging flow (Cp) and enter this value in Column 13B. This factor equals 1.0 if there is
no plunging flow. This correction factor is only applied when h > dgpo.

6-4.3.15  Step 15. Enter in Column 14B the correction factor for benching (Cg) as
determined from Table 7-6 of HEC-22. Linear interpolation between the two columns of
values will most likely be necessary.

6-4.3.16  Step 16. Using Equation 7-11 of HEC-22, compute the value of K and enter
this value in Columns 15B and 11A.

6-4.3.17 Step 17. Compute the total access hole loss (Han) by multiplying the K value
in Column 11A by the velocity head in Column 7A. Enter this value in Column 12A.

6-4.3.18 Step 18. Compute EGL; at the structure by adding the structure losses in
Column 12A to the EGL, value in Column 10A. Enter this value in Column 13A.

6-4.3.19  Step 19. Compute the HGL at the structure by subtracting the velocity head
in Column 7A from the EGL; value in Column 13A. Enter this value in Column 14A.

6-4.3.20  Step 20. Determine the top of conduit (TOC) value for the inflow pipe (using
information from the Preliminary Storm Drain Computation Sheet, Figure 6-3) and enter
this value in Column 15A.

6-4.3.21  Step 21. Enter the ground surface, top of grate elevation, or other high
water limits at the structure in Column 16A. If the HGL value in Column 14A exceeds
the limiting elevation, design modifications will be required.

6-4.3.22  Step 22. Enter the structure ID for the next upstream structure in
Columns 1A and 1B of the next line. When starting a new branch line, skip to Step 24.

6-4.3.23  Step 23. Continue to determine the EGL through the system by repeating
Steps 4 through 23. (Begin with Step 2 if working with a drop structure. This begins the
design process again as if there were no system downstream from the drop structure.)

6-4.3.24  Step 24. When starting a new branch line, enter the structure ID for the
branch structure in Columns 1A and 1B of a new line. Transfer the values from
Columns 2A through 10A and 2B to 7B associated with this structure on the main
branch run to the corresponding columns for the branch line. If flow in the main storm
drain at the branch point is subcritical, continue with Step 9; if it is supercritical, continue
with Step 5E.
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CHAPTER 7
DRAINAGE STRUCTURES

7-1 GENERAL. Certain appurtenant structures are essential to the proper
functioning of every storm drainage system. These structures include inlet structures,
manholes, and junction chambers. Other miscellaneous appurtenances include
transitions, flow splitters, siphons, and flap gates.

Many agencies have developed their own design standards for commonly
used structures; therefore, it is to be expected that many variations will be found in the
design of even the simplest structures. The information in this chapter is limited to a
general description of these structures with special emphasis on the features
considered essential to good design.

7-2 INLETS. The primary function of an inlet structure is to allow surface water to
enter the storm drainage system. As a secondary function, inlet structures also serve as
access points for cleaning and inspection. The materials most commonly used for inlet
construction are cast-in-place concrete and pre-cast concrete. The structures must ensure
efficient drainage of design storm runoff to avoid interruption of operations during or
following storms and to prevent temporary or permanent damage to pavement subgrades.
The material, including the slotted drain corrugated metal pipe to handle surface flow (if
employed), should be strong enough to withstand the loads to which it will be subjected.

7-2.1 Configuration. Inlets are structures with inlet openings to receive surface water.
Figure 7-1 illustrates several typical inlet structures, including a standard drop inlet (area
inlet), catch basin, curb inlet, and combination inlet. The hydraulic design of surface inlets is
covered in detail in Chapter 3.

The catch basin, illustrated in Figure 7-1, b, is a special type of inlet structure
designed to retain sediment and debris transported by storm water into the storm
drainage system. Catch basins include a sump for the collection of sediment and debris.
Catch basin sumps require periodic cleaning to be effective and may become an odor
and mosquito nuisance if not properly maintained; however, in areas where site
constraints dictate that storm drains be placed on relatively flat slopes, and where a
strict maintenance plan is followed, catch basins can be used to collect sediment and
debris but are ineffective in reducing other pollutant loadings. Additional information
regarding the removal of pollutants from storm water can be found in Chapter 11.
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Figure 7-1. Inlet Structures
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7-2.2 Area Inlets. Where area inlets are used within paved areas to remove
surface drainage, a continuous-type grating, generally covering the entire drain, is used
to permit water to enter directly into the drain. Certain general requirements are
illustrated by the typical section through an area inlet in a paved area shown in

Figure 7-2. The walls of the box drain will extend to the surface of the pavement. The
pavement will have a free thickened edge at the drain. An approved expansion-joint
filler covering the entire surface of the thickened edge of the pavement will be installed
at all joints between the pavement and box drain. A 0.75-in. thick filler is usually
sufficient, but thicker fillers may be required. Grating for area inlets can be built of steel,
cast iron, or reinforced concrete with adequate strength to withstand anticipated
loadings. Where two or more area inlets are adjacent, they will be interconnected to
provide equalization of flow and optimum hydraulic capacity.
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Figure 7-2. Typical Inlet Design for Storm Drainage Systems
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7-2.2.1 A number of area inlets similar to those shown in Figure 7-2 have failed

structurally at several installations. Causes of failure are the inability of the drain walls to

resist the movement of the abutting pavement under seasonal expansion and

contraction, the general tendency of the slope pavement to make an expansion
movement toward the drain wall while the thickened edge is restrained from moving
away from the drain, and the infiltration of detritus into joints. Figure 7-3 indicates a
successful box drain in use at Langley Air Force Base. The design provides for the top
of the box drain wall to terminate at the bottom of the abutting pavement. A typical drain
cover is a 10-in. thick reinforced concrete slab with inserted lightweight circular pipes
used for the grating openings. While only 4-in. diameter holes have been indicated in
the figure, additional holes may be used to provide egress for the storm runoff. The
design may also be used to repair existing area inlets that have failed.
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Figure 7-3. Repair Area Inlets
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7-2.2.2 Inlet drainage structures, particularly area inlets, have been known to settle at
rates different from the adjacent pavement, causing depressions that permit pavement
failure should the subgrade deteriorate. Construction specifications requiring careful
backfilling around inlets will help prevent the differential settling rates.

7-2.2.3 Inlet structures are located at the upstream end and at intermediate points
along a storm drain line. Inlet spacing is controlled by the geometry of the site, inlet
opening capacity, and tributary drainage magnitude. Inlet placement is generally a trial
and error procedure that attempts to produce the most economical and hydraulically
effective system.

Certain general rules apply to inlet placement:

= Aninletis required at the uppermost point in a gutter section where gutter
capacity criteria are violated. This point is established by moving the inlet and
thus changing the drainage area until the tributary flow equals the gutter
capacity. Successive inlets are spaced by locating the point where the sum of
the bypassing flow and the flow from the additional contributing area exceed
the gutter capacity. Chapter 3 contains information regarding inlet spacing
procedures.
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= Inlets are normally used at intersections to prevent street cross flow that could
cause pedestrian or vehicular hazards. It is desirable to intercept 100 percent
of any potential street cross flow under these conditions. Intersection inlets
should be placed on tangent curb sections near corners.

= Inlets are also required where the street cross slope begins to superelevate.
The purpose of these inlets is also to reduce the traffic hazard from street
cross flow. Sheet flow across the pavement at these locations is particularly
susceptible to icing.

= Inlets should also be located at any point where side drainage enters streets
and may overload gutter capacity. Where possible, these side drainage inlets
should be located to intercept side drainage before it enters the street.

= Inlets should be placed at all low points in the gutter grade and at median
breaks.

= Inlets are also used upstream of bridges to prevent pavement drainage from
flowing onto the bridge decks, and downstream of bridges to intercept
drainage from the bridge.

= As a matter of general practice, inlets should not be located within driveway
areas.

7-3 MANHOLES. The primary function of a manhole is to provide convenient
access to the storm drainage system for inspection and maintenance. As secondary
functions, manholes also serve as flow junctions, and can provide ventilation and
pressure relief for storm drainage systems. It is noted that inlet structures can also
serve as manholes and should be used in lieu of manholes where possible so that the
benefit of extra storm water interception is achieved at minimal additional cost.

Like the materials used for storm drain inlets, the materials most commonly
used for manhole construction are pre-cast concrete and cast-in-place concrete. In most
areas, pre-cast concrete manhole sections are commonly used due to their availability
and competitive cost. They can be obtained with cast-in-place steps at the desired
locations, and special transition sections are available to reduce the diameter of the
manhole at the top to accommodate the frame and cover. The transition sections are
usually eccentric, with one side vertical to accommodate access steps. Pre-cast
bottoms are also available in some locations.

7-3.1 Configuration. Typical manhole and junction box construction is shown in
Figures 7-4 through 7-7. Where storm drains are too large to reasonably accommodate
the typical structure configurations illustrated in Figure 7-7, a vertical riser connected to
the storm drain with a commercial "tee" unit is often used. Such a configuration is
illustrated in Figure 7-8. As illustrated in Figure 7-7, the design elements of a manhole
include the bottom chamber and access shatft, the ladder, and the manhole bottom. The
design elements of a manhole are examined in paragraphs 7-3.2 through 7-3.7.
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7-3.2 Chamber and Access Shaft. Most manholes are circular, with the inside
dimension of the bottom chamber being sufficient to perform inspection and cleaning
operations without difficulty. A minimum inside diameter of 4 ft has been adopted
widely, with a 5-ft diameter manhole being used for larger diameter storm drains. The
access shaft (cone) tapers to a cast-iron frame that provides a minimum clear opening
usually specified as 22 to 24 inches. It is common practice to maintain a constant
diameter bottom chamber up to a conical section a short distance below the top, as
shown in Figure 7-7, a. It has also become common practice to use eccentric cones for
the access shaft, especially in precast manholes. This provides a vertical side for the
steps (Figure 7-7, b), which makes the manhole much easier to access.

Another design option maintains the bottom chamber diameter to a height
sufficient for a good working space, then tapers to 3 ft as shown in Figure 7-7, c. The
cast iron frame in this case has a broad base to rest on the 3-ft diameter access shaft.
Still another design uses a removable, flat, reinforced concrete slab instead of a cone,
as shown in Figure 7-7, d. As illustrated in Figure 7-7, the access shaft can be centered
over the manhole or offset to one side. Certain guidelines apply:

=  For manholes with chambers 3 ft or less in diameter, the access shaft can be
centered over the axis of the manhole.

= For manholes with chambers 4 ft or greater in diameter, the access shaft
should be offset and made tangent to one side of the manhole for better
location of the manhole steps.

= For manholes with chambers greater than 4 ft in diameter, where laterals
enter from both sides of the manhole, the offset should be toward the side of
the smaller lateral.

= The manhole should be oriented so the workers enter it while facing traffic if
traffic exists.

7-3.3 Frames and Covers. Manhole frames and covers are designed to provide
adequate strength to support superimposed loads, provide a good fit between cover and
frame, and maintain provisions for opening while providing resistance to unauthorized
opening (primarily from children). Additional information specific to airfields is located at the
end of this chapter. In addition, to differentiate storm drain manholes from those on sanitary
sewers, communication conduits, or other underground utilities, it is good practice to have
the words "STORM DRAIN" or equivalent cast into the top surface of the covers. Most
agencies maintain frame and cover standards for their systems. Special considerations for
aircraft loading are provided at the end of this chapter.
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Figure 7-4. Standard Storm Drain Manhole
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Figure 7-5. Standard Precast Manholes
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Figure 7-7. Typical Manhole Configurations
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Figure 7-8. "Tee" Manhole for Large Storm Drains
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If the HGL could rise above the ground surface at a manhole site, special
consideration must be given to the design of the manhole frame and cover. The cover
must be secured so that it remains in place during peak flooding periods, avoiding a
manhole "blowout.” A blowout is caused when the HGL rises in elevation higher than
the manhole cover and forces the lid to explode off. Manhole covers should be bolted or
secured in place with a locking mechanism if blowout conditions are possible.

7-3.4 Channels and Benches. Flow channels and benches are illustrated in
Figure 7-7. The purpose of the flow channel is to provide a smooth, continuous conduit
for the flow and to eliminate unnecessary turbulence in the manhole by reducing energy
losses. The elevated bottom of the manhole on either side of the flow channel is called
the bench. The purpose of a bench is to increase the hydraulic efficiency of the
manhole.

In the design of manholes, benched bottoms are not common. Benching is
used only when the HGL is relatively flat and there is no appreciable head available.
Typically, the slopes of storm drain systems do not require benches to hold the HGL in
the correct place. Where the HGL is not of consequence, avoid the extra expense of
adding benches.

For the design of the inflow and outflow pipe invert elevations, the pipes
should be set so the top of the outlet pipe is below the top of the inlet pipe by the
amount of loss in the manhole. This practice is often referred to as "hanging the pipe on
the hydraulic grade line."

7-3.5 Manhole Depth. The depth required for a manhole will be dictated by the
storm drain profile and surface topography. Common manhole depths range from 5 to
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13 ft. Manholes that are shallower or deeper than this may require special
consideration.

Irregular surface topography sometimes results in shallow manholes. If the
depth to the invert is only 2 to 3 ft, all maintenance operations can be conducted from
the surface; however, maintenance activities are not comfortable from the surface, even
at shallow depths. It is recommended that the manhole width be of the same size as
that for greater depths. Typical manhole widths are 4 to 5 ft. For shallow manholes, use
of an extra large cover with a 30- or 36-in. opening will enable a worker to stand in the
manhole for maintenance operations.

Deep manholes must be carefully designed to withstand soil pressure loads.
If the manhole is to extend very far below the water table, it must also be designed to
withstand the associated hydrostatic pressure or excessive seepage may occur. Since
long portable ladders would be cumbersome and dangerous, access must be provided
with either steps or built-in ladders.

7-3.6 Location and Spacing. Manhole location and spacing criteria have been
developed in response to storm drain maintenance requirements. Spacing criteria are
typically established based on a local agency’s past experience and maintenance
equipment limitations. At a minimum, manholes should be located at specific points:

=  Where two or more storm drains converge
=  Where pipe sizes change

= Where a change in alignment occurs

= Where a change in grade occurs

In addition, manholes may be located at intermediate points along straight
runs of storm drain in accordance with the criteria outlined in Table 7-1; however,
individual transportation agencies may have limitations on spacing of manholes due to
maintenance constraints.

Table 7-1. Manhole Spacing Criteria

Pipe Size, in. Suggested Maximum Spacing, ft
12 - 24 300
27 - 36 400
42 — 54 500
60 and up 1000
7-3.7 Settlement of Manholes. Failure of joints between sections of concrete pipe

in the vicinity of large concrete manholes indicates that the manhole has settled at a
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different rate than that of the connecting pipe. Flexible joints should be required for all
joints between sections of rigid pipe in the vicinity of large manholes, e.g., 3 to 5 joints
along all pipe entering or leaving the manhole.

7-4 JUNCTION CHAMBERS. A junction chamber is a specially designed
underground chamber used to join two or more large storm drain conduits. This type of
structure is usually required where storm drains are larger than the size that can be
accommodated by standard manholes. For smaller diameter storm drains, manholes
are typically used instead of junction chambers. Junction chambers by definition do not
need to extend to the ground surface and can be completely buried; however, it is
recommended that riser structures be used to provide for surface access and/or to
intercept surface runoff.

Materials commonly used for junction chamber construction include pre-cast
concrete and cast-in-place concrete. On storm drains constructed of corrugated steel,
the junction chambers are sometimes made of the same material.

To minimize flow turbulence in junction boxes, flow channels and benches are
typically built into the bottom of the chambers. Figure 7-9 illustrates several efficient
junction channel and bench geometries. Where junction chambers are used as access
points for the storm drain system, their location should adhere to the spacing criteria
outlined in section 7-3.6.

7-5 MISCELLANEOUS STRUCTURES

7-5.1 Chutes. A chute is a steep, open channel that provides a method of
discharging accumulated surface runoff over fills and embankments. A typical design is
shown in Figure 7-10.

7-5.2 Security Fencing. When a conduit or channel passes through or beneath a
security fence and forms an opening greater than 96 square inches (in°) in area, a
security barrier must be installed. Barriers are usually of bars, grillwork, or chain-link
screens. Parallel bars used to prevent access will be spaced not more than 6 in. apart
and will be of sufficient strength to preclude bending by hand after assembly.

7-5.2.1 Where fences enclose maximum security areas such as exclusion and
restricted areas, drainage channels, ditches, and equalizers will, wherever possible, be
carried under the fence in one or more pipes having an internal diameter of not more
than 10 in. Where the volume of flow is such that the multipipe arrangement is not
feasible, the conduit or culvert will be protected by a security grill composed of

0.75-in. diameter rods or 0.50-in. bars spaced not more than 6 in. on center, set and
welded in an internal frame. Where rods or bars exceed 18 in. in length, suitable spacer
bars will be provided at not more than 18 in. on center, welded at all intersections.
Security grills will be located inside the protected area. Where the grill is on the
downstream end of the culvert, the grill will be hinged to facilitate cleaning and provided
with a latch and padlock, and a debris catcher will be installed in the upstream end of
the conduit or culvert. Elsewhere the grill will be permanently attached to the culvert.
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Security regulations normally require the guard to inspect such grills at least once every

shift. For culverts in rough terrain, steps will be provided to the grill to facilitate
inspection and cleaning.

Figure 7-9. Efficient Channel and Bench Configurations
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Figure 7-10. Details of a Typical Drainage Chute
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7-5.2.2  For culverts and storm drains, barriers at the intakes would be preferable to
barriers at the outlets because of the relative ease of debris removal; however, barriers
at the outfalls are usually essential. In these cases, consideration should be given to
placing debris interceptors at the inlets. Bars constituting a barrier should be placed in a
horizontal position, and the number of vertical members should be limited to minimize
clogging; the total clear area should be at least twice the area of the conduit or larger
under severe debris conditions. For large conduits, an elaborate cage-like structure may
be required. Provisions to facilitate cleaning during or immediately after heavy runoff
should be made. Figure 7-11 shows a typical barrier for the outlet of a pipe drain. Note
that a 6-in. underclearance is provided to permit passage of normal bedload material,
and that the apron between the conduit outlet and the barrier is placed on a slope to
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minimize deposition of sediment on the apron during ordinary flow. Erosion protection,
where required, is placed immediately downstream from the barrier.

7-5.2.3 If manholes must be located in the immediate vicinity of a security fence, their
covers must be fastened to prevent unauthorized opening.

7-5.2.4  Open channels may present special problems due to the relatively large size
of the waterway and the possible requirements for passage of large floating debris. For
such channels, a barrier should be provided that can be unfastened and opened or lifted
during periods of heavy runoff or when clogged. The barrier is hinged at the top and an
empty tank is welded to it at the bottom to serve as a float. Open channels or swales
that drain relatively small areas and with flows that carry only minor quantities of debris
may be secured merely by extending the fence down to a concrete sill set into the sides
and across the bottom of the channel.

Figure 7-11. Outlet Security Barrier

CLIP ANGLE SUPPORTS AN 4" MIN.

A :
T CENTER TO T T : ’—r/ |
SUPPORT GATES IN T TR
CLOSED POSITION 1

GRATING ON SHELF
ANGLE SUPPORT

|
ANCHOR BOLT a 3
-

CLIP ANGLES
SEE SECTION AT "'g"

GATE HINGE
AND HINGE PIN

SLOPE OUTLET APRON TO PROVIDE
CLEANING VELOCITIES FOR LOW FLOWS

—
- ’ | \ GATE SWING TO CLEAR
WATERWAY AREA

SECTION AT €

MAKE PROVISION FOR
PADLOCK OR OTHER
SECURITY FASTENER

NOTE: SIZE OF MEMBERS TO BE DETERMINED

GATE 0S| .
CLosING BAR BY SPECIFIC DESIGN REQUIREMENTS.

WELD TO ONE GATE
OMNLY. FASTEN BY
TENSION PIN TO
OTHER GATE.

U.S. Army Corps of Engineers

DEPTH AS
REQUIRED

ELEVATION

7-5.3 Fuel/Water Separators. Fuel/water separators should be installed where
there is an oil/water separation problem. The most common location for these units is in
areas that contain vehicle washracks. Details on the selection and design of oil/water
separators can be found in Army Engineering Technical Letter (ETL) 1110-3-466.
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7-5.4 Outlet Energy Dissipators. Most drainage systems are designed to operate
under normal free outfall conditions. Tailwater conditions are generally absent; however,
it is possible for a discharge resulting from a drainage system to possess kinetic energy
in excess of that which normally occurs in waterways. To reduce the kinetic energy and
thereby reduce downstream scour, outfalls may sometimes be required to reduce
streambed scour. Scour may occur in the streambed if discharge velocities exceed the
critical velocities of the streambed material. Studies of local materials must be made
prior to a decision to install energy dissipation devices. Protection against scour may be
provided by plain outlets, transitions, and stilling basins. Plain outlets provide no
protective works and depend on natural material to resist erosion. Transitions provide
little or no dissipation of energy themselves, but by spreading the effluent jet to
approximately the flow cross-section of the natural channel, the energy is greatly
reduced prior to releasing the effluent into the outlet channel. Stilling basins dissipate
the high kinetic energy of flow by a hydraulic jump or other means. Riprap may be
required at any of the three types of outfalls.

7-5.4.1 Plain Type

= |If the discharge channel is in rock or a material highly resistant to erosion, no
special erosion protection is required; however, since flow from the culvert will
spread with a resultant drop in water surface and increase in velocity, this
type of outlet should be used without riprap only if the material in the outlet
channel can withstand velocities approximately 1.5 times the velocity in the
culvert. At such an outlet, side erosion due to eddy action or turbulence is
more likely to prove troublesome than is bottom scour.

= Cantilevered culvert outlets may be used to discharge a free-falling jet onto
the bed of the outlet channel. A plunge pool will be developed, the depth and
size of which will depend on the energy of the falling jet at the tailwater and
the erodibility of the bed material.

7-5.4.2 Transition Type. Endwalls (outfall headwalls) serve the dual purpose of
retaining the embankment and limiting the outlet transition boundary. Erosion of
embankment toes usually can be traced to eddy attack at the ends of such walls. A
flared transition is very effective if proportioned so that eddies induced by the effluent jet
do not continue beyond the end of the wall or overtop a sloped wall. A guideline is that
the product of velocity and flare angle should not exceed 150. That is, if effluent velocity
is 5 ft/s, each wingwall may flare 30 degrees; but if velocity is 15 ft/s, the flare should
not exceed 10 degrees. Unless wingwalls can be anchored on a stable foundation, a
paved apron between the wingwalls is required. Take special care in design of the
structure to preclude undermining. A newly excavated channel may be expected to
degrade, and proper allowance for this action should be included in establishing the
apron elevation and the depth of the cutoff wall. Warped endwalls provide excellent
transitions because they result in the release of flow in a trapezoidal section, which
generally approximates the cross section of the outlet channel. If a warped transition is
placed at the end of a curved section below a culvert, the transition is made at the end
of the curved section to minimize the possibility of overtopping due to superelevation of
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the water surface. A paved apron is required with warped endwalls. Usually riprap is
required at the end of a transition-type outlet.

7-5.4.3 Improved Channels. Improved channels, especially the paved ones,
commonly carry water at velocities higher than those prevailing in the natural channels
into which they discharge. Often riprap will suffice for dissipation of excess energy. A
cutoff wall may be required at the end of a paved channel to preclude undermining. In
extreme cases, a flared transition, stilling basin, or impact device may be required.

7-5.5 Drop Structures and Check Dams. Drop structures and check dams are
designed to check channel erosion by controlling the effective gradient and to provide
for abrupt changes in channel gradient by means of a vertical drop. These structures
also provide satisfactory means for discharging accumulated surface runoff over fills
with heights not exceeding approximately 5 ft and over embankments higher than 5 ft,
provided the end sill of the drop structure extends beyond the toe of the embankment.
The check dam is a modification of the drop structure used for erosion control in small
channels where a less elaborate structure is permissible.

7-5.6 Transitions. In storm drainage systems, transitions from one pipe size to
another typically occur in manholes or junction chambers; however, there are times
when transitions may be required at other locations within the storm drainage system. A
typical example is illustrated in Figure 7-12, where a rectangular pipe transition is used
to avoid an obstruction. Commercially available transition sections are also available for
circular pipes. These transitions can be used upstream of "tee"-type manholes in large
storm drains, as illustrated in Figure 7-12. Providing a smooth, gradual transition to
minimize head losses is the most significant consideration in the design of transition
sections. Table 7-2 provides design criteria for transition sections.

7-5.7 Flow Splitters. A flow splitter is a special structure designed to divide a single
flow and divert the parts into two or more downstream channels. Flow splitters are
constructed similar to junction boxes except that with flow splitters, flows from a single
large storm drain are split into several smaller storm drains.

The design of flow splitters must minimize head loss and potential debris
problems. Hydraulic disturbances at the point of flow division result in unavoidable head
losses. These losses may be reduced by the inclusion of proper flow deflectors in the
design of the structure. Hydraulic disturbances within flow splitters often result in
regions of flow velocity reduction. These reductions can cause deposition of material
suspended in the storm water flow. In addition, the smaller pipes may not be large
enough to carry some of the debris being passed by the large pipe. In some cases, flow
splitters can become maintenance intensive; therefore, their use should be judiciously
controlled, and when used, positive maintenance access must be provided.
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Figure 7-12. Transitions to Avoid Obstruction
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Table 7-2. Transition Design Criteria

Flow Condition
V < 20 ft/s V > 20 ft/s

Expansion | Straight Walls Ratio - 5:1 to 10:1 | Straight Walls Ratio - 10:1 to 20:1
Contraction | Straight Walls Ratio - 5:1 to 10:1 | Straight Walls Ratio - 10:1 to 20:1

Type

7-5.8 Siphons. In practice, the term "siphon" refers to an inverted siphon or
depressed pipe that would stand full even without any flow. Its purpose is to carry the
flow under an obstruction such as a stream or depressed highway and to regain as
much elevation as possible after the obstruction has been passed. Siphons can consist
of single or multiple barrels; however, AASHTO recommends a minimum of two barrels.
Figure 7-13 illustrates a twin-barrel siphon.
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Figure 7-13. Twin-Barrel Siphon
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Certain considerations are important to the efficient design of siphons:
= Self flushing velocities should be provided under a wide range of flows.
= Hydraulic losses should be minimized.
= Provisions for cleaning should be provided.
= Sharp bends should be avoided.

= The rising portion of the siphon should not be steep enough to make it difficult
to flush deposits. (Some agencies limit the rising slope to 15 percent.)

= There should be no change in pipe diameter along the length of the siphon.
= Provisions for drainage should be considered.

7-5.9 Flap Gates. Flap gates are installed at or near storm drain outlets for the
purpose of preventing back-flooding of the drainage system at high tides or high stages
in the receiving streams. A small differential pressure on the back of the gate will open
it, allowing discharge in the desired direction. When water on the front side of the gate
rises above that on the back side, the gate closes to prevent backflow. Flap gates are
typically made of cast iron, rubber, or steel, and are available for round, square, and
rectangular openings and in various designs and sizes.
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Maintenance is a necessary consideration with the use of flap gates. In storm
drain systems that are known to carry significant volumes of suspended sediment
and/or floating debris, flapgates can act as skimmers and cause brush and trash to
collect between the flap and seat. The reduction of flow velocity behind a flap gate may
also cause sediment deposition in the storm drain near the outlet. Flap gate installations
require regular inspection and removal of accumulated sediment and debris.

In addition, for those drainage structures that have a flap gate mounted on a
pipe projecting into a stream, the gate must be protected from damage by floating logs
or ice during high flows. In these instances, protection must be provided on the
upstream side of the gate.

7-6 DESIGN FEATURES

7-6.1 Grates. Grating elevations for area inlets must be carefully coordinated with
the base or airport grading plan. Each inlet must be located at an elevation that will
ensure interception of surface runoff. Increased overland velocities immediately
adjacent to field inlet openings may result in erosion unless protective measures are
taken. A solid sod annular ring varying from 3 to 10 ft around the inlet reduces erosion if
suitable turf is established and maintained on the adjacent drainage area. Prior to the
establishment of turf on the adjacent area, silt may deposit in a paved apron around the
perimeter or deposit in the sod ring, thereby diverting flow from the inlet. In lieu of a sod
ring, a paved apron around the perimeter of a grated inlet may be beneficial in
preventing erosion and differential settlement of the inlet and the adjacent area as well
as facilitating mowing operations.

7-6.1.1 Drainage structures in non-paved areas should be designed so that the
grating does not extend above the ground level. The tops of such structures should
permit unobstructed use of the area by equipment and facilitate collection of surface
runoff.

7-6.1.2 An area inlet in a ponded area operates as a weir under low head situations.
At higher heads, however, the grating acts as an orifice. A complete description of
grates acting under weir and orifice flow is provided in Chapter 3.

7-6.1.3 Typically a grated inlet in a sloping gutter will intercept all the flow
approaching the gross width of the grate opening. The size and spacing of the bars of
grated inlets are influenced by the traffic and safety requirements of the local area;
nevertheless, in the interest of hydraulic capacity and maintenance requirements, it is
desirable that the openings be made as large as traffic and safety requirements will
permit. To prevent possible clogging by debris, safety factors are required and are
addressed in Chapter 3.

7-6.1.4  Grates may be made of cast iron, steel, or ductile iron; however, cast iron
grates may not be used in areas where grates may be subjected to wheel loads.
Reinforced concrete grates, with circular openings, may be designed for box drains.
Inlet grating and frames must be designed to withstand aircraft wheel loads of the
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largest aircraft using or expected to use the facility. As design loads vary, the grates
should be carefully checked for load-carrying capacities. Selection of grates and frames
will depend upon capacity, strength, anchoring, or the requirement for single or multiple
grates. The suggested design of typical metal grates and inlets is shown in Figures 7-14
and 7-15.

7-6.1.5 Commercially manufactured grates and frames for airport loadings have been
designed specifically for airport loadings from 50 to 250 Ib/in®. Hold-down devices have
also been designed and are manufactured to prevent grate displacement by aircraft
traffic. If manufactured grates are used, the vendor must certify the design load
capacity. All grates to be used under loaded conditions should be delivered without
paintings or coatings to allow for inspection of cracks and other imperfections prior to
installation.

7-6.1.6  For rigid concrete pavements, grates may be protected by expansion joints
around the inlet frames. Construction joints, which match or are equal to the normal
spacing of joints, may be required around the drainage structure. The slab around the
drainage structure should include steel reinforcements to control cracking outwardly
from each corner of the inlet.

7-6.2 Ladders. Adequate ladders should be provided to assure that rapid entrance
and egress may be made by personnel during an inspection of facilities. Ladder rungs
should be checked periodically since they are often lost in the course of regular
inspection and maintenance work. Fixed ladders will be provided depending on the
depth of the structures. DOD projects require ladders on all structures over 12 ft in
depth. Access to manhole and junction boxes without fixed ladders will be by portable
ladders.
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Figure 7-14. Examples of Typical Inlet Grates
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Figure 7-15. Examples of Inlet Design
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7-6.3 Steps. Steps are intended to provide a means of convenient access to
manholes. Where access steps are provided, each step should be designed to comply
with Occupational Safety and Health Administration (OSHA) requirements. The steps
should be corrosion resistant. Steps coated with neoprene or epoxy or steps fabricated
from rust-resistant material such as stainless steel or aluminum coated with bituminous
paint are preferable. Steps made from reinforcing steel are absolutely unacceptable.

Note that some agencies have abandoned the use of manhole steps in favor
of having maintenance personnel supply their own ladders. Reasons for this include
danger from rust-damaged steps and the desire to restrict access. In addition, DOD
does not recommend the use of steps on any structure.

-7 SPECIAL DESIGN CONSIDERATIONS FOR AIRFIELDS

7-7.1 Overview. Structures built in connection with airport drainage are similar to
those used in conventional construction, but these structures must be capable of
supporting the heaviest design aircraft wheel load. Although standard-type structures
are usually adequate for roads, special structures will be needed occasionally.

Future heavy aircraft may increase point loadings on some structures (e.g.,
manhole covers), while on other structures the entire aircraft weight may be imposed on a
deck span, pier, or footing (e.g., overpasses). Strengthening of drainage structures after
the initial construction may prove extremely difficult, costly, and time consuming.

7-7.2 Recommended Design Parameters

7-7.2.1 Structural Considerations. For many drainage structures, the design load is
highly dependent upon the aircraft gear configuration. While the exact gear
configuration of future heavy aircraft is unknown, three basic gear configurations will be
used to design for future heavy loads: Type A — Bicycle; Type B — Tricycle; and

Type C — Tricycle. The three basic gear configurations for future heavy aircraft come
from FAA AC 150/5320-6D. For a given aircraft gross weight, each of the three basic
gear configurations will be used in the design of each drainage component. Then, for
each drainage component, the basic gear configuration that results in the most
conservative design will be selected as the design gear configuration for that
component. For purposes of design, each of the three basic configurations contains two
wheel groups of eight wheels each (sixteen wheels per aircraft). Each wheel group
occupies an area of 20 ft by either 6 ft or 8 ft, with each wheel group supporting one-half
of the aircraft gross weight. Wheel prints are uniformly spaced within each of the
respective wheel groups. Nose gears are not considered in the design, except as they
occur in the static load.

7-7.2.1.1 Type A —Bicycle. The Type A — Bicycle configuration (Figure 7-16) consists
of two wheel groups located along a single line parallel to the primary aircraft axis (i.e.,
parallel to the line of travel), but with the major axis of each wheel group oriented
perpendicular to the primary aircraft axis.
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Figure 7-16. Type A — Bicycle Gear Configuration
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7-7.2.1.2 Type B — Tricycle. The Type B — Tricycle configuration (Figure 7-17) includes

a nose gear and has wheel groups whose major axes are coincident and perpendicular
to the major aircraft axis.

Figure 7-17. Type B — Tricycle Gear Configuration

7-7.2.1.3 Type C — Tricycle. The Type C — Tricycle configuration (Figure 7-18)

includes a nose gear and has wheel groups whose major axes are parallel to, and
equidistant from, the principal aircraft axis.

256



UFC 3-230-01 AC 150/5320-5C
8/1/2006 9/29/2006

Figure 7-18. Type C — Tricycle Gear Configuration
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7-7.2.2 Loads. All loads discussed in this UFC are to be considered as dead load
(DL) plus live loads (LL). The design of structures subject to direct wheel loads should
also anticipate braking loads as high as 0.7 g (for no-slip brakes).

7-7.2.3 Direct Loading. Decks and covers subject to direct heavy aircraft loading,
such as manhole covers, inlet grates, utility tunnel roofs, and bridges, should be
designed for these loadings:

7-7.2.3.1 Manhole covers for 100-kip wheel loads with tire pressure of 250 Ib/in®.

7-7.%.3.2 For spans of 2 ft or less in the least direction, apply a uniform live load of 250
Ib/in®.

7-7.2.3.3 For spans greater than 2 ft in the least direction, the design will be based on
the number of wheels that will fit t