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1.1 Introduction

1.1.1 General

This manual presents approaches, methods, and procedures for the design of drainage structures on ADOT
highway projects. Although many procedures are systematically presented, they are only a tool. The
designer of the facility remains responsible for analyzing the situation and selecting the approach to solve the
problem including the choice of the correct tool.

Computer programs take out the intensive effort for the performance of many computations. However, they
are no replacement for the judgments necessary. The user of computer programs must understand how the
program performs the calculations and what assumptions are made, i.e., how appropriate is the use of the
computer program to the problem being addressed. In this manual several procedures are presented that are
more efficiently performed by the use of computer programs. In some areas of the manual, examples are given
that were done using a computer program. The principles necessary for solving the necessary formulas and
equations are presented in the manual. The manual does NOT present directions on how to run the computer
program, the designer must refer to the appropriate user manual of those programs.

1.1.2 Background

Much of this manual uses the AASHTO Model Drainage Manual as the lead information document with
additional information from the Flood Control District of Maricopa County Hydraulics Manual and the
Standards Manual for Drainage Design and Floodplain Management in Tucson, Arizona. The American
Association of State Highway and Transportation Officials (AASHTO) Task Force on Hydrology and
Hydraulics produced the Model Drainage Manual as part of their continuing work to assist the Standing
Committee on Highways, Subcommittee on Design, in developing guidelines and in formulating policy. The
Task Force which was established in 1970 has also produced a series of guides which are published as the
AASHTO Highway Drainage Guidelines (HDG). The drainage guidelines provide an overview of the subject
area and references to appropriate design procedures.

The manual has been developed to give the designer a basic working knowledge of hydraulics complete with
example problems. All basic design elements are included such that the designer can design highway
drainage with minimal assistance. However, this manual cannot provide guidance on complex hydrologic or
hydraulic problems and is no substitute for experience or engineering judgment. References to specific
computer programs, AASHTO guidelines, manuals and regulations will be noted within the manual. It is
expected that the designer will be knowledgeable in the use of the referenced items.
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1-2 Introduction

1.1 Introduction (continued)

1.1.3 References

References relating to the chapter content are identified at the end of each chapter. In addition to the specific
subject matter references, the designer should have the following reference material available:

ADOT Hydrology Manual
ADOT Roadway Design Guidelines

A good hydraulics text, such as

Chow, V.T. Open Channel Hydraulics, McGraw-Hill. 1970.
French, Richard H., “Open Channel Flow”, McGraw-Hill, 1985
Henderson, F.M. Open Channel Flow, Macmillan. 1966

1.2 User Instruction

1.2;1 Instructions

This manual is for the design of drainage structures on ADOT projects. The methods described herein shall
be used where appropriate for the design of drainage structures that are for ADOT projects or for drainage
structures that will be within ADOT right-of-way. Where joint projects are to be developed through IGA’s or
JPA’s there should be early discussions on the methods to be followed.

1.3 Questions and Comments
1.3.1 Content Questions

Any comments or questions should be addressed to the ADOT Roadway Engineering Group, Drainage
Section. Questions about a particular computer program or application must be referred to the originating
Agency or Company.

1.3.2 Errors, Additions And Updates

If errors are discovered in the ADOT Hydraulics Manual, they should be reported to the ADOT Drainage
Section so that corrections can be made.
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Legal Aspects 2-3

2.1 Overview

2.1.1 Introduction

Various drainage laws and rules applicable to highway facilities are discussed in this chapter. The intention is
only to provide information and guidance on the engineer's role in the legal aspects of highway drainage. This
chapter should not in any way be treated as a manual upon which to base legal advice or make legal decisions.
It is also not a summary of all existing drainage laws, and most emphatically, this chapter is not intended as a
substitute for legal counsel.

The following generalizations can be made in reaching the proper conclusion regarding liability:

+ A goal in highway drainage design should be to perpetuate natural drainage, insofar as practicable.

*  The courts look with disfavor upon infliction of injury or damage that could reasonably have been
avoided by a prudent designer, even where some alteration in flow is legally permissible.

»  The laws relating to the liability of government entities are undergoing radical change, with a trend
toward increased government liability.

2.1.2 Order Of Law Supremacy

The descending order to law supremacy is Federal, State, and local, and, except as provided for in the statutes
or constitution of the higher level of government, the superior level is not bound by laws, rules, or regulations
of alower level. State permit requirements are an example of law supremacy. Federal agencies do not secure
permits issued by State agencies, except as required by Federal law. Many laws of one level of government
are passed for the purpose of enabling that level to comply with or implement provisions of laws of the next
higher level. In some instances, however, a lower level of government may promulgate a law, rule or
regulation which would require an unreasonable or even illegal action by a higher level. An example is a
local ordinance which would require an expenditure of State funds for a purpose not intended in the

. appropriation. Many such conflicts in the laws of different levels of government involve constitutional

interpretation and must be determined case by case.

2.1.3 ADOT Responsibility

. ADOT is generally treated like a private party in drainage matters. The undertaking of a public improvement

is liable like an individual for damage resulting from negligence or an omission of duty. As a general rule,
ADOT is under no legal duty to construct drainage improvements unless highway improvements necessitate
drainage — as in those situations in which street grading and paving or construction increase or alter storm
runoff.

ADOT can be held liable for negligent construction of drainage improvements, for negligent maintenance and
repair of drainage improvements and if it fails to provide a proper outlet for drainage improvements. Liability
will attach where ADOT:
¢ collects surface water and casts it in a body onto private property where it did not formerly flow;
¢ diverts, by means of artificial drains, surface water from the course it would otherwise have taken,
and casts it in a body large enough to do substantial injury on private land, where, but for the
artificial storm drain, it would not go; and
¢ fills up, dams back, or otherwise diverts a stream of running water so that it overflows its banks and
flows on the land of another.
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2.1 Overview (continued)

2.1.3 ADOT Responsibility (continued

Design Guidance
Drainage matters range from the simple to the complicated. If'the facts are ascertained and a plan developed

before initiating a proposed improvement, the likelihood of an injury to a landowner is remote and ADOT
should be able to undertake such improvements relatively assured of no legal complications.

If the designer needs guidance on a particular drainage problem or improvement, the request for guidance
should describe as a minimum:

the watercourse under study,

what are the problems involved, and what causes them (obstructions, topography, development -
present and future),

the proposed improvements that will make the situation better,

how the proposal requires that the natural drainage be modified,

what is the potential liability for doing something versus doing nothing,

who will benefit from the proposed improvements, and

in general, how what is. proposed is "reasonable."

2.2 Federal Laws

2.2.1 Introduction

Federal law does not deal with drainage per se, but many laws have implications which affect drainage
design. These include laws concerning:

e flood insurance and construction in flood hazard areas,
¢ navigation and construction in navigable waters,

¢ water pollution control,

¢ environmental protection,

e protection of fish and wildlife, and

¢ coastal zone management.

Federal agencies formulate and promulgate rules and regulations to implement these laws, and highway
hydraulic engineers should attempt to keep informed regarding proposed and final regulations.

2.2.2 Constitutional Power

Federal law consists of the Constitution of the United States, Acts of Congress, regulations which government
agencies issue to implement these acts, Executive Orders issued by the President, and case law. The Congress
of the United States is granted constitutional power to regulate "commerce among the several states.” A part
of that power is the right to legislate on matters concerning the instrumentalities of interstate commerce such
as navigable waters. The definition of navigable waters expands and contracts depending upon the breadth
required to adequately carry out the Federal purpose. The result is that Congress can properly assert
regulatory authority over at least some aspects of waterways that are not in themselves subject to navigation.
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2.2 Federal Laws (continued)

2.2.3 Executive Orders

Presidential Executive Orders (E.O.) have the effect of law in the administration of programs by Federal
agencies. While executive orders do not directly apply to State highway departments, these requirements are
usually implemented through general regulations. Two Executive Orders that directly affect drainage are:

Executive Order 11990, Protection of Wetlands, DOT Order 5660.1A, 23 CFR 777.
Purpose - to avoid direct or indirect support of new construction in wetlands wherever there is a practica-
ble alternative.

Executive Order 11988, Floodplain Management, as amended by Executive Order 12148, DOT Order
5650.2, FHPM 6-7-3-2, 23 CFR 650, Subpart A, 771.
Purpose - to avoid the long- and short-term adverse impacts associated with the occupancy and modifica-
tion of floodplains, and to restore and preserve the natural and beneficial values served by floodplains.

2.3 Federal Agencies

2.3.1 General

Basically four Federal agencies have the lead to carry out existing Federal regulations, other Federal agencies
may have review and comment responsibilities regarding impacts of projects to the environment. When the
designer becomes involved in obtaining approvals from the Federal agencies, he shouild be aware that these
agencies do not always work in concert. Quite often they will not be in agreement with each other. This can
result in significant project delays unless early coordination is initiated and diligently pursued. These
conflicts between Federal agencies occur as a result of their having different rules; some are "regulators”
while others are "resource" motivated. For this reason they will have different goals and, in some instances,
definitions of such things as wetlands. When conflicts occur, it is best to quickly determine which agency has
primary responsibility and attempt to address their needs. '

2.3.2 Federal Highway Administration

Some of the more significant Federal laws affecting the Federal Highway Administration are listed below
with a brief description of their subject area.

* Department of Transportation Act (80 Stat. 941, 49 U.S.C. 1651 et seq.). This Act established the
Department of Transportation and set forth its powers, duties and responsibilities to establish,
coordinate and maintain an effective administration of the transportation programs of the Federal
Government.

» Federal-Aid Highway Acts (23 U.S.C. 101 et seq.). The Federal-Aid Highway Acts provide for the
administration of the Federal-Aid Highway Program. Proposed Federal-Aid projects must be adequate
to meet the existing and probable future traffic needs and conditions in a manner conducive to safety,
durability and economy of maintenance, and must be designed and constructed according to standards
best suited to accomplish these objectives and to conform to the needs of each locality.
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2.3 Federal Agencies (continued) .

2.3.2 Federal Highway Administration (continued)

sFederal-Aid Highway Act of 1970 (84 Sta. 1717, 23, U.S.C. 109 (h)). This act provided for the estab-
lishment of general guidelines to insure that possible adverse economic, social and environmental ef-
fects relating to any proposed Federal-aid project have been fully considered in developing the project.
In compliance with the Act, the Federal Highway Administration issued process guidelines for the
development of environmental action plans. These guidelines are contained in the Federal-Aid
Highway Program Manual Volume 7, Chapter 7, Section 1 (FHPM 7-7-1), and in 23 CFR 795 et seq.

Federal-Aid Highway Act of 1966 (80 Stat. 766), amended by the Act of 1970 (84 Stat. 1713), 23 U.S.C.
109 (g).- This act required the issuance of guidelines for minimizing possible soil erosion from highway
construction. In compliance with these requirements, the Federal Highway Administration issued
guidelines which are applicable to all Federal-Aid highway projects. These guidelines are included in
FHPM 6-7-1-1, 6-7-3-1, 6-7-3-2. Regulatory material is found in 23 CFR 650.201.

The Federal Highway Administration (FHWA) has been authorized to implement certain functions in the
application of Federal regulations.

*Section 404 of the Clean Water Act - The Federal Highway Administration has the authority to imple-
ment the Section 404 Permit Program (Clean Water Act of 1977) for Federal-Aid highway projects pro-
cessed under 23 CFR 771.115 (b) categorical exclusions. This authority was delegated to the Federal
Highway Administration by the Corps of Engineers to reduce unnecessary Federal regulatory controls
over activities adequately regulated by another agency. This permit is granted for projects where the
activity, work or discharge is categorically excluded from environmental documentation because such
activity does not have individual or cumulative significant effect on the human environment.

2.3.3 US Coast Guard

The Coast Guard (USCG) has regulatory authority under Section 9 of the Rivers and Harbors Act of 1899, 33
U.S.C. 401 (delegated through the Secretary of Transportation in accordance with 49 U.S.C. 1655 (g)) to
approve plans and issue permits for bridges and causeways across navigable rivers. As outlined in 23 CFR
650 the area of jurisdiction of the USCG and FHWA is established as follows:

The FHWA has the responsibility under 23 U.S.C. 144(h) to determine that a USCG permit is not required.
This determination shall be made at an early stage of project development so that any necessary coordination
can be accomplished during environmental processing.
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2.3 Federal Agencies (continued)

2.3.3US Coast Guard (. continued)

The USCG has the responsibility:
(1) to determine whether or not a USCG permit is required for the improvement or construction of a bridge
over navigable waters except for the exemption exercised by FHWA as stated above, and

(2) to approve the bridge location, alignment and appropriate navigational clearances in all bridge permit
applications.

For more information related to navigational clearances for bridges see the Federal-Aid Highway Program
Manual 6-7-1-1.

2.3.4 US Corps of Engineers

The Corps of Engineers has regulatory authority over the construction of dams, dikes or other obstructions
(which are not bridges and causeways) under Section 9 (33 U.S.C. 401). The Corps also has authority to
regulate Section 10 of the River and Harbor Act of 1899 (33 U.S.C. 403) that prohibits the alteration or
obstruction of any navigable waterway with the excavation or deposition of fill material in such waterway.
Section 11 of the River and Harbor Act of 1899 (33 U.S.C. 404) authorizes the Secretary of the Army to
establish harbor lines. Work channelward of those lines requires separate approval of the Secretary of the
Army and work shoreward requires Section 10 permits.

Section 404 of the Clean Water Act (33 U.S.C. 1344) prohibits the unauthorized discharge of dredged or fill

material into waters of the United States_ including navigable waters. Such discharges require a permit. The
term "discharges of fill material" means the addition of rock, sand, dirt, concrete or other material into the

waters of the United States incidental to construction of any structure. The Corps of Engineers has granted
Nationwide General Permit for twenty-six categories of certain minor activities involving discharge of fill
material. Under the provisions of 33 CFR 330.5(a)(15), fill associated with construction of bridges across
navigable waters of the United States, including cofferdams, abutments, foundation seals, piers, temporary
construction and access fills are authorized under the Nationwide Section 404 Permit providing such fill has
‘been permitted by the U. S. Coast Guard under Section 9 of the River and Harbor Act of 1899 as part of the
bridge permit. Therefore, formal application of the Corps of Engineers for a Section 404 Permit is not
required unless bridge approach embankment is located in a wetland area contiguous to said navigable stream.
The Corps of Engineers has Section 404 regulatory authority over streams the Coast Guard has placed in the
"advance approval" category. This category of navigable streams is defined as navigable in law but not
actually navigated other than by logs, log rafts, rowboats, canoes and motorboats. Notably this regulation
does not apply to the actual excavation or "dredging of material," provided this material is not reintroduced
into any regulated waterway including the one from which it was removed.

The 1992 Energy and Water Development Appropriation Act provides guidance to use the 1987 Manual of

the U.S. Army Corps of Engineers in the delineation of wetlands. This allows more flexibility in the
definition and determination of wetlands.
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2.3 Federal Agencies (continued)
2.3.4 US Corps of Engineers (continued)

Section 404 of the Clean Water Act (33 U.S.C. 1344) requires any applicant for a Federal permit for any -

activity that may affect the quality of waters of the United States to obtain water quality certification from
the State certifying agency. In Arizona this is the Department of Environmental Quality (ADEQ).

2.3.5 US Environmental Protection Agency

The EPA is authorized to prohibit the use of any area as a disposal site when it is determined that the
discharge of materials at the site will have an unacceptable adverse effect on municipal water supplies, shell-
fish beds and fishery areas, wildlife, or recreational areas (Section 404 (c)), Clean Water Act (33 U.S.C.
1344).

EPA is authorized under the Section 402 of the Clean Water Act (33 U.S.C. 1344) to administer and issue a
"National Pollutant Elimination Discharge System" (NPDES) permit for point source discharges, provided
prescribed conditions are met.

e EPA orastate under the delegated authority issues NPDES individual or a general permit for storm water
discharge associated with industrial activities involving any disturbance of five acres (approximately 2
ha) or more. Highway construction activities are classified as industrial activities.

2.3.6 US Fish and Wildlife Service

The Fish and Wildlife Act of 1956 (16 U.S.C. 742 et seq.), the Migratory Game-Fish Act (16 U.S.C. 760c-
760g) and the Fish and Wildlife Coordination Act (16 U.S.C. 611-666¢) 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 Coordination Act requires that "whenever the waters of any stream
or body of water are proposed or authorized to be impounded, diverted, the channel deepened, or the stream
or other body of water otherwise controlled or modified for any purpose whatever, including navigation and
drainage, by any department or agency of the United States, or by any public or private agency under Federal
permit or license, such department or agency shall first consult with the United States Fish and Wildlife
Service, Department of the Interior, and with the head of the agency exercising administration over the
wildlife resources of the particular state with a view to the conservation of wildlife resources by preventing
loss of and damage to such resources as well as providing for the development and improvement thereof."
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. It is the function of the regulatory agency (e.g., Corps of Engineers,
U.S. Coast Guard) to consider and balance all factors, including anticipated benefits and costs in accordance
with NEPA, in deciding whether to issue the permit (40 FR 55810, December 1, 1975).
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2.4 Federal Emergency Management Agsency (FEMA)

2.4.1 National Flood Insurance Program (NFIP)

The Flood Disaster Protection Act of 1973 (P1 93-234, 87 Stat. 975) denies Federal financial assistance to
flood prone communities that fail to qualify for flood insurance. The Act does require communities to adopt
certain land use controls in order to qualify for flood insurance. These land use requirements could impose
restrictions on the construction of highways in floodplains and floodways in communities that have qualified
for flood insurance. A floodway, as used here and as used in connection with the National Flood Insurance
Program, is that portion of the floodplain required to pass a flood that has a 1-percent chance of occurring in
any 1-year period without cumulatively increasing the water surface elevation more than 1 ft.

2.4.2 NFIP Impact on Highways

The National Flood Insurance Act of 1968, as amended, (42 U.S.C. 4001-4127) requires that communities
adopt adequate land use and control measures to qualify for insurance. Federal criteria promulgated to imple-
ment this provision contain the following requirements that can affect certain highways:

¢ Inriverine situations, when the Administrator of the Federal Insurance Administration has identified
the flood prone area, the community must require that, until a floodway has been designated, no use,
including land fill, be permitted within the floodplain area having special flood hazards for which
base flood elevations have been provided, unless it is demonstrated that the cumulative effect of the
proposed use, when combined with all other existing and reasonably anticipated uses of a similar
nature, will not increase the water surface elevation of the 100-year flood more than 1 ft at any point
within the community.

e After the floodplain area having special flood hazards has been identified and the water surface
elevation for the 100-year flood and floodway data have been provided, the community must
designate a floodway which will convey the 100-year flood without increasing the water surface
elevation of the flood more than 1 ft at any point and prohibit, within the designated floodway, fill,
encroachments and new construction and substantial improvements of existing structures which
would result in any increase in flood heights within the community during the occurrence of the 100-
year flood discharge.

¢ The participating cities and/or counties agree to regulate new development in the designated flood-
plain and floodway through regulations adopted in a floodplain ordinance. The ordinance requires
that development in the designated floodplain be consistent with the intent, standards and criteria set
by the National Flood Insurance Program.

Additional information regarding the NFIP and the necessary actions regarding the construction of highways

in floodplains and floodways in communities that have qualified for flood insurance is presented in Appendix
2B.
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2.5 State Drainage Law

2.5.1 General
State drainage law is derived mainly from two sources: (1) common law and (2) statutory law.

¢ Common law is that body of principles which developed from immemorial usage and custom and
which receives judicial recognition and sanction through repeated application. These principles
were developed without legislative action and are embodied in the decisions of the courts.

s Statutory law is enacted by legislatures to enlarge, modify, clarify, or change the common law
applicable to particular drainage conditions. This type of law is derived from constitutions, statutes,
ordinances and codes.

In general, the common law rules of drainage predominate unless they have been enlarged or superseded by
statutory law. In most instances where statutory provisions have been enacted, it is possible to determine the
intent of the law. If, however, there is a lack of clarity in the statute, the point in question may have been
litigated for clarification. In the absence of either clarity of the statute or litigation, a definitive statement of
the law is not possible, although the factors that are likely to be controlling may be indicated.

2.5.2 Classification Of Waters

State drainage laws originating from common law, or court-made law, first classified the water that was being
dealt with, after which the rule that was pertinent to the particular classification was applied to obtain a
decision. :

The first step in the evaluation of a drainage problem is to classify the water as surface water, stream water,
floodwater, or groundwater. These terms are defined below. Once the classification has been established, the
rule that applies to the particular class of water determines responsibilities with respect to disposition of the
water.

e Surface Waters - Surface waters are those waters which have been precipitated on the land from the
sky or forced to the surface in springs, and which have then spread over the surface of the ground
without being collected into a definite body or channel.

o Stream Waters - Stream waters are former surface or ground waters which have entered and now
flow in a well-defined natural watercourse, together with other waters reaching the stream by direct
precipitation or rising from springs in the bed or banks of the watercourse. A watercourse in the
legal sense refers to a definite channel with bed and banks within which water flows either continu-
ously or intermittently.

e Flood Waters - Flood waters are former stream waters which have escaped from a watercourse (and

its overflow channels) and flow or stand over adjoining lands. They remain floodwaters until they
disappear from the surface by infiltration or evaporation, or return to a natural watercourse.
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2.5 State Drainage Law (continued)
2.5.2 Classification Of Waters (continued)

e Ground Waters - In legal considerations, ground waters are divided into two classes, percolating
waters and underground streams. The term "percolating waters" generally includes all waters
which pass through the ground beneath the surface of the earth without a definite channel. The
general rule is that all underground waters are presumed to be percolating and to take them out of
the percolating class, the existence and course of a permanent channel must be clearly shown.
Underground streams are waters passing through the ground beneath the surface in permanent,
distinct, well-defined channels.

2.5.3 Disposition of Water

Two major rules have been developed by the courts regarding the disposition of surface waters. One is
known as the civil law rule of natural drainage. The other is referred to as the common enemy doctrine.
Modification of both rules has tended to bring them somewhat closer together, and in some cases the original
rule has been replaced by a compromise rule known as the reasonable use rule.

Much of the law regarding stream waters is founded on a common law maxim that states "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 injury or damage of another will result in liability. This may involve
augmentation, obstruction and detention, or diversion of a stream. However, there are qualifications.

In common law, flood waters are treated as a "common enemy" of all people, lands and property attacked or
threatened by them. In ground water law, the "English Rule," which is analogous to the common enemy rule
in surface water law, is based on the doctrine of absolute ownership of water beneath the property by the
landowner.

2.5.4 Civil Law - Surface Water

The civil law rule is based upon the perpetuation of natural drainage. The rule places a natural easement or
servitude upon the lower land for the drainage of surface water in its natural course and the natural flow of the
water cannot be obstructed by the servient owner to the detriment of the dominant owner. Most states
following this rule have modified it so that the owner of upper lands has an easement over lower lands for
drainage of surface waters and natural drainage conditions can be altered by an upper proprietor provided the
water is not sent down in a manner or quantity to do more harm than formerly.

Under the common enemy doctrine, surface water is regarded as a common enemy which each property
owner may fight off or control as he will or is able, either by retention, diversion, repulsion, or altered
transmission. Thus, there is not cause of action even if some injury occurs causing damage. In most jurisdic-
tions, this doctrine has been subject to a limitation that one must use his land so as not to unreasonably or
unnecessarily damage the property of others.
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2.5 State Drainage Law (continued)

2.5.4 Civil Law - Surface Water (continued)

Under the reasonable use rule, each property owner can legally make reasonable use of his land, even though
the flow of surface waters is altered thereby and causes some harm to others. However, liability attaches
when his harmful interference with the flow of surface water is "unreasonable." Whether a landowner's use is
unreasonable is determined by a nuisance-type balancing test. The analysis involves several questions.

e Was there reasonable necessity for the actor to alter the drainage to make use of his land?
s  Was the alteration done in a reasonable manner?
o Does the utility of the actor's conduct reasonably outweigh the gravity of harm to others?

2.5.5 Civil Law - Stream Waters

Where natural watercourses are unquestioned in fact and in permanence and stability, there is little difficulty
in application of the rule. Highways cross channels on bridges or culverts, usually with some constriction of
the width of the channel and obstruction by substructure within the channel, both causing backwater upstream
- and acceleration of flow downstream. The changes in regime must be so small as to be tolerable by adjoining
owners, or there may be liability of any injuries or damages suffered.

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 have been diverted from another
watershed to a small watercourse, any lower owner may complain and recover for ensuing damage.

2.5.6 Civil Law - Flood Waters

Considering flood waters as a common enemy permits all affected landowners including owners of highways,
to act in any reasonable way to protect themselves and their property from the common enemy. They may
obstruct its flow from entering their land, backing or diverting water onto lands of another without penalty, by
gravity or pumping, by diverting dikes or ditches, or by any other reasonable means.

Again, the test of "reasonableness" has frequently been applied, and liability can result where unnecessary
damage is caused. Ordinarily, the highway designer should make provision for overflow in areas where it is
foreseeable that it will occur. There is a definite risk of liability if such waters are impounded on an upper
owner or, worse yet, are diverted into an area where they would not otherwise have gone. Merely to label
waters as "flood waters" does not mean that they can be disregarded.

The "English Rule" has been modified by the "Reasonable Use Rule" which states in essence that each

landowner is restricted to a reasonable exercise of his own right and a reasonable use of his property in view
of the similar right of his neighbors. ‘
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2.5 State Drainage Law (continued)

2.5.6 Civil Law - Flood Waters (continued)

The key word is "reasonable.” While this may be interpreted somewhat differently from case to case, it can
generally be taken to mean that a landowner can utilize subsurface water on his property for the benefit of
agriculture, manufacturing, irrigation, etc. pursuant to the reasonable development of his property although
such action may interfere with the underground waters of neighboring proprietors. However, it does gener-
ally preclude the withdrawal of underground waters for distribution or sale for uses not connected with any
beneficial ownership or enjoyment of the land from whence they were taken.

A further interpretation of "reasonable” in relation to highway construction would view the excavation of a
deep "cut section" that intercepts or diverts underground water to the detriment of adjacent property owners as
unreasonable. There are also cases where highway construction has permitted the introduction of surface
contamination into subsurface waters and thus incurred liability for resulting damages.

2.6 Statutory Law

2.6.1 Introduction

The inadequacies of the common law or court-made laws of drainage led to a gradual enlargement and
modification of the common law rules by legislative mandate. In the absence of statute, the common law
rules adopted by State courts determine surface water drainage rights. If the common law rules have been
enlarged or superseded by statutory law, the statute prevails. In general, statutes have been enacted that affect
drainage in one way or another in the subject areas described below.

2.6.2 Eminent Domain

In the absence of an existing right, public agencies may acquire the right to discharge highway drainage
across adjoining lands through the use of the right of eminent domain. Eminent domain is the power of public
agencies to take private property for public use. It is important to remember, however, that whenever any
property is taken under eminent domain, the State must show just cause and the private landowner must be
compensated for his loss.

2.6.3 Water Rights

The water right which attaches to a watercourse is a right to the use of the flow, not ownership of the water
itself. ' This is true under both the riparian doctrine and the appropriation doctrine. This right of use is a
property right, entitled to protection to the same extent as other forms of property, and is regarded as real
property. After the water has been diverted from the stream flow and reduced to possession, the water itself
becomes the personal property of the riparian owner or the appropriator.

¢  Riparian Doctrine - Under the riparian doctrine, lands contiguous to watercourses have prior claim to
waters of the stream solely by reason of location and regardless of the relative productive capacities
of riparian and nonriparian lands.
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2.5 State DfainagLIJaw (continued)

2.6.3 Water Rights (continued)

e Doctrine of Prior Appropriation - The essence of this doctrine is the exclusive right to divert water
from a source when the water supply naturally available is not sufficient for the needs of all those
holding rights to its use. Such exclusive right depends upon the effective date of the appropriation,
the first in time being the first in right.

Arizona generally operates under the Doctrine of Prior Appropriation. The important thing for highway
designers to keep in mind in the matter of water rights is that proposed work in the vicinity of a stream should
not impair either the quality or quantity of flow of any water rights to the stream.

2.7 Local Laws And Applications
2.7.1 Local Laws

Local governments (cities, counties, improvement districts) have ordinances and codes which require
consideration during design. For example, zoning ordinances can have a substantial effect on the design ofa
highway and future drainage from an area. On occasion, a question may arise as to whether the State must
comply with local ordinances. Generally, the State is not legally required to comply with local ordinances
except where compliance is required by specific State statute. Quite often, however, the State may act in
conformance with local ordinances as a matter of courtesy when it can be done without imposing a burden
(cost) on the State. There are instances where the presence of an Executive Order from the Governor or by an
Intergovernmental Agreement the State is to comply with local ordinances.

2.7.2 Special Matters

Irrigation Ditches - In situations in which an irrigation ditch intersects a drainage basin, the irrigation ditch
does not have to take underground waters diverted by a tile-drain. However, the surface drainage must be
accepted if the irrigation ditch is constructed in a way into which surface water would naturally flow.

2.8 Role Of The Designer
2.8.1 Responsibility

The designer has a two-fold responsibility for the legal aspects of highway drainage. First, the designer
should know the legal principles involved and apply this knowledge to his designs; and, secondly, he should,
as necessary, work closely with the legal staff of his organization in the preparation and trial of drainage
cases. The duties of the designer include direct legal involvement in the following areas:

¢ conduct investigations, advise and provide expert testimony on the technical aspects of drainage
claims involving existing highways; and

e provide drainage design information during right-of-way acquisition to assist appraisers in evaluating
damages and provide testimony in subsequent condemnation proceedings, when necessary.
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2.8 Role Of The Designer (continued)

2.8.2 Investigating Complaints

It is imperative that drainage complaints be dealt with promptly and in an unbiased manner. This means
accepting the fact that the flooding is a serious problem for the complainer, and not accepting anyone's
preconceived conclusions. All facts must be assembled and analyzed before deciding on what happened and
why it happened. Also, itis well to list any other agency that could possibly have responsibility for a remedy
to the flooding.

When the designer is requested to investigate a complaint, the following guidelines are recommended:

Step 1 Determine Facts About The Complaint

Show on a map the location of the problem on which the complaint is based.

-Clearly determine the basis for the complaint (what was flooded, complainer's opinion as to what

caused the flooding, description of the alleged damages, dates, times and durations of flooding).

Briefly relate the history of any other grievances that were expressed prior to the claim presently
being investigated.

Obtain approximate dates that the damaged property and/or improvements were acquired by
those claiming damages.

Collect facts about the specific flood event(s) involved.

Obtain rainfall data (dates, amounts, time periods and locations of gages). Rainfall data are often
helpful regardiess of the source.

Document observed highwater information at or in the vicinity of the claim. T.ocate highwater
marks on a map and specify datum. Always try to obtain highwater marks both upstream and
downstream of the highway and the time the elevations occurred.

Determine the duration of flooding at the site of alleged damage. Determine the direction of
flood flow at the damaged site. Describe the condition of the stream before, after, and during
flood(s). Was the growth in the channel light, medium, heavy; were there drift jams; does the
stream carry much drift in flood stage; was the flow fast or sluggish; did light, moderate, or
severe erosion occur?

Document the flood history at the site. Was the highway overtopped by the flood? If so, what
was the depth of overtopping; and, if possible, estimate a flow velocity across the highway.
Obtain narratives of any eyewitnesses to the flooding. Obtain facts about the flood(s) from
sources outside the Department, such as newspaper accounts, witnesses, measurements by other
agencies (USGS, Corps of Engineers, SCS and individuals), maps and Weather Bureau rainfall
records.
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2.8 Role Of The Designer (continued)
2.8.2 Investigating Complaints (continued)

Step 1 Determine Facts About The Complaint (continued)

e State facts about the highway crossing involved.

Show profile of the highway across the stream valley. Give the date of the original highway
construction and dates of all subsequent alterations to the highway, and describe what the
alterations were. Describe what existed prior to the' highway, such as county road, city street, or
abandoned railroad embankment, etc. Also include a description of the drainage facilities and
drainage patterns that were there prior to the highway. Give a description of the existing
drainage facilities. Give the original drainage design criteria, or give capacity and frequency of
the existing facility based upon current criteria.

e List possible effects by others.
Are there any other stream crossings in the vicinity of the damaged site that could have affected

the flooding (pipelines, highways, streets, railroads, dams)? Have there been any significant
man-made changes to the stream or watershed that might affect the flooding?

Step 2 Analyze The Facts

From the facts decide what should be done to relieve the problem regardless of who has responsi-
bility for the remedy. Could others possibly provide assistance?

Step 3 Make Conclusions And Recommendations

e . What were the contributing factors leading to the alleged flood damage?

e Specify feasible remedies. (This should be done without any regard for who has responsibility to
affect a remedy.)

The list under Determine Facts About The Complaint is not all-inclusive, nor is it intended that the entire list
will be applied in each case. This outline is given as a guide to the type and scope of information desired
from an investigation of a drainage complaint. It is advantageous to have available hydraulic design
documentation as outlined in the Documentation Chapter of this manual. When the report is completed, the
designer should again analyze the facts, consider the conclusions and recommendations and prepare a
response to the complainer explaining the results of the investigation. Documentation of the facts and
findings is important in the event there is future action. '

2.8.3 As A Witness

The designer should accept the responsibility of providing expert testimony in highway drainage litigation.
Witness duty ordinarily requires considerably more time of a witness than the time spent in the courtroom.
The best use of the designer's time can be arranged by consulting with legal counsel to determine what types
of information and data will be needed, types of presentation needed and when testimony will be required.
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2.8 Role Of The Designer (continued)

2.8.3 As A Witness (continued)

Testimony often involves presenting technical facts in layman's language so that it will be clearly understood
by those in the courtroom. The designer's testimony generally describes the highway drainage system
involved in the alleged injury or damage, and how that system affects the complainant. Design considerations
and evidence of conditions existing prior to construction of the highway are important points.

The designer who is to serve as a witness should bear one fact in mind; the purpose of the court is to
administer justice. Testimony should have one purpose -- to bring out all known facts relevant to the case so
that justice can better be served. Following are some pointers in being a witness:

e Do not be apprehensive. Your purpose is to present the facts as you know them and that is all that
will be expected.
Tell the truth and do not try to color, shade or change your testimony to help either side.
Do not try to memorize your story. There is no more certain way to cross yourself than to memorize
your story and try to fit this story with the questions being asked.
Work with your lawyer in preparing your testimony and stick to the facts as you know them.
Stick to the facts and what you personally know.
Do not be afraid of lawyers and give your information honestly.
Speak clear and loud enough to be heard by everyone involved in the courtroom proceeding.
Answer all questions directly and never volunteer information the question does not ask for.
If you do not understand a question, ask that it be explained. If you still do not understand what is
being asked, explain that you cannot give an answer to that question. '
Remember that some questions do not have to be answered with a yes or no.
If you do not know the answer to a question, just admit it. It is to your credit to be honest, rather than
‘ try to have an answer for everything that is asked you.

e Never lose your temper or show prejudice in favor of one side that is not supported by facts.

2.9 References

American Association of State Highway and Transportation Officials. Highway Drainage Guidelines,
Chapter V— The Legal Aspects of Highway Drainage.  1982.

Federal Emergency Management Agency. National Flood Insurance Program and Related Regulations.
1987.

U.S. Army Corps of Engineers. Handbook of How to Compute a Floodway. 1987. (Copies of this
publication can be obtained from — FEMA Region V, 175 West Jackson Blvd., Fourth Flood, Chicago
Illinois 60604.)
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w
. Appendix A- Federal Policies \

A.1 Introduction

The following section lists the Federal legislation which contains the Federal policies which might affect
drainage design and construction. This section gives the legislative reference, regulations reference, purpose,
applicability, general procedures and agency for coordination and consultation. For more detailed
information about specific Federal policies, the applicable legislation should be consulted. Note:
Abbreviations are given at the end of this section.

A.2 Environmental

1. National Environmental Policy Act: 42 U.S.C. 4321-4347 (P.L. 91-190 and 94-81). Reference - 23 CFR
770-772, 40 CFR 1500-1508, CEQ Regulations, Executive Order 11514 as amended by Executive Order
11991 on NEPA responsibilities.

Purpose - consider environmental factors through systematic interdisciplinary approach before commit-
ting to a course of action.

Applicability - all highway projects.

General Procedures - Procedures set forth in CEQ regulations and 23 CFR 771.

Coordination - appropriate Federal, State, and local agencies.

A.3 Land And Water Usage
. These requirements are contained in 23 CFR 771 (FHPM 7-7-1).

1. Executive Order 11990, Protection of Wetlands, DOT Order 5660.1A, 23 CFR 777.
Purpose - to avoid direct or indirect support of new construction in wetlands wherever there is a practica-
ble alternative.
Applicability - federally undertaken, financed, or assisted construction, and improvements in or with
significant impacts on wetlands.
General Procedures - evaluate and mitigate impacts on wetlands. Specific finding required in final
environmental document.
Coordination - DOI (FWS), EPA, USCE, NMFS, NRCS, State agencies.

Executive Order 11990, May 24, 1977, orders each Federal agency to:

e  take action to minimize the destruction, loss or degradation of wetlands and to preserve and enhance

| the natural and beneficial values to wetlands;

| e avoid undertaking or providing assistance for new construction in wetlands unless the head of the
agency finds that there is no practicable alternative and all practicable measures are taken to minimize
harm which may result from the action; and

¢ to consider factors relevant to the proposal's effects on the survival and quality of the wetlands.
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Appendix A- Federal Policies .
A.3 Land And Water Usage (continued) |

2. Emergency Wetlands Resources Act of 1986: 16 U.S.C. - 3901 note (P.L. 99-645).
Purpose - to promote the conservation of wetlands in the U. S. in order to maintain the public benefits
they provide.

“Applicability - all projects which may impact wetlands.

General Procedures - (1) preparation of a National Wetlands Priority Conservation Plan which provides
priority with respect to Federal and State acquisition, (2) provides direction for the National Wetlands
Inventory Project.
Coordination - FWS.

3. Federal Water Pollution Control Act (1972), as amended by the Clean Water Act (1977 & 1987): 33
U.S.C. 1251-1376 (P.L. 92-500, 95-217, 100-4), DOT Order 5660.1A, FHWA Notices N5000.3 and
N5000.4, FHPM 6-7-3-3, 23 CFR 650, Subpart B, E, 771, 33 CFR 209, 40 CFR 120, 122-125, 128-
131, 133, 125-136, 148, 230-231.

Purpose - restore and maintain chemical, physical, and biological integrity of the Nation's waters through

prevention, reduction, and elimination of pollution.

Applicability - any discharge of a pollutant into waters of the U.S.

General Procedures - (1) obtain permit for dredge or fill material from USCE or State agency, as ap-
“propriate (Section 404), (2) permits for all other discharges are to be acquired from EPA or appropriate

State agency (Section 402), (3) water quality certification is required from State water resource agency

(Section 401), (4) all projects shall be consistent with the State nonpoint source pollution management

program (Section 319).

Coordination - USCE, EPA, designated State water quality control agency, designated State non-point

source pollution agency.

4. Executive Order 11988, Floodplain Management, as amended by Executive Order 12148, DOT
Order 5650.2, FHPM 6-7-3-2, 23 CFR 650, Subpart A, 771.
Purpose - to avoid the long- and short-term adverse impacts associated with the occupancy and modifica-
tion of floodplains, and to restore and preserve the natural and beneficial values served by floodplains.
Applicability - all construction of Federal or federally aided buildings, structures, roads, or facilities
which encroach upon or affect the base floodplain.
General Procedures - (1) assessment of flood hazards, (2) specific finding required in final environmental
document.

~ Coordination - FEMA, State and local agencies.

Executive Order 11988, May 24, 1977, requires each Federal agency, in cérrying out its activities, to take
the following actions:

¢ toreduce the risk of flood loss, to minimize the impact of floods on human safety, health and welfare
and to restore and preserve the natural and beneficial values served by floodplains; and

* to evaluate the potential effect of any actions it may take in a floodplain, to ensure its planning
programs reflect consideration of flood hazards and floodplain management.
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Appendix A- Federal Policies

A.3 Land And Water Usage (continued)

4. Executive Order 11988, Floodplain Management, (continued)
These requirements are contained in the Federal-Aid Highway Program Manual (FHPM), Volume 6,
Chapter 7, Section 3, Subsection 2, and were published in the Federal Register, April 26, 1979 (44 FR
24678), and in 23 CFR 650, Subpart A.

5. Endangered Species Act of 1973, as amended: 16 U.S.C. 1531-1543 (P.L. 93-205, 94-359, 95-632, 96-
159, 97-304), 7 CFR 355, 50 CFR 17, 23, 25-29, 81, 217, 222, 225-227, 402, 424, 450-453.
Purpose - conserve species of fish, wildlife and plants facing extinction.
Applicability - any action that is likely to jeopardize continued existence of such endangered/threatened
species or result in destruction or modification of critical habitat.
General Procedures - consult with the Secretary of the Interior or Commerce, as appropriate.
Coordination - DOI (FWS), Commerce (NMFS).

6. Fish and Wildlife Coordination Act: 16 U.S.C. 661-666¢ (P.L. 85-624, 89-72, 95-616).
Purpose - conservation, maintenance, and management of wildlife resources.
Applicability - (1) any project which involves impoundment (surface area of 4.05 hectares or more),
diversion, channel deepening, or other modification of a stream or other body of water, (2) transfer of
property by Federal agencies to State agencies for wildlife conservation purpose.
General Procedures - coordinate early in project development with FWS and State fish and wildlife
agency. v
Coordination - DOI (FWS), State fish and wildlife agencies.
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Appendix A- Federal Policies ’ .

A.4 Abbreviations

Following are the abbreviations used in the above descriptions of Federal policies.

BIA - Bureau of Indian Affairs

BLM - Bureau of Land Management

CEQ - Council on Environmental Quality

CERCLA - Comprehensive Environmental Response, Compensation, and Liability Act

CFR - Code of Federal Regulations

DOA - Department of the Army

DOD - Department of Defense

DOI - Department of the Interior

DOT - Department of Transportation

EPA - Environmental Protection Agency _

FEMA - Federal Emergency Management Agency

FHPM - Federal-Aid Highway Program Manual

FHWA - Federal Highway Administration

FIFRA - Federal Insecticide, Fungicide; and Rodenticide Act

FWPCA - Federal Water Pollution Control Act

FWS - Fish and Wildlife Service

HUD - Housing and Urban Development

NMFS - National Marine Fisheries Service

NPS - National Park Service

NRCS - National Resource Conservation Service; formerly Soil Conservation Service (SCS)

OCZM - Office of Coastal Zone Management

P.L. - Public Law

RCRA - Resource Conservation and Recovery Act

SARA - Superfund Amendments and Reauthorization Act
~ SEE - Social, Economic, and Environmental

SIP - State Implementation Plan

Stat. - Statute

TVA - Tennessee Valley Authority

UMTA - Urban Mass Transportation Administration

U.S.C. - United States Code

USCE - U.S. Corps of Engineers

USCG - U.S. Coast Guard

USFS - U.S. Forest Service
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Appendix B Federal Emergency Management Agency (FEMA)

B.1 National Flood Insurance Program

The Flood Disaster Protection Act of 1973 (P1 93-234, 87 Stat. 975) denies Federal financial assistance to
flood prone communities that fail to qualify for flood insurance. Formula grants to States are excluded from
the definition of financial assistance, and the definition of construction in the Act does not include highway
construction; therefore, Federal aid for highways is not affected by the Act. The Act does require com-
munities to adopt certain land use controls in order to qualify for flood insurance. These land use
requirements could impose restrictions on the construction of highways in floodplains and floodways in
communities that have qualified for flood insurance. A floodway, as used here and as used in connection with
the National Flood Insurance Program, is that portion of the floodplain required to pass a flood that has a 1-
percent chance of occurring in any 1-year period without cumulatively increasing the water surface elevation
more than 1 ft (0.3 m).

B.2 Flood Insurance

The National Flood Insurance Act of 1968; as amended, (42 U.S.C. 4001-4127) requires that communities
adopt adequate land use and control measures to qualify for insurance. Federal criteria promulgated to imple-
ment this provision contain the following requirements that can affect certain highways.

In riverine situations, when the Administrator of the Federal Insurance Administration has identified the flood
- prone area, the community must require that, until a floodway has been designated, no use, including land fill,
be permitted within the floodplain area having special flood hazards for which base flood elevations have
been provided, unless it is demonstrated that the cumulative effect of the proposed use, when combined with
all other existing and reasonably anticipated uses of a similar nature, will not increase the water surface
elevation of the 100-year flood more than 1 ft (0.3 m) at any point within the community.

e  After the floodplain area having special flood hazards has been identified and the water surface
elevation for the 100-year flood and floodway data have been provided, the community must
designate a floodway which will convey the 100-year flood without increasing the water surface
elevation of the flood more than 1 ft (0.3 m) at any point and prohibit, within the designated
floodway, fill, encroachments and new construction and substantial improvements of existing
structures which would result in any increase in flood heights within the community during the occur-
rence of the 100-year flood discharge.

¢ The participating cities and/or counties agree to regulate new development in the designated flood-
plain and floodway through regulations adopted in a floodplain ordinance. The ordinance requires
that development in the designated floodplain be consistent with the intent, standards and criteria set
by the National Flood Insurance Program.
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Appendix B Federal Emergency Management Agency (FEMA)

B.3 _Local Community

The local community with land use jurisdiction, whether it is a city, county, or State, has the responsibility for
enforcing National Flood Insurance Program (NFIP) regulations in that community if the community is
participating in the NFIP. Consistency with NFIP standards is a requirement for Federal-aid highway actions
involving regulatory floodways. The community, by necessity, is the one who must submit proposals to
Federal Emergency Management Agency (FEMA) for amendments to NFIP ordinances and maps in that
community should it be necessary. The highway agency should deal directly with the community and,
through them, deal with FEMA. Determination of the status of a community's participation in the NFIP and
review of applicable NFIP maps and ordinances are, therefore, essential first steps in conducting location
hydraulic studies and preparing environmental documents.

B.4 NFIP Maps

Where NFIP maps are available, their use is mandatory in determining whether a highway location alternative
will include an encroachment on the base floodplain. Three types of NFIP maps are published:

¢ Flood Hazard Boundary Map (FHBM),
¢ Flood Boundary and Floodway Map (FBFM), and
o Flood Insurance Rate Map (FIRM).

A FHBM is generally not based on a detailed hydraulic study and, therefore, the floodplain boundaries shown
are approximate. A FBFM, on the other hand, is generally derived from a detailed hydraulic study and should
provide reasonably accurate information. The hydraulic data from which the FBFM was derived are available
through the regional office of FEMA. This is normally in the form of computer input data records for
calculating water surface profiles. The FIRM is generally produced at the same time using the same hydraulic
model and has appropriate rate zones and base flood elevations added.

Communities may or may not have published one or more of the above maps depending on their level of
participation in the NFIP. Information on community participation in the NFIP is provided in the "National
Flood Insurance Program Community Status Book" which is published semiannually for each State.

B.S Coordination With FEMA

It is intended that there will be coordination with local Flood Plain Administrator in situations where
administrative determinations are needed involving a regulatory floodway or where flood risks in NFIP
communities are significantly impacted. The circumstances which would ordinarily require coordination with
local Floodplain Administrator include the following:

e  When a proposed crossing encroaches on a regulatory floodway and, as such, would require an
amendment to the floodway map.

e  When aproposed crossing encroaches on a floodplain where a detailed study has been performed but
no floodway designated and the maximum 1-ft (0.3-m) increase in the base flood elevation would be
exceeded.

ADOT Hydraulics Manual




Legal Aspects 2B-3

Appendix B Federal Emergency Management Agency (FEMA)

B.5 _Coordination With FEMA (continued)

e  When alocal community is expected to enter into the regular program within a reasonable period and
detailed floodplain studies are under way.

¢  When alocal community is participating in the emergency program and base FEMA flood elevation
in the vicinity of insurable buildings is increased by more than 1-ft (0.3-m). Where insurable
buildings are not affected, it is sufficient to notify FEMA of changes to base flood elevations as a
result of highway construction.

The draft Environmental Impact Statement or Environmental Assessment (EIS/EA) should indicate the NFIP
status of affected communities, the encroachments anticipated and the need for floodway or floodplain ordi-
nance amendments. Coordination means furnishing to FEMA the draft EIS/EA and, upon selection of an
alternative, furnishing to FEMA, through the community, a preliminary site plan and water surface elevation
information and technical data in support of a floodway revision request as required. If a determination by
FEMA would influence the selection of an alternative, a commitment from FEMA should be obtained prior to
the final environmental impact statement (FEIS) or a finding of no significant impact (FONSI). Otherwise
this later coordination may be postponed until the design phase.

B.6 _Consistent With Floodways

In many situations it is possible to design and construct highways in a cost-effective manner such that their
components are excluded from the floodway. This is the simplest way to be consistent with the standards and
should be the initial alternative evaluated. If a project element encroaches on the floodway but has a very
minor effect on the floodway water surface elevation (such as piers in the floodway), the project may
normally be considered as being consistent with the standards, if hydraulic conditions can be improved so that
no water surface elevation increase is reflected in the computer printout for the new conditions.

B.7 Reyvisions Of Floodway

Where it is not cost-effective to design a highway crossing to avoid encroachment on an established
floodway, a second alternative would be a modification of the floodway itself. Often, the community will be
willing to accept an alternative floodway configuration to accommodate a proposed crossing provided NFIP
limitations on increases in the base flood elevation are not exceeded. This approach is useful where the
highway crossing does not cause more than a 1-ft (0.3-m) rise in the base flood elevation. In some cases, it
may be possible to enlarge the floodway or otherwise increase conveyance in the floodway above and below
the crossing in order to allow greater encroachment. Such planning is best accomplished when the floodway
is first established. However, where the community is willing to amend an established floodway to support
this option, the floodway may be revised.

The responsibility for demonstrating that an alternative floodway configuration meets NFIP requirements
rests with the community. However, this responsibility may be borne by the agency proposing to construct
the highway crossing. Floodway revisions must be based on the hydraulic model which was used to develop
the currently effective floodway but updated to reflect existing encroachment conditions. This will allow
determination of the increase in the base flood elevation that has been caused by encroachments since the
original floodway was established. Alternate floodway configurations may then be analyzed.
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Appendix B Federal Emergency Management Agency (FEMA)

B.7 Revisions Of Floodway (continued)

Base flood elevations increases are referenced to the profile obtained for existing conditions when the
floodway was first established.

B.8 Data For Revisions

Data submitted to FEMA, through the community, in support of a floodway revision request should include
the following. )
o Copy of current regulatory Flood Boundary Floodway Map, showing existing conditions, proposed
highway crossing and revised floodway limits.
e Copy of computer printouts (input, computation and output) for the current 100-year model and
current 100-year floodway model.
¢ Copy of computer printouts (input, computation and output) for the revised 100-year floodway model.
Any fill or development that has occurred in the existing flood fringe area must be incorporated into
the revised 100-year floodway model.
¢ Copy of engineering certification is required for work performed by private subcontractors.

The revised and current computer data required above should extend far enough upstream and downstream of
the floodway revision area in order to tie back into the original floodway and profiles using sound hydraulic
engineering practices. This distance will vary depending on the magnitude of the requested floodway revision
and the hydraulic characteristics of the stream.

If input data representing the original hydraulic model are unavailable, an approximation should be
developed. A new model should be established using the original cross section topographic information,
where possible, and the discharges contained in the Flood Insurance Study that established the original
floodway. The model should then be run confining the effective flow area to the currently established
floodway and calibrate to reproduce within 0.10 ft the "With Floodway" elevations provided in the Floodway
Data Table for the current floodway. Floodway revisions may then be evaluated using the procedures
outlined above.

B.9 Allowable Floodway Encroachment

When it would be demonstrably inappropriate to design a highway crossing to avoid encroachment on the
floodway and where the floodway cannot be modified such that the structure could be excluded, FEMA will
approve an alternate floodway with backwater in excess of the 1-ft maximum only when the following
conditions have been met: _ -

s A location hydraulic study has been performed in accordance with Federal-Aid Highway Program
Manual (FHPM) 6-7-3-2, FHWA, "Location and Hydraulic Design of Encroachments on Flood-
plains" (23 CFR 650, Subpart A) and FHWA finds the encroachment is the only practicable
alternative.

e The constructing agency has made appropriate arrangements with affected property owners and the
community to obtain flooding easements or otherwise compensate them for future flood losses due to
the effects of backwater greater than 1 ft.
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Appendix B Federal Emergency Management Agency (FEMA)

B.9 Allowable Floodway Encroachment (continued)

e The constructing agency has made appropriate arrangements to assure that the National Flood
Insurance Program and Flood Insurance Fund will not incur any liability for additional future flood
losses to existing structures which are insured under the Program and grandfathered in under the risk
status existing prior to the construction of the structure.

¢ Prior to initiating construction, the constructing agency provides FEMA with revised flood profiles,
floodway and floodplain mapping and background technical data necessary for FEMA to issue
revised Flood Insurance Rate Maps and Flood Boundary and Floodway Maps for the affected area,
upon completion of the structure.

Highway Encroachment On A Floodplain With A Detailed Study (FIRM)

In communities where a detailed flood insurance study has been performed but no regulatory floodway
designated, the highway crossing should be designed to allow no more than 1-ft increase in the base flood
elevation based on technical data from the flood insurance study. Technical data supporting the increased
flood elevation shall be submitted to the local community and through them to FEMA for their files.

Highway Encroachment On A Floodplain Indicated On An FHBM

In communities where detailed flood insurance studies have not been performed, the highway agency must
generate its own technical data to determine the base floodplain elevation and design encroachments in
accordance with FHPM 6-7-3-2. Base floodplain elevations shall be furnished to the community, and
coordination carried out with FEMA as outlined previously where the increase in base flood elevations in the
vicinity of insurable buildings exceeds 1 ft.

Highway Encroachment on Unidentified Floodplains

Encroachments that are outside of NFIP communities or NFIP identified flood hazard areas should be
designed in accordance with FHPM 6-7-3-2 of the Federal Highway Administration.

B.10 _ILevee Systems

For purposes of the National Flood Insurance Program (NFIP), FEMA will only recognize in its flood hazard
and risk mapping effort those levee systems that meet, and continue to meet, minimum design operation, and
maintenance standards that are consistent with the level of protection sought through the comprehensive
floodplain management criteria as outlined in the NFIP. The levee system must provide adequate protection
from the base flood. Information supporting this must be supplied to FEMA by the community or other party
seeking recognition of such a levee system at the time a flood risk study or restudy is conducted, when a map
revision is sought based on a levee system, and upon request by the Administrator during the review of
previously recognized structures. The FEMA review will be for the sole purpose of establishing appropriate
risk zone determinations for NFIP maps and shall not constitute a determination by FEMA as to how a
structure or system will perform in a flood event. For more information on the requirements related to levee
systems see "National Flood Insurance Program and Related Regulations", Federal Emergency Management
Agency, Revised October 1, 1986 and Amended June 30, 1987 (44 CFR 65.10).

ADOT Hydraulics Manual




Design Philosophy /

CHAPTER 3

DESIGN PHILOSOPHY

ADOT Hydraulics Manual .




. 3-2 Design Philosophy

. ADOT Hydraulics Manual




Design Philosophy
Chapter 3 Design Philosophy
Table Of Contents
3.1 - Introduction
3.1.1 Purpose 33
3.1.2 Policy vs Criteria 3-3
3.2 —  General Hydraulic Design Philosophies
3.2.1 Introduction 3-3
322 Hydrologic Analysis 3-5
323 Hydraulic Analysis 3-5
324 Engineering Evaluation 3-5
3.3-- Coordination
3.3.1 Interagency Coordination 3-5
3.3.2 - Intra-agency Coordination 3-6
3.4 — Stormwater Management
3.4.1 Introduction 3-6
3.4.2 Quantity 3-6
343 Flood Hazards 3-6
344 Floodplain Considerations 3-7
3.4.5 Environmental Considerations 3-7
3.4.6 Water Quantity 3-8
3.4.7 Permits 3-9
3.4.8 Construction Considerations - 3-9
3.4.9 Maintenance Considerations 3-9
3.5-- __ State Policies 3-10
Appendix A 3A-1

ADOT Hydraulics Manual .




Design Philosophy

ADOT Hydraulics Manual




Design Philosophy _ 3-3

3.1 Introduction

3.1.1 Purpose

ADOT Policies for Highway Drainage are presented in Chapter 600 of the Roadway Design Guidelines. The
purpose of this chapter is to outline design philosophies that guide and determine the multitude of variables
that influence drainage design. The following sections of this chapter will present information concerning hy-
draulic design of drainage structures and related Federal and ADOT policies.

3.1.2 Policy vs. Criteria

Policy and criteria statements are closely related - criteria being the numerical or specific guidance that is
founded in broad policy statements. For this manual, the following definitions of policy and criteria will be
used:

Policy - is a definite course of action or method of action, selected to guide and determine present and future
decisions.

Following is an example of a policy statement:
"The designer will size the drainage structure to accommodate a flood compatible with the projected
traffic volumes."

Design Criteria - are the standards by which a policy is carried out or placed in action.

-The design criteria for designing the structure might be:
"For projected traffic volumes less than or equal to 750 vehicles per day, drainage structures shall be de-
signed for a 10-year flood (exceedence probability - 10%). For projected traffic volumes greater than
750 vehicles per day, a drainage structure shall be designed for a 25-year flood (exceedence probability -
4%)."

Policy statements describe the goal, design criteria provides the measurement for determining if the goal is
achieved.

3.2 General Hvdraulic Design Philosophy

3.2.1 Introduction

An “adequate” drainage structure may be defined as one that meets the following policies:
¢ the design of the structure meets or exceeds ADOT standard engineering practice, and

e the design is consistent with what a reasonably competent and prudent designer would do under
similar circumstances.
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3.2 General Hydraulic Design Philosophy (continued)

3.2.1 Introduction (continued)

General Policies

In determining an “adequate” drainage structure, the following points are made in regard to the design
process.:

e  [tis the designer's responsibility to provide an adequate drainage structure for the design conditions
established. The designer is not required to provide a structure that will handle all conceivable flood
flows under all possible site conditions.

e  The detail of design studies should be commensurate with the risk associated with the encroachment
and with other economic, engineering, social, or environmental concerns.

e  The design flood event serves as criteria for evaluating the adequacy of a proposed design. The
"design flood" is the recurrence interval of the flood for which the drainage structure is sized to
satisfy the varied criteria determined applicable.

e  The predicted value of the base (100-year) flood serves as the present engineering standard for
evaluating flood hazards and as the basis for regulating floodplains under the National Flood Insur-
ance Program

e  Ttis standard engineering practice to use the predicted value of the 100-year flood as the basis for
evaluating flood hazards; however, flows larger than this value may be considered for complex, high
risk or unusual cases that require special studies or risk analyses.

e  Thedeveloped hydraulic performance of a drainage structure depicts the relationship between flood-
water stage (or elevation) and flood flow magnitudes. For drainage facilities that affect developed
properties, the performance data should include the 100-year flood. With the performance data, the
designer can evaluate the adequacy of the design.

The design process usually has several phases: concept development, preliminary design, and final design.
For the design of many drainage structures these phases are rapidly stepped through, especially for
experienced designers. In working thorough the phases the studies listed below are normally conducted as a
part of the design of highway drainage structures and serve as a means of achieving an “adequate” drainage
design:

¢ hydrologic analysis,
e  hydraulic analysis, and

®  engineering evaluation of developed alternatives.

These studies are discussed further in the following sections.
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3.2 General Hydraulic Design Philosophy (continued)

3.2.2 Hydrologic Analysis

The initial step is to determine the hydraulic loading, i.e., the flood flow to be accommodated. The designer
must ascertain the magnitude of the flood flow using the methods and judgments appropriate for the situation
under consideration. ADOT hydrology methods and practices are described in the ADOT Hydrology Manual.

3.2.3 Hydraulic Analysis

The next step in the design process involves preliminary selections.of alternative designs that are judged to
meet the site conditions and to accommodate the flood flows selected for analysis. The hydraulic analysis is
made utilizing appropriate formulas, physical models or computer programs for purposes of defining, cali-
brating and checking the performance of the preliminary designs for the range of flows to be considered.

3.2.4 Engineering Evaluation

The final step in the design process is the engineering evaluation of the preliminary designs and selection of
the final design. Engineering evaluation is the approach followed in defining, evaluating, and selecting a final
design. This process involves consideration and balancing of a number of factors. Some of these factors are:

effectiveness in achieving desired results,

costs including construction and maintenance,

legal considerations,

flood hazards to highway users and neighboring property owners,
environmental and social concerns, and

other site specific concerns.

3.3 Coordination

3.3.1 Interagency Coordination

The Arizona Department of Transportation (ADOT) in the process of developing transportation facilities will
traverse many watersheds; department coordination with responsible local agencies is essential to ensure that
proposed facilities are compatible with the long-term plans for the area. Coordination between concerned
agencies during the project planning phase will help produce a design that is more satisfactory to all.
Discussions with the local floodplain administrator should identify local studies, concerns, and any
partnership opportunities. Coordination may also be necessary with other State and Federal agencies. See
Chapter 2 for the individual responsibility of Federal agencies.
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3.3 Coordination

3.3.2 Intra-agency Coordination

Early planning and location studies are conducted by the Predesign Section of the Roadway Engineering
Group. Drainage designs performed during the pre-design phase shall be coordinated with the Drainage
Section so that duplication of effort is minimized and all those who might be involved in future project work
will be informed of any ongoing studies and study results. :

3.4 Stormwater Managsement Plan

3.4.1 Introduction

During the concept development phase, a stormwater management plan should be developed that adequately
address project goals. The storm water management plan should specifically identify the criteria of the many
elements that are to be considered in achieving a design that meets or exceeds the required and/or desired
performance.

For the areas under consideration the following questions must be addressed:
» What is the impact of the facility on the existing conditions?
» What is the impact of the existing condition on the facility?

The elements that are to be addressed are discussed below.

3.4.2 Quantity

Determinations of stormwater quantity are necessary for evaluating the impact of a project. The methods
discussed in the ADOT Hydrology manual are to be used to determine the magnitude of discharges to be
evaluated.

3.4.3 Flood Hazards

Floodflow characteristics at a highway stream crossing should be carefully analyzed to determine their effect
upon the highway as well as to evaluate the effects of the highway upon the floodflow. It is important to
identify flood hazards prior to any highway involvement to determine how the flood hazard will be affected
with the proposed highway project. Flood hazards should include effects to private property both upstream
and downstream (i.e., changes to flooding such as overtopping floodwaters diverted onto previously
unaffected property). The impacts of any proposed action must be understood before the final selection is
made of the recommended alternative. The number one goal in dealing with off-project flows is to perpetuate
the natural drainage conditions.
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3.4 Stormwater Management Plan (continued)

3.4.4 Floodplain Encroachment Considerations

A primary drainage consideration for facility sizing of a stream crossing is the evaluation of the impact of
floodplain encroachments. Hydraulic and environmental considerations of highway river crossings and
encroachments are presented in the FHW A Highways in the River Environment, Training and Design Manual
(1990). The Manual provides examples of typical river environments and identifies possible local, upstream
and downstream effects of highway encroachments.

The principal factors to be considered when designing a stream crossing that involves encroachment within a
floodplain are:
e river type (straight or meandering),

river characteristics (stable or unstable),

river geometry and alignment,

hydrology,

hydraulics,
~ floodplain flow,

economic (land use and land ownership) considerations, and

environmental considerations.

A detailed evaluation of these factors is part of the hydraulics study. Specific crossing components to be

determined include:

the geometry and length of the approaches to the crossing,

the location of the longitudinal encroachment in the floodplain,

the amount of allowable longitudinal encroachment into the main channel,

the type and size of structure, bridge or culvert, and the means to ensure the stability of the structure

against flood flows, and \

o the required river training works to ensure that river flows approach the crossing or the encroachment
in a complementary way.

3.4.5 Environmental Considerations

It is important to document the drainage considerations that affect the environment for the proposed project
including all alternatives that will receive consideration. The identification of drainage impacts on
environmental considerations early in the planning process can prevent major implementation problems as the
project development proceeds.
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3.4 Stormwater Management Plan (continued)

3.4.6 Water Quality

The two major sources of contaminants into surface waters are from soil erosion and deposition and from the
deposited contaminants on the roadway surface. In general, erosion and sediment transport should be limited
by developing and implementing an erosion and sediment control plan which addresses both temporary and
permanent control practices. Information regarding temporary erosion and sediment control is provided in the
ADOT Erosion and Pollution Control Manual. Background information is provided in the Erosion and
Sediment Control Chapter of this manual. Permanent erosion control measures are presented in the energy
dissipator and bank protection chapters.

Common impacts of excessive erosion include:

o Turbidity which reduces in-stream photosynthesis and results in reduced food supply and aquatic
habitat,

« Introduction of soil nutrients into waters that cause algal blooms, which reduces water clarity and
depletes oxygen, ‘

o Sedimentation of stream bottoms that blankets fauna and destroys spawning areas, and

+ Removal of top soil that leaves hard, rocky and infertile soil, which is difficult to revegetate.

Quantification of the levels of contaminants that are being washed off a roadway is complicated by the
variable effects of and the periods between storm events. The contributory factors are rainfall intensity,
roadway surface characteristics and particle size. The varying interaction of these factors makes it difficult to
precisely estimate the impact that discharge will have on water quality. A listing and description of common
contaminants found on roadways is presented in Appendix 3-A, Table 3-1. The table includes examples of
the contaminants, the analytical determination for identifying them and their primary sources.

Several broad categories of degradation have been developed to delineate or describe levels of stormwater
impacts:

e Aesthetic deterioration: Undesirable general appearance features (dirty, turbid, or cloudy) and
actual physical features (odors, floating debris, oil films, scum, or slime) are present.

* Dissolved oxygen depletion: When the oxygen demand of bacteria is stimulated by the organics,
the subsequent reduction in oxygen levels can disturb the balance between lower forms and the
food chain. Unoxidized nitrogen compounds (ammonia) can also cause problems.

¢ Pathogen concentrations: High concentrations of several pathogens can reduce the acceptable uses
of the receiving waters.

¢ Suspended solids: The physical buildup of solids can cover productive bottoms, be aesthetically
objectionable and disrupt flow and navigation.

e Nutrients: Accelerated eutrophication that stimulates growth of aquatic vegetation can cause a
water body to become aesthetically objectionable, deplete dissolved oxygen and decrease
recreational value by creating odor and overgrowth. Advanced eutrophication can lead to sediment
buildup, which reduces storage capabilities.
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3.4 Stormwater Management Plan (continued)

3.4.6 Water Quality (continued

e Toxicity: The two types of toxins generally found in stormwater (metals and pesticides/persistent
organics) may build up in sensitive areas over the long term. At high levels, they can have serious
shock effects on aquatic life. Low levels can become significant by accumulation up the flood

chain.
e Hazardous spills: Depending on the characteristics of the spill, serious water quality problems can
result. :
3.4.7 Permits

Specific Federal and State drainage permits that will be needed for a highway project must be identified early
in the planning stages. Prior to initiating design work, the designer must review the environmental document
to identify regulatory commitments, constraints and any permits required. The permits required are usually:

e stormwater discharge permits, NPDES)
e dredge and fill permits,(404)

3.4.8 Construction Considerations

Many serious construction problems arise because important drainage and water-related factors are over-
looked or neglected in the planning and development phases of the project. Such problems include:
s soil erosion, ‘
sediment deposition,
pollution of streams, lakes, and rivers,
destruction of wildlife habitat,
destruction of wetlands, and
impairment of utility systems.

With proper planning, many problems can be avoided or cost effective solutions developed to minimize
damages. Consideration of these possible problems is required during context-sensitive design development.

3.4.9 Maintenance Considerations

The stormwater management plan must recognize the need for erosion and sediment controls and provide a
conceptual approach for managing the impacts. The maintenance requirements of possible alternatives must
be evaluated. Experience in the area is the best indicator of maintenance problems and interviews with
maintenance personnel could be extremely helpful in identifying maintenance concerns with potential
designs. Reference to highway maintenance and flood reports, damage surveys, newspaper clippings and
interviews with local residents could be helpful in evaluating potential maintenance problems.
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3.5 State Policies

The applicable State policies regarding design criteria are presented in Chapter 600 of the ADOT Roadway
Design Guidelines and in the ADOT Erosion and Pollution Control Manual.
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Appendix A
Table 3-1
Listing of Common Stormwater Contaminants
Classification Examples Analytical Determination Primary Sources
Particulates Dust and dirt, stones, sand Settleable solids Pavement, vehicle,
gravel, grain, glass, plastics, atmosphere, litter,
metals, fine residue maintenance
Heavy metals Lead, zinc, iron, copper, Specific heavy metal Vehicle, atmospheric
nickel, chromium, mercury via atmospheric absorption fallout and washout
PCB, pesticides, Chlorinated hydrocarbons, Gas chromatography Spraying of vegetation
herbicides organic-phosphorous

Inorganic salts

CaCl,, NaCl, SO, Br
solids, conductivity

Cl, SO,, Br, non volatile

Deicing salts, atmos-
pheric washout, vehicle

Organic matter Vegetation, dust and dirt, Volatile fraction Vehicular airborne
humus, roadway accumulations,  hexane extractables (oil and fallout, vegetation,
oil, fuels grease), BOD, COD, TOC vehicle, litter, acrosols

Nutrients Nitrogen, phosphorus TKN, NO,, NO;, PO, Fertilizer

Pathogenic Coliforms TC, FC, FS and other Soil, litter, excreta,

Bacteria (indicators) specific indicators bird droppings

Other Asbestos, rubber, special Chemical diffraction and Vehicle, specific
compounds electron microscopy, additives

special techniques
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4.1 Overview

4.1.1 Introduction

An important facet during the design or analysis of any hydraulic facility is the documentation.
Documentation of design as used in this chapter is the compilation and preservation of the design and related
information on which the design and decisions were based. This includes drainage area and other maps, field
survey information, source references, photographs, engineering calculations and analyses, measured and
other data and flood history including narratives from newspapers and individuals such as highway
maintenance personnel and local residents who witnessed or had knowledge of an unusual event.

Appropriate documentation of the design of any hydraulic facility is essential for:

e public information,

rational evaluation of expenditure of public funds,

reference by designers when improvements, changes, or rehabilitations are made to the facilities,
adequate and efficient reviews, and

development of defense in matters of litigation.

Frequently, it is necessary to refer to plans, specifications and analysis long after the actual construction has
been completed. Documentation facilitates evaluation of the performance of structures after flood events. In
the event of a failure, it is essential that contributing factors be identified in order that recurring damage can
be avoided. :

This chapter presents guidelines for collecting and organizing the information, results, and findings obtained
regarding the design of hydraulic structures so as to provide as complete a history of the design process as is
practical.

4.1.2 Goal

The major goal of providing good documentation is to record the design procedure that was used and show
how the final design and decisions were arrived at. Often there is expressed the myth that avoiding docu-
mentation will prevent or limit litigation losses as it supposedly precludes providing the plaintiff with in-
criminating evidence. This is seldom if ever the case and documentation should be viewed as the record of
reasonable and prudent design analysis based on the best available technology.

Thus, good documentation should provide the following:

¢ demonstrate that reasonable and prudent actions were taken;

e identifying the situation at the time of design; '

¢ document that rationally accepted procedures and analysis were used which were commensurate with
the perceived site importance and flood hazard;
providing a continuous history to facilitate future changes;

e providing the file data necessary to quickly evaluate any future site problems that might occur during
the facilities service life; and

s expediting project development by clearly providing the reasons and rationale for specific design
decisions.
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4.2 ADOT Practice

4.2.1 Introduction

Following are ADOT’s practices related to documentation of hydrologic and hydraulic designs and analyses.

1. The amount of detail of documentation for each design or analysis shall be commensurate with the risk
and the importance of the facility.

2. Documentation shall be organized to be as concise and complete as practicable so that knowledgeable
designers can understand years hence what was done.

3. Documentation shall include all data and information used for project development. The documents
should be in a format that clearly conveys the information without adding burden for storage and copying.

4. Documentation shall be organized into reports that logically lead the reader from past history through the
problem background, into the findings and through the design process.

5. Report shall include an executive summary at the beginning to assist users in finding detailed
information.

The drainage report shall include all related information and data, criteria, assumptions and judgments,
‘identification of methods and computer programs, calculations, analyses, and results used in developing
“conclusions and recommendations related to drainage requirements. Discussions shall address inputs, design

approach, results and conclusions. Identify published data, reports, memos, letters and interviews used. If
circumstances are such that the drainage facility is sized by other than normal procedures or if the size of the
facility is governed by factors other than hydrologic or hydraulic factors, a narrative summary detailing the
design basis shall be included in the documentation file. Additionally, the designer shall include in the
drainage report items not listed herein but which are useful in understanding the analysis, design, findings and
final recommendations.

4.2.2 Documentation Process

The documentation of the design is an ongoing process and is part of each step in the hydrologic and
hydraulic analysis and design process. This increases the accuracy of the documentation, provides data for
future steps in the plan development process, and provides consistency in the design even when different
designers are involved at different times of the plan development process. Documentation shall be provided
whenever any information is gathered, analyzed, evaluated or used. This can occur during any of the pre-
construction phases of the project life.

The designer is responsible for documenting what hydrologic analyses, hydraulic design, and related
information is gathered and developed during the project development process. The documentation file shall
contain design/analysis data and all information that influenced the design. A complete hydrologic and
hydraulic design and analysis documentation file, where practicable, should include such items as:

e identification and location of the facility, including photographs (ground and aerial) and vicinity maps
e topographic and contour maps, with drainage areas delineated
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4.2 ADOT Practice (. continueg)

4.2.2 Documentation Process (continued)

e history of performance of existing structure(s), including:

e}

O 0 00O

interviews (local residents, adjacent property owners and maintenance forces),
newspaper clippings,

judgments and assumptions,

design notes and correspondence relating to design dec151ons

design computations,

engineering cost estimates.

4.2.3 Data Tvpes

There are three basic types of data to be documented. The types are acquired, observed and calculated.

Acquired data:

photographs,

survey,

flood insurance studies and maps by FEMA,

soil information,

flood studies,

anecdotal reports by Department personnel, newspapers and abutting property owners, and
as-built plans and subsurface borings

Observed data:
e field trip report(s) which may include:

o}

video cassette recordings,

o audio tape recordings,
o still camera photographs,
o movie camera films, -
o written analysis of findings with sketches.
Calculated Data:
e hydrology ;
e  hydraulic performance
¢ plans

Appendix 4-A provides a checklist of data documentation to assist in determination of completeness.
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4.3 Drainage Reports

4.3.1 General

Often, the design process requires two stages of development, a preliminary stage where approximations of
size are made and evaluated, and a final stage where the design is completed and contract documents are
prepared.

As stated in section 4.1 Introduction:

¢ Documentation shall be organized into reports that logically lead the reader from past
history through the problem background, into the findings and through the design
process.

*  Documentation shall include all data and information used for project development.

s The amount of detail of documentation for each design or analysis shall be
commensurate with the risk and the importance of the facility.

+  Documentation shall be organized to be as concise and complete as practicable so that
knowledgeable designers can understand years hence what was done.

» Report shall include an executive summary at the beginning to assist users in finding
detailed information.

Circumstances may warrant or require special solutions that are not addressed by routine forms or formulas.
In such cases the report should reference the formula used and their source. If necessary a typical calculation
may be shown in detail to clarify the application of the formula and logic of the solution.

The results of the calculations are to be presented in tabular summary form. Summary forms should provide
space for each of the critical variables used in the calculations.

Inclusion of calculations and computer data should be organized into appendices with a summary of results as
the initial entry. This same summary will often be included in the body of the report. Appendix 4-B presents
a listing of items which are to be included for the design of various hydraulic structures.

4.3.2 Preliminary Drainage Report

Preliminary hydraulic reports should be as complete as possible but must be tailored to satisfy the
requirements of the project. The preliminary Drainage report includes the hydrology, evaluation of existing
conditions, and the stormwater management plan. If there are any issues as to how to develop the final
designs, they can be addressed at this time.

4.3.3 Final Drainage Report

The final Drainage report contains all the information developed for the project, including the information
* that was contained in the preliminary drainage report.
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Appendix 4 - A

4A.1 Project Documentation Check List

REFERENCE DATA

Maps:

USGS Quad (Scale, Date)
USGS Other

ADOT

Local Zoning Maps

Flood Hazard Delineation (Quad.)
Floodplain Delineation (HUD)
Local Land Use

Soils Maps

Geologic Maps

Aerial Photos (Scale, Date)

Studies By External Agencies:
USGS Gages & Studies

USCE Floodplain Information Report
SCS Watershed Studies '

Local Watershed Management Studies
US Forest Service Studies -

Interim Floodplain Studies

Water Resource Data

Regional Planning Data

Utility Company Plans

High Water Elevations:
Survey

External Sources
Personal Reconnaissance

Flood History:
Newspaper Flood Reports
External Sources
Personal Reconnaissance
Maintenance Records
Photographs

Internal Reports:

Environmental Reports
Reconnaissance Report

Location Report

Drainage Survey Inspection Report
Hydraulic Design Report

Structure Inspection Report

4A -1
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Appendix 4 - A

4A.1 Project Documentation Check List (. éontinl_led)

HYDROLOGY

Technical Resources:
Drainage Manual

Discharge Calculations:

Drainage Areas

Soils Parameters

Hydrograph Parameters

Rainfall Runoff Models:
Rational Formula
HEC-1

Regression Models:
Regional Regression Equations
Area-Discharge Curves
Log-Pearson Type III

HYDRAULIC DESIGN

Technical Resources:
ADOT Hydraulic Manual
FHWA Manuals

Design Procedures:

Frequency and magnitude of discharges used.

Topography used for analysis.

Hydraulic performance of existing facility for design discharges.

Analysis of hydraulic performance of proposed facility for design discharges.

Design Appurtenances:
Dissipators

Riprap

Erosion & Sediment Control

Computer Programs: |
USCE HEC-RAS Water Surface Profile |
FHWA HY8 Culvert Design
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Appendix 4-B

4-B.1 Design Process Documentation File Contents

4-B.1.1 Introduction

The following design inputs and results shall be included in the documentation file. The intent is not to limit
the data to only those items listed, but rather identify minimum requirements, as appropriate, consistent with
the hydraulic design procedures as outlined in this manual. Inclusion of calculations and computer data
should be organized into appendices with a summary of results as the initial entry. This same summary will
often be included in the body of the report.

Circumstances may warrant or require special solutions that are not addressed by routine forms or formulas.
In such cases the report should reference the formula used and their source. If necessary a typical calculation
may be shown in detail to clarify the application of the formula and logic of the solution. The results of the
calculations are to be presented in tabular summary form. Summary forms should provide space for each of
the critical variables used in the calculations.

4-B.1.2 Hydrology
e contributing watershed area size and identification of source (map name, etc.);
design frequencies and basis for selection;
¢ identification of design values, how determined, and discussion of any unusual variance
from normal usage;
o -soil characterization
o -development characterization
o -rainfall amount and distribution
o -hydrograph parameters (time of concentration, storage coefficient)
e discharges for the design frequencies to be evaluated.

4-B.1.3 Bridges
observed highwater, dates and discharges;

potential flood hazards to adjacent properties;

existing roadway geometry (plan and profile);

proposed roadway geometry (plan and profile);

cross section(s) used;

roughness coefficient ("n" value) assignments;

allowable headwater elevation and basis for its selection;

identification of the method used for computation of water surface ¢levations;
stage-discharge curve for existing and proposed conditions for the design frequencies to be
evaluated.

through-bridge and channel velocity estimates for the design frequencies to be evaluated.
calculated backwater, velocity and scour for the design frequencies to be evaluated.
magnitude and frequency of overtopping flood, if applicable;

bridge scour results;

copies of all computer analyses;

economic analysis of design and alternatives;

complete hydraulic study report;
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Appendix 4-B | .

4-B.1 Design Process Documentation File Contents (continued)

4-B.1.4 Culverts

observed highwater, dates and discharges;

potential flood hazard to adjacent properties;

existing roadway geometry (plan and profile);

proposed roadway geometry (plan and profile);

allowable headwater elevation and basis for its selection;

cross section(s) used for the downstream channel tailwater elevations;
roughness coefficient assignments ("n" values);

culvert entrance type;

stage discharge information for existing and proposed conditions for the design frequencies
to be evaluated;

outlet velocity predictions for the design frequencies to be evaluated;
predicted scour for the design frequencies to be evaluated;

culvert outlet appurtenances and energy dissipation calculations and designs;
copies of all computer analyses.

4-B.1.5 Open Channels
observed highwater, dates and discharges;

cross section(s) used in the design water surface determinations and their locations;
roughness coefficient assignments ("n" values), existing and proposed conditions;
identification of the method used for computation of water surface elevations;

channel velocity and locations determinations;

stage discharge curves for the design frequencies to be evaluated;

water surface profiles through the reach for the design frequencies to be evaluated;
design or analysis of materials proposed for the channel bed and banks for the design
frequencies to be evaluated;

energy dissipation calculations and designs for the design frequen01es to be evaluated, and
e copies of all computer analyses.

4-B.1.6 Storm Drains

complete drainage area map;

design frequency;

information concerning outfalls and existing storm drains;
information concerning utilities and other design considerations;
schematic of storm drain system layout;

computations for inlets and pipes, including hydraulic grade lines.

ADOT Hydraulics Manual




Documentation 4B -3

Appendix 4—B

4-B.1 Desion Process Documentation File Contents (continued)

4-B.1.7 Pump Stations
maximum allowable headwater elevations and related probable damage;

inflow design hydrograph from drainage area to pump;
sump dimensions;

available storage amounts;

pump sizes and operations;

starting sequence and elevations;

pump calculations and design report;

line storage and pit storage capacity;

flood frequency curve for the attenuated peak discharge.

4-B.1.8 Detention/Retention Basins

maximum allowable headwater elevations and related probable damage;
inflow design hydrograph from drainage area to basin;

basin dimensions;

available storage amounts;

Stage-storage curve;

Stage-discharge curve;

Inflow hydrograph;

Outflow hydrograph.
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Data Collection 5-3

5.1 Overview

5.1.1 Introduction

A well-planned data collection program leads to a more orderly and effective analysis and design process. It
is appropriate and efficient to identify the types of data that will be required prior to beginning the
engineering analysis. The effort necessary for data collection and compilation shall be tailored to the impor-
tance of the project. Not all of the data discussed in this chapter will be needed for every project.
Data collection for a specific project must be tailored to:
o scope of the engineering analysis,
project cost,
complexity of site conditions and hydraulics,
social, economic environmental and archaeological requirements,
regulatory requirements, and
unique project requirements

5.1.2 Data Requirements

In this chapter is an outline of the data types that are normally required for drainage analysis and design,
possible sources and other aspects of data collection. The following subjects are presented in this chapter:

Types and Sources of Data
Topographic Survey Information
Field Reviews

Data Evaluation

Uniform or standardized survey requirements for all projects may prove uneconomical or data deficient for a
specific project. Special instructions outlining data requirements may have to be provided to the survey party
by the designer for unique sites.

5.1.3 Survey Methods/Computation Accuracy

The publication "Accuracy of Computed Water Surface Profiles," U.S. Army Corps of Engineers, Dec. 1986,
focuses on determining relationships between: '

» survey technology and accuracy employed for determining stream cross sectional geometry,

+ degree of confidence in selecting Manning's roughness coefficients, and

« the resulting accuracy of hydraulic computations.

The publication also presents methods for determining the upstream and downstream limits of data collection
for a hydraulic study requiring a specified degree of accuracy.
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5.1 Overview (continued)

5.1.3 Survey Methods/Computation Accuracy (continued)

Computer software has been developed to perform the calculations for the various routines presented in
this manual. HY-11, Survey Accuracy, is available from the McTrans Center, University of Florida,
Gainesville, FL

5.2 Types Of Data Needed

5.2.1 General

The designer must compile the data that are specific to the subject site. Following are the major types of
data that may be required:

« existing and proposed land use data in the subject drainage area and in the general vicinity of the
facility;

anticipated changes in land use and/or watershed characteristics;

floodplain, environmental regulations, and archaeological data;

watershed characteristics;

stream reach data (especially in the vicinity of the fac111ty),

hydrologic and meteorologic data (stream flow and rainfall data related to maximum or historical
peak as well as low-flow discharges and hydrographs applicable to the site); ‘
e permit requirements, and;

+ other physical data in the general vicinity of the facility such as utilities, easements, etc.

Watershed, stream reach and site characteristic data, as well as data on other physical characteristics can be
obtained from a field reconnaissance of the site. Examination of available maps and aerial photographs of the
watershed is also an excellent means of defining physical characteristics of the watershed.

Following is a brief description of the major data topics that relate to drainage facility analysis and design.
Additional discussion is contained in the AASHTO Highway Drainage Guidelines, Volume IL
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5.2 Types Of Data Needed (cbntinued)

5.2.2 Drainage Surveys

The designer should inspect the site and its contributing watershed to determine the required field and/or
aerial drainage survey to be undertaken as part of the hydraulic analysis and design. Survey requirements for
small drainage facilities such as small culverts are less extensive than those for major facilities such as bridg-
es. However, the purpose of each survey is to provide an accurate picture of the conditions within the zone of
hydraulic influence of the facility.

Appendix A contains instructions for typical minor and major drainage surveys.

Following are the data that can be obtained or verified:

« contributing drainage area characteristics;

« stream reach data - cross sections and thalweg profile;

s  existing structures; :

o location and survey for development, existing structures, etc., that may affect the determination of
allowable flood levels, capacity of proposed drainage facilities, or acceptable outlet velocities;

e drift/debris characteristics;

» general ecological information about the drainage area and adjacent lands; and

« high water elevations including the date of occurrence.

Much of these data must be obtained from an on-site inspection. It is often much easier to interpret published
sources of data after an on-site inspection. Only after a thorough study of the area and a complete collection
of all required information should the designer proceed with the final design of the hydraulic facility. All
pertinent data and facts gathered through the survey shall be documented as explained in Chapter 4,
Documentation.

5.2.3 Watershed Characteristics

Contributing Size - The size of the contributing drainage area expressed in acres or square miles, is
determined from some or all of the following:

« Direct field surveys with conventional surveying instruments.
o Use of USGS or project topographic maps, aerial photographs, digital elevation models, together with
field checks to determine any changes in the contributing drainage area such as:
o terraces,
lakes, sinks,
debris or mud flow barriers,
reclamation/flood control structures,
irrigation diversions, and
storm drainage systems.

0 0 0 0O
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5.2 Types Of Data Needed (continued)

5.2.3 Watershed Characteristics (continued)

In determining the size of the contributing drainage area, any subterranean flow or any areas outside the
physical boundaries of the drainage area that have runoff diverted into the drainage area being analyzed shall
be included in the total contributing drainage area. In addition, it must be determined if floodwaters are
diverted out of the basin before reaching the site.

Slopes - The slope of the stream and the average slope of the watershed (basin slope) should be determined.
Hydrologic and hydraulic procedures in other chapters of this manual are dependent on watershed slopes as
well as other factors.

Watershed Land Use
» Define and document the present and expected future land use, particularly the location, degree of
anticipated urbanization and data source.
» Information on existing use and future urbanization trends may be obtained from:
o field review
aerial photographs (conventional and infrared),
zoning maps and master plans,
USGS and other maps,
municipal planning agencies, and
landsat (satellite) images.

0 0O 00O

Specific information about particular tracts of land can often be obtained from owners, developers, realtors
and local residents. Care should be exercised in using data from these sources since their reliability may be
questionable and these sources may not be aware of future development within the watershed that might affect
specific land uses.

Existing land use data for small watersheds can best be determined or verified from a field survey. Field
surveys shall also be used to update information on maps and aerial photographs, especially in basins that
have experienced changes in development since the maps or photos were prepared. Infrared aerial photo-
graphs may be particularly useful in identifying types of urbanization at a point in time.

Streams, Rivers, Ponds. Lakes, Wetlands and-Detention Basins

At all streams, rivers, ponds, lakes and wetlands that will affect or may be affected by the proposed structure
or construction, the following data shall be secured. These data are essential in determining the expected
hydrology and may be needed for regulatory permits.

o Outline of the boundary (perimeter) of the water body for the ordinary highwater.

+ Elevation of normal as well as high water for various frequencies.

¢ Detailed description of any natural or manmade spillway or outlet works including dimensions, eleva-
tions and operational characteristics.
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5.2 Types Of Data Needed (continued)
5.2.3 Watershed Characteristics (continued)

Streams., Rivers, Ponds. Lakes, Wetlands and Detention Basins (continued)

o Detailed description of any emergency spillway works including dimensions and elevations.

» Description of adjustable gates, soil and water control devices.

o Profile along the top of any dam and a typical cross section of the dam.

o Use of the water resource (stock water, fish, recreation, power, irrigation, municipal or industrial
water supply, etc.). »

« Existing conditions of the stream, river, pond, lake or wetlands as to turbidity and silt.

o Riparian ownership(s) as well as any water rights.

Environmental Considerations

The need for environmental data in the engineering analysis and design stems from the need to investigate and

mitigate possible impacts due to specific design configurations. Environmental data needs may be summa-

rized as follows:

« Information necessary to define the environmental sensitivity of the facility's site relative to impacted
surface waters, e.g., water use, water quality and standards, aquatic and riparian wildlife biology and
wetlands information.

» Information necessary to determine environmentally compatible designs, e.g., circulation patterns and
sediment transport data.

» Data needs at wetlands are unique and can be identified through coordination with AZ Game and
Fish, U.S. Fish and Wildlife Service, etc. ‘

5.2.4 Site Characteristics

A complete understanding of the physical nature of the natural channel or stream reach is of prime importance
to a good hydraulic design — particularly at the site of interest. Any work being performed, proposed or
completed, that changes the hydraulic efficiency of a stream reach must be studied to determine its effect on
the stream flow. The designer should be aware of plans for channel modifications, and any other changes that
might affect the facility design.

The stream may be classified as:

rural or urban,

improved or unimproved,

narrow or wide,

rapid or sluggish flow,

stable, transitional, or unstable,

sinuous, straight, braided, alluvial, or incised, and
perennial or intermittent flow.

¢ O ¢ ¢ o o o
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5.2 Types Of Data Needed (continued)

5.2.4 Site Characteristics (continued)

Geomorphological data are important in the analysis of channel stability and scour. Types of needed data are:
o sediment transport and related data,

o stability of form over time (braided, meandering, etc.),

« scour history/evidence of scour, and

e bed and bank material identification

Chapter 7, Channels presents additional information regarding the site characteristics that should be
considered in the analysis of channels.

Roughness Coefficients
Roughness coefficients, ordinarily in the form of Manning's n values shall be estimated for the entire flood

limits of the stream. A tabulation of Manning's n values with descriptions of their applications can be found
in Chapter 7, Channels.

Stream Profile

Stream bed profile data shall be obtained and these data should extend sufficiently upstream and downstream
to determine the average slope and to encompass any proposed construction or aberrations. Identification of
"headcuts" which could migrate to the site under consideration are particularly important. If the stream has
flow, the profile data of the water surface shall also be obtained. If there is a stream gage relatively close, the
discharge, date and hour of the reading shall be obtained.

Stream Cross Sections

Stream cross section data shall be obtained that represent the conditions at the structure site. Stream cross
section data should also be obtained at other locations where stage-discharge and related calculations will be
necessary.

Existing Structures
The location, size, description, condition, observed flood stages and channel section relative to existing

structures on the stream reach and near the site shall be secured in order to determine their capacity and effect
on the stream flow. Any structures, downstream or upstream, which may cause backwater or retard stream
flow shall be investigated. Also, the manner in which existing structures have been functioning with regard to
such things as scour, overtopping, debris and ice passage, fish passage, etc. shall be noted. With bridges,
these data shall include span lengths, type of piers and substructure orientation which usually can be obtained
from existing structure plans. The necessary culvert data includes size, inlet and outlet geometry, slope, end
treatment, culvert material and flow line profile. "As built" highway construction plans may be available to
obtain required bridge and/or culvert data. Photographs and high water profiles or marks of flood events at
the structure and past flood scour data can be valuable in assessing the hydraulic performance of the existing
facility.

Controlling Flood Levels
Development and property use adjacent to the proposed site, both upstream and downstream, may determine

controlling flood levels. Floor elevations of structures or fixtures shall be noted. In the absence of upstream
development, the presence of downstream development may determine appropriate overflow points when an
overtopping design of the highway is considered.
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5.2 Types Of Data Needed (continued)

5.2.4 Site Characteristics (continued)

Flood History
The history of past floods and their effect on existing structures are of exceptional value in making flood

hazard evaluation studies, as well as needed information for sizing structures. Information may be obtained
from newspaper accounts, local residents, flood marks or other positive evidence of the height of historical
floods. Changes in channel and watershed conditions since the occurrence of the flood shall be evaluated in
relating historical floods to present conditions.

Recorded flood data are available from agencies such as:
U.S. Army Corps of Engineers,

U.S. Geological Survey,

U.S. Soil Conservation Service,

Federal Emergency Management Agency,

Bureau of Reclamation,

Local Flood Control Districts, and

AZ Department of Water Resources.

Anecdotal information may be available from ADOT maintenance personnel or local or State public
safety personnel.

Scour Potential

Scour potential is an important consideration relative to the stability of the structure over time. Scour poten-
tial will be determined by a combination of the stability of the natural materials at the facility site, tractive
shear force exerted by the stream and sediment transport characteristics of the stream. Data on natural
materials can be obtained by tests of the site materials.

Bed and bank material samples sufficient for classifying channel type, stability and gradations, as well as a
geotech study to determine the substrata if scour studies are needed, will be required. The various alluvial
river computer model data needs will help clarify what data are needed. Also, these data are needed to
determine the presence of bed forms so a reliable Manning's roughness coefficient as well as bed form scour
can be estimated.

Controls Affecting Design Criteria
Many controls will affect the criteria applied to the final design of drainage structures including allowable

headwater level, allowable flood level, allowable velocities, and resulting scour and other site specific
considerations. Data and information related to such controls can be obtained from Federal, State and local
regulatory agencies and site investigations to determine what natural or man-made controls shall be
considered in the design.
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5.2 Types Of Data Needed (continued)

5.2.4 Site Characteristics (continued)

Controls Affecting Design Criteria (continued)

The redirection of floodwaters can significantly affect the hydraulic performance of a site. Some actions
that redirect flows are irrigation facilities, debris jams, mud flows and highways or railroads. In addition,
there may be downstream and upstream controls which shall be documented.

Downstream Control - Any ponds or reservoirs, along with their spillway elevations and design levels of
~ operation, shall be noted as their effect on backwater and/or streambed aggradation may directly influence the
proposed structure. Also, any downstream confluence of two or more streams shall be studied to determine
the effects of backwater or streambed change resulting from that confluence. Gravel mining operations shall
be noted.

Upstream Control - Upstream control of runoff in the watershed shall be noted. Conservation and/or flood
control reservoirs in the watershed may effectively reduce peak discharges at the site and may also retain
some of the watershed runoff. Capacities and operation designs for these features shall be obtained. The
reservoir sponsors often have complete reports concerning the operation and design of proposed or existing
conservation and/or flood control reservoirs. Gravel mining operations shall be noted.

5.3 Sources of Data

5.3.1 Sources

Much of the data and information necessary for the design of highway drainage facilities may be obtained
from some combination of the sources listed below:

The major and most common data sources are
Meteorological Data: National Weather Service

Watershed Characteristics;

Size, slope, watercourses: USGS maps
Soil: National Resource Council, Soil Conservation Service Soil Maps
and Studies
" Floodplain Studies: Arizona Department of Water Resources

Local Flood Control Districts

Environmental Data: Arizona Game and Fish Department
US Forest Service
US Fish and Wildlife
US Bureau of Land Management
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5.3 Sources of Data (continued)

5.3.2 Geographic Information Systems (GIS)

Geographic information systems (GIS) may be used as a source of georeferenced hydrologic data required in
hydraulic design decision making. For example, Maricopa County has developed a GIS database containing
the land cover, soil type and topography. This database may then be used to produce the existing and ultimate
development hydrographs as well as an array of maps, graphs and tables needed to complete the hydrologic
analysis. ‘

5.3.3 National Flood Insurance Program

Many streams have been analyzed for local flood insurance studies. In these cases, data collection is normally
unnecessary since the discharges and hydraulic models are normally available from the Federal Emergency
Management Agency. Even though these studies are a good source of data, their technical content should be
reviewed prior to using the data. Many of the studies are outdated and/or will not reflect changes that may
have occurred in the study reach since its initial publication.

5.4 Survev Information

5.4.1 General

Complete and accurate survey information is necessary to develop a design that will best serve the require-
ments of a site. The amount of survey data gathered shall be commensurate with the importance and cost of
the proposed structure and the expected flood hazard. Data collection shall be as complete as possible during
the initial survey in order to avoid repeat visits. Thus, data needs must be identified and tailored to satisfy.the
requirements of the specific location and size of the project early in the project design phase.

At many sites photogrammetry is an excellent method of securing the topographical components of drainage
surveys. Planimetric and topographic data covering a wide area are easily and cost effectively obtained in
many geographic areas. A supplemental field survey is required to provide data in areas obscured on the
aerial photos (underwater, heavy vegetation, etc.).

5.4.2 ADOT Requirements

Instructions for hydraulic surveys are contained in the ADOT survey manual. An outline of these
requirements is presented in Appendix A of this chapter. Example of forms and check lists are provided in
Appendix B.
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5.5 Field Reviews

5.5.1 On Site Inspection

The designer shall make field reviews in order to become familiar with the site. The most complete survey
data cannot adequately depict all site conditions or substitute for personal inspection by someone experienced
in drainage design. Factors that most often need to be confirmed by field inspection are:

* selection of roughness coefficients,

* evaluation of apparent flow direction and diversions,
flow concentration,

observation of land use and related flood hazards,
geomorphic relationships,

highwater marks or profiles and related frequencies,
existing structure size and type, and

* existence of wetlands.

The field visit shall be made before final hydraulic design is undertaken. There are several criteria that shall
be established before making the field visit. Can any needed information be obtained from maps, aerial
photos, or by telephone calls? What kind of equipment should be taken, and most important, what exactly are
the critical items at this site? Photographs shall be taken. As a minimum, photos shall be taken looking
upstream and downstream from the site as well as along the contemplated highway centerline in both
directions. Details of the streambed and banks should also be photographed along with structures in the
vicinity both upstream and downstream. Close up photographs complete with a scale or grid shall be taken to
facilitate estimates of the streambed gradation.

5.5.2 Check List
Sample forms for use in identifying and cataloging field information are shown in Appendix C.

| 5.6 Data Evalu‘ation

5.6.1 Objective

Once the needed data have been collected, the next step is to compile it into a usable format. The designer
must ascertain whether the data contains inconsistencies or other unexplained anomalies which might lead to
erroneous calculations or results. The main reason for analyzing the data is to draw all of the various pieces
of collected information together and to fit them into a comprehensive and accurate representation of the
hydrologic and hydraulic characteristics of a particular site.

5.6.2 Evaluation

Experience, knowledge and judgment are important parts of data evaluation. It is in this phase that reliable
data shall be separated from that which is less reliable and historical data combined with that obtained from
measurements. The data shall be evaluated for consistency and to identify any changes from established
patterns. Reviews shall be made of such things as previous studies, old plans, etc., for types and sources of

ADOT Hydraulics Manual




Data Collection , 5-13

5.6 Data Evaluation (continued)

5.6.2 Evaluation (continued)

data, how the data were used and any indications of accuracy and reliability. Historical data shall be reviewed
to determine whether significant changes have occurred in the watershed and whether these data can be used.
Data should always be subjected to careful study by the designer for accuracy, reliability and compatibility
with the intended use.

Basic data, such as streamflow data derived from non-published sources, shall be evaluated and summarized
before use. Maps, aerial photographs, Landsat images and land use studies shall be compared with one
another and with the results of the field survey and any inconsistencies resolved. General references shall be
consulted to help define the hydrologic character of the site or region under study and to aid in the analysis
and evaluation of data.

5.6.3 Sensitivity

Often sensitivity studies can be used to evaluate data and the importance of specific data items to the final
design. Sensitivity studies consist of conducting a design with a range of values for specific data items. The
effect on the final design can then be established. This is useful in determining what specific data items have
major effects on the final design and the importance of possible data errors. Time and effort shall then be
spent on the more sensitive data items making sure these data are as accurate as possible. This does notmean
that inaccurate data are accepted for less sensitive data items, but it allows pr1or1t1zat1on of the data collection
process given a limited dollar and time allocation.

The results of this type of data evaluation shall be used so that as reliable a description as possible of the site

can be made within the allotted time and the resources committed to this effort. The effort of data collection
and evaluation shall be commensurate with the importance and extent of the project and/or facility.

5.7 References

FHWA. Hydraulic Design Series HDS-2, Hydrology. 1996.

Geographic Information Systems: An Introduction (Star and Estes, 1990),

Geographic Information Systems: A Management Perspective (Aronoff, 1990),
Geographic Information Systems — A Guide to the Technology (Antenucci, et. al., 1992)
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Appendix A - Field Visit Documentation Forms

Form 1
FIELD VISIT DOCUMENTATION FORM

DATE:
PROJECT:
BY:
STRUCTURE TYPE
SIZE OR SPAN ' PIERS: TYPE
# OF BARRELS OR SPANS
SKEW
CLEAR HT INLET
OUTLET
ABUT TYPES % GRADE OF ROAD
% GRADE OF STREAM
INLET TYPE LENGTH OF OVERFLOW
EXISTING WTWY COVER CHECK FOR DEBRIS
OVERFLOW BEGINS @ EL.
SIDE SLOPES
HEIGHT OF BANKS
- MAX AHW
REASON:

UP OR DOWNSTREAM RESTRICTION:

OUTLET CHANNEL, BASE
MANNING'S n VALUE:
TYPE OF MATERIAL IN STREAM

PONDING N
CHECK BRIDGES UPSTREAM AND DOWNSTREAM

CHECK LAND USE UPSTREAM AND DOWNSTREAM

SURVEY REQUIRED? YES NO

REMARKS:
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Appendix A - Field Visit Documentation Forms

Forni 2
HYDRAULIC FIELD VISIT DOCUMENTATION LIST

I. GENERAL PROJECT DATA

1. Project Number: 2. County:
3. Road Name:
4. Site Name: , Station M.P.
5. Site Description: () Cross drain, ( ) Irrigation, ( ) Storm Drain, ( ) Long. Encroach, ( ) Ch. Change,
() Other
6. Survey Source: () Field, () Aerial, () Other
7. Date Survey Received: R from (name)
8. Site Inspected by on
(name) (date)

II. OFFICE PREPARATION FOR INSPECTION

1. Reviewed:
Aerial Photos - () Yes, Photo #'s , () None Available
Mapping/Maps - () Yes, Map #'s , () None Available

Reports - () Yes, () No, () None Available at this time
Permanent File - () Yes, () No, () No file data found

2. Special Requirements and Problems Identified for Field Checking:

Hydrologic Boundary - obtain hydrologic channel geometry

Adverse Flood History - obtain HW Marks/dates/eye witness

Irrigation Ditch - obtain several Water Right depths

Permits Req'd - () COE, () Dam, () Coast Guard, () FEMA

Other

Adverse Channel Stability and Alignment History - Check for headcutting, bank caving, braid-
ing, increased meander activity

()  Structure Scour - check flow alignment, scour at culvert outlet or evidence of bridge scour

()  Obtain bed/bank material samples at

PN N PN N N N
N e N N N N

III. FIELD INSPECTION
(The following details obtained at the site are annotated on the Drainage Survey)
1. Survey appears correct: - ( ) Yes, ( ) Apparent errors are:
: which were resolved

by:

2. Flooding Apparent? - () No, () Yes, HW marks obtained, ( ) Yes but HW marks not obtained because
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Appendix A - Field Visit Documentation Forms

Form 2 (Continued)
HYDRAULIC FIELD VISIT DOCUMENTATION LIST (continued)

3. Do all Floods Reach Site? - () Yes, () No and details obtained, ( ) No but details not obtained because

4. Do Floodwaters Enter Irrigation Ditch ? - () N/A, () No, () Yes and details obtained, () Yes but
details not obtained because

5. Hydrologic Channel Geometry obtained? - () Yes, () No because

6. Channel Unstable? - ( ) No, () Yes because of ( ) headcutting observed and ( ) amount/location
obtained, () bank caving, () braiding, () increased meander activity, () Other

7. Structure Scour in Evidence? - () No, () Minor, ( ) Yes and () obtained bed/bank samples and ()
noted any flow alignment problems, ( )Yes and ( ) bed/bank material samples not obtained and () flow
alignment not noted because

8. Irrigation facility? - () No, () Yes and several water right related depths obtained, () Yes and No
water right related depths obtained because

9. Manning's n obtained? - () Yes, () No because

10. Property damage due to backwater? - ( ) No () Yes and elevation/property type checked, () Yes but
elevation/property type not obtained because

11. Environmental Hazards Present? - ( ) No, () Yes, details obtained, () Yes, details not obtained because

12. Ground Photos Taken? - ( ) Upstream floodplain and all property, ( ) Downstream floodplain and all
property, () Site looking from downstream, ( ) Site looking from upstream, ( ) Evidence of channel
instability, () Evidence of scour, ( ) Channel Material w/scale, () Existing structure inlet/outlet, ( ) Other

13. Effective drainage area visually verified? () Yes, ( ) No because
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Appendix B - Sources Of Data

5B-1

Principal Hydrologic Data Sources

*Meteorological Data
National Oceanic and Atmospheric Agency (NOAA)
National Climatic Data Center
37 Battery Park Avenue
Federal Building
Asheville, North Carolina 28801
(704) 271-4800 FAX (704) 271-4876
* Regional and local flood studies
« U.S. Geological Survey regional and any site studies
« Surveyed high water marks and site visits
*» Hydrology data from others:
Local Flood Control Districts

Principal Watershed Data Sources

* U.S. Geological Survey maps ("Quad" sheets)
U.S. Geological Survey
Rocky Mountain Mapping Center
Mail Stop 504
Denver Federal Center
Denver, Colorado 80225
(303) 236-5829
* EROS aerial photographs
U.S. Geological Survey
EROS Data Center
Sioux Falls, South Dakota 57198
(605) 594-6151
» U.S. Geological Survey
» State and local maps and aerial photos
» State geological maps
» Soil Conservation Service and BLM Soils Maps
* County Soils Maps

Principal Site Data Sources

» ADOT files for existing facilities
+ Field or aerial surveys from others
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Appendix B - Sources Of Data (continued)

Principal Regulatory Data Sources

» Federal floodplain delineations and studies

Federal Emergency Management Agency

Flood Map Distribution Center

6930 (A-F) San Tomas Road

Baltimore, Maryland 21227-6227

(800) 358-9616
« State floodplain delineations and studies from Local Flood Control Districts and AZ Dept. of Water
Resources.

Principal Environmental Data Sources

« U.S. Environmental Protection Agency data and studies

» U.S. Corps of Engineers data and studies

« U.S. Geological Survey water quality data

« Arizona Department of Water Resources water quality data

« Environmental statements prepared by other Federal, State and local agencies as well as private parties

Principal Demographic, Economic and Political Data Sources

« Agency files for existing facilities,

« Agency plans for proposed facilities,

« Agency field or aerial surveys, :

« Agency planning, budgeting and scope documents,

« Agency reports, memorandums, minutes and verbal communications.

Other Data Sources

For Federal agencies, the designer should begin contact with the local office.
« U.S. Bureau of Reclamation (USBR)

» Central Arizona Project (CAP)

+ U.S. Bureau of Land Management (BLM)

« U.S. Environmental Protection Agency (EPA)

+ U.S. Federal Emergency Management Agency (FEMA)
+ U.S. Fish and Wildlife Service (USFWS)

» U.S. Forest Service (USFS)

+» U.S. Soil Conservation Service (SCS)

» U.S. Corps of Engineers (COE)

» U.S. Geological Survey (USGS)

* Federal Highway Administration (FHWA)

+» National Weather Service (NWS)
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Appendix B - Sources Of Data (continued)

Other Data Sources (continued)

« National Oceanic and Atmospheric Administration (NOAA)

« Indian Natural Resource Agencies

« Salt River Project (SRP)

* Arizona Department of Environmental Quality (ADEQ)

« Arizona Department of Water Resources (ADWR)

» Arizona State Land Department (ASLD)

* Local irrigation, drainage, flood control and watershed districts
» Municipal governments

* Private citizens

* Private industry

5B-3
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6.1 Erosion and Sediment Control Guidelines

6.1.1 Background

Erosion and sedimentation are natural, geologic processes whereby soil materials are detached and trans-
ported from one location and deposited in another, primarily due to rainfall and runoff. The construction
and operation of highway facilities can result in accelerated erosion and sedimentation. This accelerated
process can result in significant impacts such as expensive maintenance problems, unsightly conditions,
instability of slopes and disruption of ecosystems. For this reason, the design process must give
consideration to minimization of erosion and sedimentation..

6.1.2 Federal Policy

As a result of the National Environmental Policy Act of 1969, much attention has been directed to the
control of erosion and sedimentation: numerous State and Federal regulations and controls governing land
disturbing activities have been developed and published. There are Federal control requirements exerted
by numerous agencies (Corps of Engineers, Environmental Protection Agency, Fish and Wildlife Service,
etc.) through their administration of various permitting requirements (Section 404, Section 402 and the
NPDES Program of the Federal Water Pollution Control Act (FWPCA), and Section 9 and 10 of the
River and Harbor Act).

6.1.3 AASHTO Policy

‘The American Association of State Highway Officials' policy for erosion and sediment control is stated in
the publication, "A Policy on Geometric Design of Highways and Streets," as follows.

"Erosion prevention is one of the major factors in design, construction and maintenance of highways. It
should be considered early in the location and design stages. Some degree of erosion control can be
incorporated into the geometric design, particularly in the cross section elements. Of course, the most
direct application of erosion control occurs in drainage design and in the writing of specifications for
landscaping and slope planting.

Erosion and maintenance are minimized largely by the use of flat side slopes, rounded and blended with
natural terrain; serrated cut slopes; drainage channels designed with due regard to width, depth, slopes,
alignment and protective treatment; inlets located and spaced with erosion control in mind; prevention of
erosion at culvert outlets; proper facilities for ground water interception; dikes, berms and other protective
devices; sedimentation devices to trap sediment at strategic locations; and protective ground covers and
planting."

Although some standardization of methods for minimizing soil erosion in highway construction is possi-
ble, guidelines for erosion control are of a general nature because of the wide variation in climate,
topography, geology, soils, vegetation, water resources and land use encountered in different projects
throughout the State.
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6.1 Erosion and Sediment Control Guidelines

6.1.4 ADOT Policy

Since highway construction may involve the disturbance of large land areas, control of erosion and
sedimentation is a major concern. The following reference is to be consulted for application of the
principles and goals presented herein. Erosion and sediment control practices can be subdivided onto
temporary and permanent. Temporary controls are those that are used during the construction phase and
are presented in the following document:

ADOT Erosion and P(.)Il'u’tion Control Manual for Highway Design and Construction

Some permanent controls are presented in Section 6.4.

6.2 Planning for Permanent Erosion And Sediment Control

6.2.1 Introduction

For a permanent erosion and sediment control program to be effective, it must be considered and
measures taken in the project planning stage. These planned measures, when conscientiously constructed,
will result in orderly development without environmental degradation. The design of erosion and
sediment control systems involves the application of common sense planning and design of actions that
will minimize the adverse impacts of soil erosion, transport and deposition.

6.2.2 Guidelines

The following basic guidelines govern the development and implementation of a sound permanent
erosion and sediment control plan.

» The elements should be planned to take advantage of the topography, soils, waterways and natural
vegetation at the site.

+ Onsite erosion control measures should be applied to reduce the gross erosion from the site.

These guidelines should be tied together in the planning process, which identifies potential erosion and

sediment control problems and control measures before construction begins.

6.2.3 Sediment Control Measures

Control measures are actions that either retard erosion or remove sediment from runoff. Measures to
retard erosion include stabilizing surface treatments, vegetation retention, sodding, mulching, and
seeding. Measures for removal of sediment include filtration buffers and sediment traps.
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6.3 Factors Influencing Erosion

6.3.1 Principal Factors

The inherent erosion potential of any area is determined by four principal factors: soil characteristics,
vegetative cover, topography, and climate. Although each of these factors is discussed separately herein,
they are interrelated in determining erosion potential.

6.3.2 Soil Characteristics

The properties of soil which influence erosion by rainfall and runoff are ones which affect the infiltration
capacity of a soil and those which affect the resistance of a soil to detachment and being carried away by
falling or flowing water. Soils containing high percentages of fine sands and silt are normally the most
erodible. As the clay and organic matter content of these soils increases, the erodibility decreases. Clays
act as a binder to soil particles, thus reducing erodibility. However, while clays have a tendency to resist
erosion, once eroded they are easily transported by water. Soils high in organic matter have a more stable
structure that improves their permeability. Such soils resist raindrop detachment and infiltrate more
rainwater. Clear, well-drained and well-graded gravels and gravel-sand mixtures are usually the least
erodible soils. Soils with high infiltration rates and permeabilities reduce the amount of runoff.

6.3.3 Vegetative Cover

Vegetative cover plays an important role in controlling erosion in the following ways:

 shields the soil surface from the impact of falling rain,

» holds soil particles in place,

» maintains the soil's capacity to absorb water,

» slows the velocity of runoff, and

» removes subsurface water between rainfalls through the process of evapotranspiration.

Limiting and staging the removal of existing vegetation and decreasing the area and duration of exposure
can significantly reduce soil erosion and sedimentation. Special consideration should be given to the
maintenance of existing vegetative cover on areas of high erosion potential such as erodible soils, steep
slopes, drainageways and the banks of streams.

6.3.4 Topography

The size, shape and slope characteristics of a watershed influence the amount and rate of runoff. As both
slope length and gradient increase, the rate of runoff increases and the potential for erosion is magnified.
Slope orientation can also be a factor in determining erosion potential.
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6.3 Factors Influencing Erosion (continued)

6.3.5 Climate

The frequency, intensity and duration of rainfall are fundamental factors in determining the amounts of
runoff produced in a given area. As both the volume and velocity of runoff increase, the capacity of
runoff to detach and transport soil particles also increases. Where storms are frequent, intense or of long
duration, erosion risks are high. Seasonal changes in temperature, as well as variations in rainfall, help to
define the high erosion risk period of the year. When precipitation falls as snow, no erosion will take
place. However, in the spring the melting snow adds to the runoff and erosion hazards are high. Because
the ground is still partially frozen, its absorptive capacity is reduced. Frozen soils are relatively erosion-
resistant. However, soils with high moisture content are subject to uplift by freezing action, and are
usually very easily eroded upon thawing.

6.4 Control Measures And Practices

6.4.1 Introduction

Following is a discussion of the commonly used permanent erosion and sediment control practices with
comments regarding application. The ADOT Erosion and Pollution Control Manual for Highway
Design and Construction shall be used for design detailing and construction guidelines regarding
temporary control measures.

6.4.2 Channel Lining

One means of reducing erosion during highway construction and operation is through the use of properly
designed linings in drainage channels. Linings may be rigid, such as Portland cement or asphaltic con-
crete, or flexible, such as vegetation or rock riprap. Flexible linings of erosion resistant vegetation and
rock riprap should be used whenever feasible. When vegetation is chosen as the permanent channel
lining, it may be established by seeding or sodding. Installation by seeding usually requires protection by
one of a variety of temporary lining materials until the vegetation becomes established.

Use Consideration

Flexible linings are generally less expensive to install than rigid linings. They permit infiltration and
exfiltration, have a natural appearance, especially after vegetation is established, and provide a filtering
media for runoff contaminants. Vegetative and rock riprap liners provide less improvement in con-
veyance over natural conditions and the resultant acceleration of flow volume and peak is less than with
rigid linings.

Flexible linings do have the disadvantage of being limited in the depth of flow that they can accommodate
without erosion occurring. As a result, the channel may provide a low capacity for a given cross-sectional
area when compared to a rigid lining. Also limited right-of-way, unavailability of rock, or the inability to
establish vegetation may preclude the use of flexible linings. In these instances, rigid linings may be the
only alternative.
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6.4 Control Measures And Practices (continued)

Design Detailing

Rigid Channel Linings - For rigid channel linings, such as concrete or soil cement, there is no maximum
permissible depth for the flow velocities normally encountered in highway drainage work, since no
erosion can occur. Thus, the maximum flow depth is based only on the freeboard requirement for the
channel. See the Bank Protection Chapter for more design detailing related to rigid channel linings

6.4.3 Outlet Protection

The outlets of pipes and structurally lined channels are points of critical erosion potential. To prevent
scour at stormwater outlets, a flow transition structure is needed which will absorb the initial impact of
the flow and reduce the flow velocity to a level that will not erode the receiving channel or area.

For low flows and low velocities, the most commonly used device for absorption of the impact of flow is
ariprap apron. They are constructed at a zero grade for a distance that is related to the outlet flow rate
and the tailwater level. See the ADOT Erosion and Pollution Control Manual for additional information.
Where the flow force is excessive, structural energy dissipators can be used. See Chapter 11, Energy
Dissipator for additional information regarding energy dissipators.

Design Detailing

Permissible velocity guidelines for grass and earth-lined channels are presented in Chapter 7, Channels
for aid in the determination of outlet protection needs.
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6.5 Erosion Sedimént Control Plan

6.5.1 Control Plan

Depending on the amount of land disturbance that a project will impact, a formal storm water pollution
prevention plan (SWPPP) may be required. The ADOT Erosion and Pollution Control Manual for
Highway Design and Construction shall be consulted for development of the SWPPP. As stated in the
above referenced manual “The plan is to identify potential sources of pollution and describe practices that
will be implemented to reduce erosion, minimize sedimentation and eliminate non-storm water pollutants
for the site.” This plan is to be prepared by a Registered Landscape Architect. The drainage designer may
need to assist the SWPPP preparer with the collection of hydrologic and hydraulic data. The designer
should inspect the site to verify natural drainage patterns, drainage areas, general soil characteristics and
off-site factors.

The base data should reflect such characteristics as:

land slopes,

natural drainage patterns,

unstable stream reaches and flood marks,

watershed areas,

existing vegetation (noting special vegetative associations),

critical areas such as steep slopes, eroding areas, rock outcroppings and seepage zones,
unique or noteworthy landscape values to protect,

adjacent land uses — especially areas sensitive to sedimentation or flooding, and
critical or highly erodible soils that should be left undisturbed.
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7.1 Introduction

7.1.1 Purpose

This chapter provides a discussion of the hydraulic behavior of channels. Guidance in the analysis and
design of channels is provided through:

presentation of the appropriate ADOT policy, philosophy and design criteria,
discussion of geomorphic factors that affect channel behavior,

presentation of an outlined design procedure,

discussion of analysis of channels by computer programs such as HEC-RAS, and
demonstration of design techniques by example problems.

7.1.2 Objectives in hydraulic design of channels.

An objective in the hydraulic design of channels is to provide a means to convey concentrated flows in
a controlled manner with acceptable impacts to the environment. The objective in performing a
hydraulic design or analysis of a channel is to assess:

the hydraulic forces and predict the future behavior of streams and channels,
impacts caused by changes in water surface profiles,

impacts caused by changes in lateral flow distributions,

impacts caused by changes in velocity or direction of flow,

need for and value of channel linings for the control of erosion.

7.1.3 Concepts

Open channels are a natural or man-made conveyance for water in which:

« the water surface is exposed to the atmosphere, and
 the gravity force component in the direction of motion is the driving force.

There are various types of open channels encountered by the designer of transportation facilities:

stream channel,

roadside channel or ditch,
irrigation channel,
drainage ditch, and
culvert in low flow.
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7.1 Introduction (continued)

7.1.3 Concepts (continued)

Stream channels are:

o usually natural channels with their size and shape determined by natural forces,

¢ usually compound in cross section with a main channel for conveying low flows and a floodplain
to transport flood flows, and

o usually shaped geomorphologically by the long-term history of sediment load and water discharge
that they experience.

Artificial channels include roadside channels, irrigation channels and drainage ditches that are:
e man-made channels with regular geometric cross sections, and
o unlined, or lined with artificial or natural material to protect against erosion.

While the principles of open channel flow are the same regardless of the channel type, stream channels
and artificial channels (primarily roadside channels) will be treated separately in this chapter as needed.
The term roadside channel or ditch is used for those elements that collect and convey surface or sheet
flow of storm water runoff from the highway and adjacent lands. Stream channel is used for elements
that convey concentrated stream flows. Usually the alignment and profile of roadside channels and
ditches is governed by the highway cross-section description. Relocated stream channels usually have
an alignment independent of the roadway.

7.1.4 Design Goals and Considerations

7.1.4.1 ADOT Design Goals

Hydraulic design associated with natural channels and roadway ditches is a process that identifies and
evaluates alternatives according to established criteria.

The range of design channel discharges shall be selected based on class of roadway, consequences of
traffic interruption, flood hazard risks, economics, and local site conditions.

s Safety of the general public shall be an important consideration in the selection of cross-sectional
geometry of artificial drainage channels.
A stable channel is the goal for all man-made channels.

o Environmental impacts of channel modifications, including disturbance of habitat, wetlands, and
streambank stability shall be assessed.

e The design of man-made drainage channels shall consider the frequency and type of maintenance
expected and provide for access of maintenance equipment.

¢ Changes in water surfaces shall not significantly increase flood damage to property,
Changes in velocity should not significantly alter the channel behavior nor significantly increase
damage to adjacent property.
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7.1 Introduction (continued)

7.1.4.2 Design Criteria

7.1.4.2.1 General

The following criteria apply to the design of hydraulic structures in natural or roadside channels and
may be altered as appropriate when approved by the Drainage Section.

o As necessary, the hydraulic effects of flood plain encroachments should be evaluated for a peak
discharge of the 100-year recurrence interval on any highway facility. Other discharges may need
to be reviewed for a full understanding of the impact of the facility on the stream and surrounding
environment.

o The effects of changes such as channel realignment, slope modification, section modification, and
conveyance alteration must be adequately analyzed. Adverse effects such as bend and bank
instability evaluated for possible mitigation requirements.

o If relocation of a stream channel is unavoidable, the cross-sectional shape, meander pattern,
roughness, sediment transport, and slope should, in so far as practicable, conform to the existing
conditions. Some means of energy dissipation may be necessary when existing conditions cannot
be duplicated. :

o  Where overtopping would permit storm water to breakout of ADOT right-of-way, the minimum
freeboard shall be 1-foot. '

For channels with flows having Froude Numbers equal to or greater than 0.86, the
minimum freeboard should be the larger of 1-foot or the value

F= 0.20*(y+v2/2g)
where:
F = desired freeboard (1 ft minimum), ft;
y = depth of flow, ft;
v =mean velocity, ft/s;
g = acceleration due to gravity, 32.2 ft/secZ.

For leveed channels where the water surface elevation is higher than natural ground,
provide an additional 1-foot of freeboard to accommodate surface irregularities and
alignment adjustments.
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7.1 Introduction (continued)

7.1.4.2 Design Criteria (continued)

o In earthen channels, side slopes shall be flatter than the angle of repose of the soil and/or lining and
shall be 2:1 or flatter in the case of rock-riprap lining.

« Streambank stabilization shall be provided, when appropriate, as a result of any stream disturbance
such as encroachment and shall extend to include both upstream and downstream banks as well as
the local site.

» Flexible linings shall be designed according to the method of allowable tractive force.

+ The design discharge for channel linings shall be based on the hazard associated with the failure of
lining. For lining that protects the highway embankment from erosion, the design frequency shall
be not less that the operational frequency of the highway. Where the failure of roadside channels
would increase the flood hazard of adjacent properties the channel shall safely convey the 100-year
event within the ADOT r/w. The minimum design discharge for permanent roadside ditch linings
shall be a 10-year frequency while temporary linings may be a 2-year frequency flow.
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7.2 Stream Morphology

7.2.1 Introduction

~

The form assumed by a natural stream, which includes its cross-sectional shape as well as its planform,
is a function of many variables for which cause-and-effect relationships are difficult to establish. The
natural stream channel will assume a geomorphological form that will be compatible with the sediment
load and discharge history that it has experienced over time. The stream may be graded or in
equilibrium with respect to long time periods, which means that on the average it discharges the same
amount of sediment that it receives although there may be short-term adjustments in its bedforms in
response to flood flows. On the other hand, the stream reach of interest may be aggrading or degrading
as a result of deposition or scour in the reach, respectively. The planform of the stream may be straight,
braided, or meandering.

To the extent that a highway structure disturbs this delicate balance by encroaching on the natural
channel, the consequences of flooding, erosion, and deposition can be significant and widespread. The
hydraulic analysis of a proposed highway structure should include a consideration of the extent of these
consequences.

These complexities of stream morphology can be assessed by inspecting aerial photographs and
topographic maps for changes in slope, width, depth, meander form, and bank erosion with time. A
qualitative assessment of the river response to proposed changes is possible through a thorough
knowledge of river mechanics and accumulation of engineering experience. Equilibrium sediment load
calculations can be made by a variety of techniques and compared from reach to reach to detect an
imbalance in sediment inflow and outflow and thus identify an aggradation/degradation problem.
References (FHWA, 1990) should be consulted to evaluate the problem and propose mitigation mea-
sures. The proposed methodology should be approved before beginning any in-depth study of a site.
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7.2 Stream Morphology (continued)

7.2.2 Levels Of Assessment

The analysis and design of a stream channel will usually require an assessment of the existing channel
and the potential for problems as a result of the proposed action. The detail of studies necessary should
be commensurate with the risk associated with the action and with the environmental sensitivity of the
stream. Observation of the existing stream is the best means of identifying potential locations for
channel bank erosion and subsequent channel stabilization. Analytical methods for the evaluation of
channel stability can be classified as either hydraulic or geomorphic, and it is important to recognize
that these analytical tools should only be used to substantiate the erosion potential indicated through
observation. Brief descriptions of the three levels of assessment are as follows:

Level 1

Qualitative assessment involving the application of geomorphic concepts to identify potential problems
and alternative solutions. Data needed may include historic information, current site conditions, aerial
photographs, old maps and survey notes, bridge design files, maintenance records, and interviews with
long-time residents.

Level 2

Quantitative analysis combined with a more detailed qualitative assessment of geomorphic factors
generally includes water surface profile and scour calculations. This level of analysis will be adequate
for most locations if the problems are resolved and relationships between different factors affecting
stability are adequately explained. Data needs will include Level 1 data in addition to the information
- needed to establish the hydrology and hydraulics of the stream.

Level 3

Complex quantitative analysis based on detailed mathematical modeling and possibly physical
hydraulic modeling. These methods are necessary only for high-risk locations, extraordinarily complex
problems, and possibly after the fact analysis where losses and liability costs are high. This level of
analysis may require professionals experienced with mathematical modeling techniques for sediment
routing and/or physical modeling. Data needed will require Level 1 and 2 data as well as field data on
bed load and suspended load transport rates and properties of bed and bank materials such as size,
shape, gradation, fall velocity, cohesion, density, and angle of repose.

7.2.3 Factors That Affect Stream Stability

An alluvial stream is continually changing its position and slope as a consequence of hydraulic factors
acting on its bed and banks. These changes may be slow or rapid and may result from natural
environmental changes or man's activity.
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7.2 Stream Morphology (continued)

7.2.3 Factors That Affect Stream Stabiliﬁr (continued)

A study of the plan and profile is useful in understanding stream morphology. Factors that affect the
stream shape and stability and, potentially, bridge and highway stability at stream crossings, can be
classified as geomorphic factors and hydraulic factors.

Geomorphic Factors:

* Size * Natural levees * Sinuosity

* Flow habit * Apparent incision * Degree of braiding

* Bed material * Channel boundaries * Degree of anabranching
* Valley setting * Cut banks ' » Width variability

* Flood plains * Tree cover on banks * Bar development

Figure 7-1 depicts examples of the various geomorphic factors.

Hydraulic Factors.
*» Magnitude, frequency and duration of floods.
* Bed configuration: ripples, dunes, plane bed, antidunes
* Resistance to flow: Manning’ n
» Water surface profiles.

Figure 7-2 depicts the changes in channel classification and4re1ative stability as related to hydraulic
factors.

Rapid and unexpected changes may occur in streams in response to man's activities in the watershed.
Changes in perviousness can alter the hydrology of a stream, sediment yield, and channel geometry.
Channelization, stream channel straightening, stream levees and dikes, bridges and culverts, reservoirs,
and changes in land use can have major effects on stream flow, sediment transport, and channel
geometry and location. Knowing that man's activities can influence stream stability can help the
designer anticipate some of the problems that can occur. Natural disturbances such as floods, drought,
earthquakes, landslides, volcanoes, and forest fires can also cause large changes in sediment load and
thus major changes in the stream channel. Although difficult to plan for such disturbances, it is
important to recognize that when natural disturbances do occur, it is likely that changes will also occur
to the stream channel.
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7.2 Stream Morphology (continued)
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Figure 7-1 Geomorphié Factors That Affect Stream Stability

Source: Adapted From Brice and Blodgett, 1978
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7.2 Stream Morphology (continued)
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Figure 7-2 Channel Classification And Relative Stability As Hydraulic Factors Are Varied
Source: - Atter, Shen et al., 1981
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7.2 Stream Morphology (continued)

7.2.4 Stream Classification

David L. Rosgen (Rosgen, 1994 and 1996) developed a stream classification system that is a widely
accepted method for classifying streams. This system may be of use in determining the sensitivity of a
site to lateral migration, and change rates. This information may be used to address the scour
susceptibility of foundation elements located outside the floodplain. Aa, A, and B-type streams will not
normally be very active in lateral migration. Foundation elements that are outside the floodplain may
be able to be constructed at elevations shallower than the thalweg of the stream. This will require
approval of the Drainage Section. D, F, and G-type streams will usually be very active in lateral
migration and bank instability: they will need to have the foundation elements be designed with the
possibility of being exposed to the main-channel flow at some time in the future.

Rosgen’s stream classification system is delineated initially into major, broad, stream categories of A —
G as shown in Table 7-1. At this level, which Rosgen refers to as level I, the classification system uses
the entrenchment ratio, sinuosity, width/depth ratio, and the channel slope as the delineative criteria for
classifying a river. The entrenchment ratio is the ratio of the width of the flood-prone area to the
bankfull surface width of the channel. The flood-prone area is defined as the width measured at an
elevation that is determined at twice the maximum bankfull depth. The width/depth ratio is the ratio of
bankfull channel width to bankfull mean depth. The bankfull mean depth is the bankfull area divided
by the bankfull channel width. Sinuosity is the ratio of stream length to valley length and it can also be
described as the ratio of valley slope to channel slope. Slope is the water surface slope and can be
determined by measuring the difference in water surface elevation per unit stream length. At the broad
level classification the slope can be estimated from USGS quadrangle maps.

The broad level classifications are then broken into sub-classes based on the dominant bed material.
The stream types are assigned numbers related to the size of the dominant bed material such that 1 is
bedrock, 2 is boulder, 3 is cobble, 4 is gravel, 5 is sand, and 6 is silt/clay. This produces 41 major
stream types as shown in Table 7-2. Rosgen’s classification system also incorporates a continuum
concept. The continuum concept is applied where delineative criteria values outside the normal range
are encountered but do not warrant a unique stream type. This yields the following sub-categories
based on slope: a+ (steeper than 0.10), a (0.04 — 0.099), b (0.02 — 0.039), ¢ (flatter than 0.02), and c-
(flatter than 0.001). The continuum concept also allows the entrenchment ratio and sinuosity to vary by
+0.2 unit and sinuosity can vary by +2.0 units. The expanded classification system that incorporates the
continuum concept is shown in Table 7-3. Rosgen refers to the classifications shown in Tables 7-2 and
7-3 as level II1.
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Stream  General Description Entrenchment W/ Stnuosity

Twpe i ———— . Ratio . Ratio

Landform/Soils/Features

Very steep. deeply entrenched, debris transport

Very high relief. Erosional, bedrock or depositional features;

Aat <l.4 <12 1.0-1.1 >0.10
streams. debris flow potential. Deeply entrenched streams. Vertical

steps with deep scour pools; waterfalls.

A Steep, entrenched. cascading, step/pool streams. <1.4 <12 1.0-1.2 0.04-0.10 High relief. Erosional or depositional and bedrock forms.
High energy/debris transport associated with Entrenched and confined streams with cascading reaches.
depositional soils. Very stable if bedrock or boulder Frequently spaced, deep pools in associated step/pool bed
dominated channel morphology.

B Moderately entrenched. moderate gradient, riffle 1.4-22 >12 >1.2 0.02-0.039 Moderate relief, colluvial deposition and/or residual soils.
dominated channel with infrequently spaced pools. Moderate entrenchment and width/depth ratio. Narrow, gently
Very stable plan and profile. Stable banks. sloping valleys. Rapids predominate with occasional pools.

C Low gradient, meandering, point-bar, riffle/pool, >2.2 >12 >1.4 <0.02 Broad valleys with terraces in association with floodplains,
alluvial channels with broad well defined alluvial soils. Slightly entrenched with well-defined
floodplains meandering channels. Riffle/pool bed morphology.

D Braided channel with longitudinal and transverse n/a >40 N/a <0.04 Broad valleys with alluvial and colluvial fans. Glacial debris
bars. Very wide channel with eroding banks. and depositional features. Active lateral adjustment with

abundance of sediment supply.

DA Anastomosing (multiple channels) narrow and deep  >2.2 Highly Highly <0.005 Broad. low gradient valleys with fine alluvium and/or
with expansive well vegetated floodplain and variable variable lacustrine soils. Anastomosed geologic control creating fine
associated wetlands. Very gentle relief with highly deposition with well-vegetated bars that are laterally stable
variable sinuosities. Stable streambanks. with broad wetland floodplains.

E Low gradient, meandering riffle/pool stream with >2.2 <l2 >1.5 <0.02 Broad valley/meadows. Alluvial materials with floodplain.
low width/depth ratio and little deposition. Very Highly sinuous with stable, well vegetated banks. Riffle/pool
efficient and stable. High meander width ratios. morphology with very low width/depth ratio.

F Entrenched meandering riffle/pool channel on low <I1.4 ]2 >1.4 <0.02 Entrenched in highly weathered material. Gentle gradients with
gradients with high width/depth ratio. a high width/depth ratio. Meandering, laterally unstable with

high bank-erosion rates. Riffle/pool morphology.

G Entrenched “gully” step/pool and low width/depth <1.4 <12 >1.2 0.02-0.039 Gully, step/pool morphology with moderate slopes and low

ratio on moderate gradients.

width/depth ratio. Narrow valleys or deeply incised in alluvial
or colluvial materials; i.e.. fans or deltas. Unstable with grade
control problems and high bank erosion rates.

Table 7-1 Summary of Delineative Criteria for Broad-Level Classification
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Rosgen’s River Classification

_ | Bedrock Ala+t Al Bl Cl Fl Gl
£l Boulder A2a+ A2 B2 &, F2 G2
= Cobble A3at+ A3 B3 C3 D3 E3 F3 G3
E Gravel Adat A4 B4 C4 D4 DA4 E4 F4 G4
,;“5 Sand ASat+ AS B5 C5 D5 DAS E5 F5 G5
Silt/Clay Aba+t A6 B6 C6 D6 DA6 E6 F6 G6
Entrenchment <14 <l.4 14-2.2 >2.2 N/A >4.0 >2.2 <14 <14

-E’ Sinuosity 1.0 -1.1 1.0-1.2 >1.2 >1.2 N/A Variable >1.5 >1.2 >1.2
2| Width/Depth <12 <12 >12 >12 >40 <40 <12 >12 <12

© Slope >0.10 0.04 - 0.02 - <0.02 <0.04 <0.005 <0.02 <0.02 0.02 -

0.099 0.039 0.039

Table 7-2 Rosgen’s River Classification System
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Single Thread Channels Multiple Channels
Entrenchment Entrenched Moderately Entrenched Slightly Entrenched N/A
Ratio' (<1.4) (14-22) (>2.2)
Width/Depth Low Moderate -High Moderate Very Low Moderate — High Very High Low
Ratio’ (<12) (>12) (>12) (<12) (>12) (>40) (<40)
Sinuosity’ Low (<1.2) Moderate High Moderate Very High High Low Low -
(>1.2) >12) >12) (>1.5) >1.2) (<1.2) High
(1.2-
1.5)
Broad Class A G F B E C D DA
0.04 0.02 0.02 0.04 0.02 0.02 0.02 0.001 less 0.02 0.001 less less
Slope Range >0.10 to to <0.02 to <0.02 to to <0.02 to <0.02 to to than to to than than
0.099 0.039 0.039 0.099 0.039 0.039 0.039 0.02 0.001 0.039 0.02 0.001 0.005
C Bedrock Alat Al Gl Gle Flb Fl Bla Bl Blc Clb Cl Cle-
H
A
N Boulders A2at+ | A2 G2 G2c F2b F2 B2a B2 B2c C2b €2 C2c-
N
E Cobbles A3a+ A3 G3 G3c F3b F3 B3a B3 B3c E3b E3 C3b C3 C3c- D3b D3
M Gravel Adat A4 G4 Géc F4b F4 B4a B4 B4c E4b E4 C4b C4 Céc- D4b D4 D4c- DA4
A
T
E Sand ASat+ | A5 G5 G5c F5b F5 B5a B5 B5c ESb E5 C5b C5 C5c- D5b D5 D5c- DAS5
R
I
é Silt/Clay AGat A6 G6 Go6e F6b F6 Bo6a B6 Boéc E6b E6 C6b Co Cobe- DG6b D6 Doc- DA6
- 2 :
'"Values can vary by +0.2 unit Values can vary by +2.0 unit
Table 7-3 Rosgen’s Stream Classification System
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7.3 Alluvial Streams

7.3.1 Classification

The purpose of the stream classification system is to assist the users in assessing stream stability and
in choosing the appropriate sediment transport equation. The methods utilized are predicated on bed
material sediment size and stream channel slope. Stream morphology and related channel patterns are
directly influenced by the width, depth, velocity, discharge, slope, and roughness of channel material,
sediment load and sediment size. Changes in any of these variables can result in altered channel
patterns. As stream morphology is a result of these mutually adjustable variables, those most directly
measurable were incorporated into Rosgen's criteria for stream classification. Stream channel
patterns are classified based upon bed material size, channel gradients, and channel entrenchment and
confinement.

7.3.1.1 Stream types

There are many properties by which streams may be classified into categories. 14 categories have
been identified, see page 7-9, these categories are combined in groupings that represent a
characteristic association of properties. A reason for using these classifications is to facilitate the
assessment of the stream for engineering purposes, with particular regard to lateral stability.

The benefit is based on two premises: (1.) that lateral stability, as well as several other aspects of
stream behavior is reflected in the physical appearance of the stream and its channel, and (2.) the best
guide to the behavior of a stream is its behavior during the immediate past.

NOTES ON STREAM TYPES:
Five alluvial stream types have been identified.

These are TYPE A: Equiwidth, point-bar system
TYPE B: Wide bend, point-bar system
TYPE C: Braided, Point-bar system
TYPE D: Braided stream, without point bars.
TYPE E: Anabranched streams

Characteristics and engineering significance is presented in the next paragraphs.
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7.3 Alluvial Streams (continued)

7.3.1 Classification (continued)

TYPE A: Equiwidth, point-bar system

The main characteristic is that it has point bars, with lateral bars being rare. It is not braided, and it
may have any degree of sinuosity.

Engineering significance--It is the most stable of all stream types, meanders may gradually migrate.
Rate of bed load transport is probably small in relation to suspended load.

TYPE B: Wide bend, point-bar system

In addition to many point bars, it may have a few lateral bars and be locally braided. Markings of
point bars, if visible, will tend to be concentric. The stream may have any degree of sinuosity.
Meanders may be of the neck or chute type.

Engineering significance--this type of stream may have straight reaches that are stable for decades;
however, there is a potential for high rates of lateral migration at bends. There is substantial transport
of bed material, either sand or gravel.

TYPE C: Braided, Point-bar system

This stream will have a mix of bars; point bars, lateral bars and mid-channel bars. The bars may be of
sand, gravel or cobbles. It is locally or generally braided, but has a continuous thalweg. The thalweg
may be either sinuous or meandering, may be fairly stable or shift dramatically during floods. The
making of point bars tends to be irregular and not concentric. There may be variability in stream
width. The main channel may be sinuous, but less than the thalweg.

Engineering significance--This type of stream has the potential for a very high rate of lateral erosion.
Rapid movement of the thalweg or chute cutoffs of bends may occur and result in alignment
problems. Potentially deep scour may occur at the thalweg, particularly if the bed is silt or sand. The
transport of bed load (sand, gravel, or cobbles) probably exceeds the transport of suspended load.

TYPE D: Braided stream, without point bars.

This type of stream has no point bars at banks in the main channel. It will have many mid-channel
and lateral bars, the flow may be completely divided. There will be scattered small islands, or islands
more numerous than bars. There is usually random variation in the stream width.

Engineering significance--The channel tends to be wide and shallow, requires a long bridge confined
by suitable countermeasures. The lateral erosion rates are low to moderate, but the point of erosion is
not predictable. The braids shift at each high flow, and unexpected depths of scour may occur where
braids join to form a deep channel. The load is transported mainly as bed load, either sand, gravel, or
cobbles.
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7.3 Alluvial Streams (continued)

7.3.1 Classification (continued)

TYPE E: Anabranched streams

The flow is distinctly divided into channels separated by large islands, which are usually covered with
permanent vegetation. Anabranches are likely to be locally braided. Point bars are likely at bends in
anabranches. The stream, as well as individual anabranches, may be straight, sinuous, or meandering.

Engineering significance--A long bridge is required unless the stream is crossed at a local point where
it is not anabranched. If multiple structures are used, the percent of total flow at each bridge may not
be predictable. The stability of each anabranch on streams differs greatly, and should be assessed as
though an anabranch were an individual stream.

7.3.1.2 Stream Alignment

Streams may be further classed by considering their alignment. Whether it is straight, meandering, or
braided. In general, braided rivers are relatively steep and meandering rivers have more gentle slopes.
Meandering rivers are not subject to rapid movement and are reasonably predictable in behavior.
Nevertheless they are generally unstable with eroding banks.

The Meandering stream:

A meandering stream consists of pools and crossings. The thalweg, or main current of the channel,
flows from the pool through the crossings to the next pool forming the typical s-curve. In pools, the
channel cross-section is somewhat triangular. Point bars form on the inside of the bends. In the
crossings, the channel cross-section is more rectangular and depths are smaller. At low flows the local
slope is steeper and velocities are larger in the crossing than in the pool. At low stages the thalweg is
located very close to the outside of the bend.

At higher stages, the thalweg tends to straighten. More specifically, the thalweg moves away from
the outside of the bend encroaching on the point bar to some degree. In general, the process of erosion
and deposition forms bends. As a meandering stream moves laterally and longitudinally the meander
loops move at unequal rates because of the unequal erodability of the banks. The channel geometry
depends on the local slope, the bend material, and the geometry of the adjacent bends.
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7.3 Alluvial Streams (continued)

7.3.1 Classification (continued)

The Meandering Stream: (continued)

A meandering river has more or less regular inflections that are sinuous in plan. It consists of a series
of bends connected by crossings. In the bends, deep pools are carved adjacent to the concave banks
by the relatively high velocities. On the inside of the bends, as velocities are lower, sediments are
deposited, forming the point bar. Much of the sediment eroded from the outside bank is deposited in
the crossing and on the point bar in the next bend downstream. The crossings are short, straight
reaches which connect the bends; they are quite shallow compared to the pools in the bendways.

The geometry of meandering rivers is quantitatively measured in terms of (1) meander wavelength, 1;
(2) meander width, Wm; (3) mean radius of curvature, Rc; (4) mean amplitude, a; and (5) bend
deflection angle.

The Braided Stream:

A braided stream is one that consists of multiple and interlacing channels. One cause of braiding is
the large quantity of bed load the stream is unable to transport. Another cause of braiding is easily
eroded banks. The braided stream presents difficulties because it is unstable, changes alignment
rapidly, carries large quantities of sediment, is very wide and shallow even at flood flows and is, in
general, unpredictable.

The excess bed load results in braiding when the channel is overloaded with sediment, deposition
occurs, the bed aggrades, and the slope of the channel increases in an effort to obtain a graded state.
As the channel steepens, the velocity increases, and multiple channels develop. These interlaced
multiple channels cause the overall channel system to widen. The multiple channels result as bars of
sediment are deposited within the main channel.

Erodible banks contribute to braiding as a response to changing flows, the stream widens at high
flows and forms bars at low flow which become stabilized, forming islands. In general, a braided
channel has a large slope, a large-bed material load in comparison with its suspended load, and
relatively small amounts of silts and clays in the bed and banks.
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7.3 Alluvial Streams (continued)

7.3.2 Stream Response To Change

The major complicating factors in river mechanics are: 1) the large number of interrelated variables
that can simultaneously respond to natural or imposed changes in a stream system; and 2) the
continual evolution of stream channel patterns, channel geometry, bars, and forms of bed roughness
with changing water and sediment discharge. In order to better understand the responses of a stream
to the actions of man and nature, a few simple hydraulic and geomorphic concepts are presented
herein.

Hydraulic geometry is a general term applied to alluvial channels to denote relationships between
discharge, Q, and the channel morphology, hydrology, and sediment transport. In alluvial channels,
the morphologic, hydraulic and sedimentation characteristics of the channel are determined by a large
variety of factors. The mechanics of such factors are not fully understood; however, alluvial streams
do exhibit some quantitative hydraulic geometry relations. The hydraulic geometry relations express
the integral effects of all the hydrologic, meteorological and geologic variables in a drainage basin.

In general, the hydraulic geometry relations are stated as power functions of the discharge. The
dependent variables identified are the channel width, W; the channel depth, Yo; the average velocity,
v; the total bed sediment load, Qt; the average friction slope, Sf; and the average Manning's roughness
coefficient, n.

At a given cross-section, width, depth and velocity increase systematically with discharge. A base
condition is established by the dominant discharge, usually a flow of 1.5 to 2.33 years frequency. The
geologic character of the region through which the channel runs initially establishes the longitudinal
slope of a channel.

The initial slope is modified to a greater or lesser extent by a stream, or by is ancestral streams. The
dependence of stream form on slope, which may be imposed independently of other stream
characteristics, is illustrated schematically in Figure 7-3.

Any natural or artificial change that alters channel slope can result in modifications to the existing
stream pattern. For example, a cutoff of a meander loop decreases channel sinuosity and increases
channel slope. Referring to Figure 7-3, this shift in the plotting position to the right could result in a
shift from a relatively tranquil, meandering pattern toward a braided pattern that varies rapidly with
time, has high velocities, is subdivided by sandbars, and carries relatively large quantities of
sediment. Conversely, it is possible that a slight decrease in slope could change an unstable braided
stream into a meandering one.
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7.3 Alluvial Streams (continued)

7.3.2 Stream Response To Change (continued)

The different channel dimensions, shapes, and patterns associated with different quantities of
discharge and amounts of sediment load indicate that as these independent variables change, major
adjustments of channel morphology can be anticipated. Further, a change in hydrology may cause
changes in stream sinuosity, meander wavelength, and channel width and depth. A long period of
channel instability with considerable bank erosion and lateral shifting of the channel may be required
for the stream to compensate for the hydrologic change.

Stream Stability Problems:

For engineering purposes, an unstable channel is one whose rate or magnitude of change is great
enough to be a significant factor in the planning or maintenance of a highway crossing during the
service life of the structure. The kinds of changes considered are (1.) lateral bank erosion, (2.)
degradation or aggradation of the stream bed that continues progressively over a period of years; and
(3.) natural short-term fluctuations of streambed elevations that are usually associated with the
passage of a flood (scour and fill).

Stability is inferred mainly from the nature of point bars, the presence or absence of cut banks, and
the variability of stream width.

Bank Stability

On a laterally unstable channel, or at actively migrating bends on an otherwise stable channel, the
point bars are usually wide and unvegetated and the bank opposite to a point is cut and often
scalloped by erosion. The crescentic scars of slumping may be visible from place to place along the
bank line. The presence of a cut bank opposite to point bar is evidence of instability, even if the point
bar is vegetated.

Along an unstable channel, bank erosion tends to be localized at bends, and straight reaches tend to
be relatively stable. However, meandering of the thalweg in a straight reach is likely to be a
precursor of instability. Bars that occur alternately from one side to the other of a straight reach are
somewhat analogous to point bars and are indicative of a meandering thalweg.

Bank Erosion Rates: Although it is theoretically possible to determine bank erosion rates from
factors such as water velocity and resistance of the banks to erosion, practical and accurate means of
making such determination are still deficient. Past rates of erosion at a particular site provide the best
estimate of future rates. In projecting past rates into the future, consideration must be given to the
following factors: (1.) the past flow history of the site during the life of the highway crossing. The
duration of floods, or of flows near bankfull stages, is probably more important that the magnitude of
floods; and (2.) man-induced factors that are likely to affect bank erosion rates. Among the most
important of these are urbanization and the clearing of flood plain forests.
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7.3 Alluvial Streams (continued)

7.3.2 Stream Response To Change (continued)

Behavior of meander loops

While no two meanders will behave in exactly the same way, meanders on a particular stream reach
will tend to conform to one of several modes of behavior. The modes are of

A. extension B. translation
C. rotation D. conversion to a compound loop
E. neck cutoff by a closure F. diagonal cutoff by a chute

G. neck cutoff by a chute

Mode A represents the typical development of a loop of low amplitude, which decreases in radius as
it extends slightly in a downstream direction. Mode B rarely occurs unless meanders are confined by
valley sides on a narrow flood plain, or are confined by artificial levees.

Mode C is a pattern typically followed by well-developed meanders on streams that have unstable
banks. Mode E also applies to loops on meandering or highly meandering streams, usually of the
equiwidth point-bar type. The banks have been sufficiently stable for an elongated loop to form
(without being cutoff), but the neck of the loop gradually being closed and cutoff will eventually
occur at the neck.

Modes F and G apply mainly to locally braided sinuous or meandering streams having unstable
banks. Loops are cutoff by chutes that break diagonally or directly across the neck.

Effect of meander cutoff

The cutoff of a meander will cause a local increase in channel slope, which results in an increase in
the growth rate of adjoining meanders, and an increase in channel width at the point of cutoff. On a
typical wide-bend point-bar stream the effects of cutoff do not extend very far upstream or
downstream.
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7.3 Alluvial Streams (continued)

7.3.2 Stream Response To Change (continued)

Assessment of degradation.

Annual rates of degradation averaged from past records such as the closure of a dam give poor
estimates of future rates of degradation. Typical situations exhibit an exponential decay function of
the rate of channel degradation.

Indicators of degradation are listed in approximate order of reliability:
1. channel scarps, headcuts, and nickpoints

. gullying of minor side tributaries

. high and steep unvegetated banks

. measurements of streambed elevation

. changes in stream discharge relationships

. measurement of longitudinal profile

AN D AW

Trends in response to change.

Figure 7-4 illustrates the dependence of river form on channel slope and discharge. It shows that
when SQI’4 <.0017 in a sandbed channel, the stream will meander. Similarly, when SQ" = .010, the
stream is braided.

In these equations, S is the channel slope in feet-per-foot and Q is the mean discharge in cfs.
Between these values of SQ'* is the transitional range.

Many U.S. rivers plot in this zone between the limiting curves defining meandering and braided
streams. If a stream is meandering but its discharge and slope border on a boundary of the
transitional zone, a relatively small increase in channel slope may cause it to change, in time, to a
transitional or braided stream.
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. 7.3 Alluvial Streams (continued)
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Figure 7-3 Sinuosity versus Slope with Constant Discharge
Source: After, Richardson et al., 1988

0.005 -
*... Braided
0002 | e S
Tranm”“ .
0001 | e
£ 00005 [——re
g 00008 —__
= A
T ]
(% R Meandering
00001 F R —
0.000 05 [ '
0.000 02
000001 L L1111 1 (I T | L L1111 B IR 1 L1110
1 10 100 1 000 10 000 100 000
Discharge (m?s)
e Lane Q%% =0.000 70
— Lane SQ°%% =0.0041
- Leopold & Wolman $Q%** =0.0125
Figure 7-4 Slope-Discharge For Braiding Or Meandering Bed Streams
. Source: After, Lane, 1957

ADOT Hydraulics Manual




Channels 7-25

7.3 Alluvial Streams (continued)

7.3.2 Stream Response To Change (continued)

The resistance of banks to erosion, an important factor in stream morphology, depends on properties
of the bank material and on the vegetal cover. The sediment load carried by the stream is inter-active
with the longitudinal slope and the erosion resistance of the bed and bank material. The interaction
often is demonstrated by the channel plan form. If a stream lacks sufficient slope to transport the
material being supplied it from the drainage basin, the channel will fill until sufficient slope is
attained. Attainment of the requisite slope may be accompanied by a change in plan form from
sinuous to a braided pattern.

Streams having non-resistant banks, composed mainly of sand and lacking dense vegetal cover, are
usually braided and have wide shallow cross-sections. Streams with banks that are resistant because
of high clay content or dense vegetal cover often are meandering streams of nearly uniform width and
deep, narrow cross-section.

Table 7-5 Qualitative response of alluvial channels

Variable Change Effect on
in Regime River Resistance | Energy | Stability | Area | Stage
Variable | of Flow Form to flow Slope of
channel

Discharge ok + M-->B +/- - - + -

- - B-->M +/- + + = +

Bed Material + - M-->B + + +/- + +

Size - + B-->M - - +/- - -

Bed Load o + B-->M - - + - -

- - M-->B + i - + +

Wash load + + - - +/- - -

= = + + +/- + +

Viscosity + - - +/- - -

- = + + +/- + +

Seepage it - B-->M it - + + +

Force - + M-->B @ - - -

Vegetation = - B-->M + - + + +

= + M-->B - + = = =

Wind + + M-->B = + _ _ _

- - B-->M + - - + +
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7.3 Alluvial Streams (continued)

7.3.3 Guidelines for Assessing Geomorphic Factors

1.) In evaluating a site or planning countermeasures at a bridge, look for man-induced factors that
may lead to problems such as aggradation, degradation, or lateral erosion. If the stream under
consideration is tributary to another stream, consider also the effects of man-induced changes on the
larger stream.

2.) Compare recent and older aerial photographs. Make an assessment of stream stability and
behavior.

3.) Perform a field evaluation of site. Recent aerial photographs may be used as a guide. Look
particularly for indications of recent bank erosion and development of bars.

7.3.4 Countermeasures

A countermeasure is defined as a measure incorporated into a highway crossing of a stream to
control, inhibit, change, delay, or minimize stream and bridge stability problems. They may be
installed at the time of highway construction or retrofitted to resolve stability problems at existing
crossings. Retrofitting is good economics and good engineering practice in many locations because
the magnitude, location, and nature of potential stability problems are not always discernible at the
design stage, and indeed, may take a period of several years to develop. The selection of an
appropriate countermeasure for a specific bank erosion problem is dependent on factors such as the
erosion mechanism, stream characteristics, construction and maintenance requirements, potential for
vandalism, and costs.

7.3.4.1 Meander Migration

The best countermeasure against meander migration is a crossing location on a relatively straight
reach of the stream between bends. Other counter measures include the protection of an existing bank
line, the establishment of a new flow line or alignment, and the control and constriction of channel
flow. Countermeasures identified for bank stabilization and bend control are bank revetments, spurs,
retardance structures, longitudinal dikes, vane dikes, bulkheads, and channel relocations. Measures
may be used individually or a combination of two or more measures may be used to combat meander
migration at a site (FHWA, 1990; and HEC-20, 1991).

7.3.4.2 Channel Braiding

Countermeasures used at braided streams are usually intended to confine the multiple channels to one
channel. This tends to increase sediment transport capacity in the principal channel and encourage
deposition in secondary channels. The measures usually consist of dikes constructed from the limits
of the multiple channels to the channel over which the bridge is constructed. Spur dikes at bridge
ends used in combination with revetment on highway fill slopes, riprap on highway fill slopes only,
and spurs arranged in the stream channels to constrict flow to one channel have also been used
successfully.
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7.3 Alluvial Streams (continued)

7.3.4 Countermeasures (continued)

7.3.4.3 Degradation

Degradation in streams can cause the loss of bridge piers in stream channels, and piers and abutments
in caving banks. A check dam, which is a low dam or weir constructed across a channel, is one of the
most successful techniques for halting degradation on small to medium streams.

Longitudinal stone dikes placed at the toe of channel banks can be effective countermeasures for bank
caving in degrading streams. Precautions to prevent outflanking, such as tiebacks to the banks, may
be necessary where installations are limited to the vicinity of the highway stream crossing. In
general, channel lining alone is not a successful countermeasure against degradation problems (HEC-
20).

7.3.4.4 Aggradation

Current measures in use to alleviate aggradation problems at highways include channelization, bridge
modification, continued maintenance, or combinations of these.

Channelization may include excavating and cleaning channels, constructing cutoffs to increase the
local slope, constructing flow-control structures to reduce and control the local channel width, and
constructing relief channels to improve flow capacity at the crossing. Except for relief channels,
these measures are intended to increase the sediment transport capacity of the channel, thus reducing
or eliminating problems with aggradation.
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7.3 Alluvial Streams (continued)

7.3.5 Behavior of Alluvial Channels

7.3.5.1 Regimes of flow in alluvial sand bed channels

In alluvial streams and rivers, the material is eroded, moved and shaped by the flow so that the bed
configuration and resistance to flow are a function of the flow and may change to increase or decrease
the water surface level. The interaction between the flow of the water-sediment mixture and the
sandbed creates different bed configurations that change the resistance to flow and the rate of
sediment transport. The actual shape of the river is affected by numerous and interrelated variables.

The flow in alluvial sand bed channels is divisible into two regimes separated by a transition zone.
Each regime is characterized by similarities in the

1.) shape of the bed configuration,
2.) mode of sediment transport,
3.) process of energy dissipation, and

4.) phase relation between the bed and water surface.

Lower flow regime Transition Upper flow regime
Ripples ranges from dunes Plane bed
Dunes with ripples Antidunes with
superimposed or to plane bed a.) standing waves or
antidunes b.) breaking
Dunes antidunes Chutes and pools

Lower flow regime --In the lower flow regime, resistance to flow is large and sediment transport is
small. The bedform is either ripples or dunes or some combination of the two. The water-surface
undulations are out of phase with the bed surface, and there is a relatively large separation zone
downstream from the crest of each ripple or dune.
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7.3 Alluvial Streams (continued)

7.3.5 Behavior of Alluvial Channels (continued)

Transition zone--The bed configuration in the transition zone is erratic, with the configuration during
flow dependent mainly on the antecedent bed condition. Resistance to flow and sediment transport
also have some variability. This variability during flow occurs because of the unstable state between
bed form, resistance, and changes in depth and slope. Resistance to flow is small for flow over a plane
bed; so the shear stress decreases and the bed form changes to dunes, the dunes cause an increase in
resistance to flow which increases the shear stress in the bed and the dunes wash out, forming a plane
bed, and the cycle continues.

Upper flow regime--In the upper flow regime, resistance to flow is small and sediment transport is
large. The usual bed forms are plane bed or antidune. The water surface is in phase with the bed
surface except when an antidune breaks, and the fluid does not normally separate from the boundary.

Resistance to flow is the result of grain roughness with the grains moving, of wave formation and
subsidence, and of energy dissipation when the antidunes break.

7.3.5.2 Bed Configuration

The bed configurations (roughness elements) that commonly form in sand bed channels are:
(1) plane bed without sediment movement
(2) ripples
(3) ripples on dunes
(4) dunes
(5) plane bed with sediment movement
(6) antidunes

(7) chutes and pools

ADOT Hydraulics Manual




7-30 Channels

7.3 Alluvial Streams (continued)

7.3.5 Behavior of Alluvial Channels (continued)

These bed configurations are listed in order of their occurrence with increasing stream power for bed
materials having a D50 of less than 0.6 mm. For bed materials coarser than 0.6 mm, dunes form
instead of ripples after beginning of motion at small values of stream power.

The different forms of bed roughness are not mutually exclusive in time or space in a stream.
Different bed-roughness elements may form side-by-side in a cross section or reach of a natural
stream giving a multiple roughness; or the may form in time sequence.

Multiple roughness, the occurrence of different bed-roughness elements side-by-side in a cross-
section or reach is related to variation in shear stress in a channel cross-section. The greater the
width-depth ratio of a stream, the greater is the probability of a spatial variation in shear stress, stream
power, or bed material. Changes in roughness over time, called variable roughness is related to
changes over time in shear stress or stream power. A common example of the effect of changing shear
stress or stream power is the change in bed form that occurs with changes in depth during a runoff
event.

Bed configurations and their associated flow phenomena are described in the following paragraphs, in
order of their occurrence with increasing stream power:

Plane bed without sediment movement

The bed configuration at levels of flow with no sediment movement is a remnant of the configuration
formed when the flow was sufficient for sediment movement. Prior to beginning motion, the
resistance to flow is of rigid-boundary hydraulics. After the beginning of motion, the bed
configuration for flat slopes and low velocities would be either ripples, if the bed material is sand or
smaller than 0.6 mm, dunes, for coarser material.

Ripples

Ripples are small triangular-shaped elements having gentle upstream slopes and steep downstream
slopes. The length ranges from 0.4 to 2.0 feet and height from 0.02 ft. to 0.2 feet. The ripples result in
a large resistance to flow, with Manning's "n" ranging from 0.018 to 0.030. The resistance to flow
decreases as flow depth increases. The ripple shape is independent of sand size and at large values of
Manning's "n", the magnitude of grain roughness is small relative to form roughness. Ripples cause
very little, if any, disturbance on the water surface, and the flow contains very little suspended bed
material. The bed material concentration is small, ranging from 10 to 200 ppm.
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7.3 Alluvial Streams (continued)

7.3.5 Behavior of Alluvial Channels (continued)

Dunes

As the shear stress or the stream power is increased for a bed having ripples, or a plane bed for bed
material coarser than 0.6mm, sand waves called dunes form on the bed. At smaller shear-stress
values, the dunes have ripples superimposed on their backs. These ripples disappear at large shear
values, particularly if the bed material is coarse sand with a D50 greater than 0.4 mm.

Dunes are triangular shaped elements similar to ripples. The length ranges from two feet to many
hundreds of feet. The maximum amplitude to which dunes can develop is approximately the average
depth. Hence the amplitude of dunes can increase with increasing depth of flow. With dunes, the
relative roughness can remain essentially constant or even increase with increasing depth of flow. The
resistance to flow is large, Manning's "n" ranges from 0.020 to 0.040. The form roughness for flow
with dunes is equal to or larger than sand grain roughness.

Field observations indicate that dunes can form in any sand channel, irrespective of the size of the bed
material, if the stream power is sufficiently large to cause transport of the bed material without
exceeding a Froude number of unity. Dunes result in boils forming on the surface of the stream. The
boils are a reflection of the large separation of the flow caused by the dunes. The water surface is out-
of-phase with the bed surface.

Plane bed with movement

As the stream power of the flow increases further, the dunes elongate and reduce in amplitude. This
bed configuration is called the transition or washed-out dunes. The next bed configuration is plane
bed with movement. With coarse sands, larger slopes are required to affect the change from transition
to a plane bed and result in larger velocities and larger Froude numbers. Manning's "n" for plane bed
sand channels with sediment movement ranges from 0.010 to 0.013.

Antidunes

Antidunes are physically identical to dunes, however they may move upstream as well as
downstream, or stay stationary. Also the water surface waves are in phase with the bed waves.
Resistance to flow of antidunes depends on how often the antidunes form, the area of the stream they
occupy, and the violence and frequency of their breaking. If the antidunes do not break, resistance to
flow is about the same as that for flow over a plane bed. If many antidunes break, resistance to flow is
larger, because the breaking waves dissipate a considerable amount of energy. With breaking waves,
Manning's "n" varies from 0.012 to 0.02
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7.3 Alluvial Streams (continued)

7.3.5 Behavior of Alluvial Channels (continued)

Chutes and pools

At very steep slopes, alluvial channels flow changes to chutes and pools. The resistance to flow may
be very large, with Manning's "n" of 0.018 to 0.035.

Bars

In natural channels, some other bed configurations are also found. Bars are bed forms having lengths
of the same order as the channel width or greater and heights comparable to the mean depth of the
generating flow. Several different types of bars are observable. They are classified as:

a.) Point bars which occur adjacent to the convex banks of channel bends. Their shape may vary
with changing flow conditions and motion of bed particles, but they do not move relative to the bend.

b.) Alternate bars which occur in somewhat straighter reaches of channels and tend to be
distributed periodically along the reach, with consecutive bars on opposite sides of the channel. Their
lateral extent is significantly less than the channel width. Alternate bars may move slowly
downstream.

c.) Transverse bars may also occur in straight channels. They occupy nearly the full channel
width. They occur both as isolated and periodic forms along a channel, and move slowly downstream.

d.) Tributary bars occur immediately downstream from points of lateral inflow into a channel.
In longitudinal section, bar are approximately triangular, with very long gentle upstream slope and
short downstream slopes of approximately the same as the angle of repose. Bars appear as small

barren islands during low flows. Portions of upstream slope of bars are often covered with ripples or
dunes.
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7.3 Alluvial Streams (continued)

7.3.6 Resistance to Flow in Alluvial Channels

Resistance to flow in alluvial channels is a complex reaction affected by a large number of factors and
by the interdependency of these factors. Some of the variables that describe alluvial channel flow are:
velocity, depth, slope of the energy-grade line, density of water-sediment mixture, gravitational
acceleration, fall diameter of the bed material, density of the sediment, shape factors of the particles,
bed and fine material concentrations and the critical shear stress. The relation between stream power,
median fall diameter of bed material, and form roughness is shown in figure 7.5. The relationship
gives an indication of the form of the bed roughness one can anticipate if the stream power and fall
diameter of bed material are known.
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7.3 Alluvial Streams (continued)

7.3.6 Resistance to Flow in Alluvial Channels (continued)

Bed form changes affect the impact of the stream on its boundaries. At high flows, most sandbed
channel streams shift from a dune bed to a transition or a plane bed configuration. The resistance to
flow is then decreased two or three fold. The corresponding increase in velocity can increase scour
around bridge piers, abutments, spur dikes, or banks and increase the size of the scour protection
required. Conversely an increase in resistance can result in an increase in flow depth, requiring an
increase in elevation of the bridge crossing, the height of embankments, the height of any dikes, and
the height of any channel control works.

A very important effect of bed forms and bars is the change in flow direction in channels. At low
flows, the bars can be residual and cause high-velocity flow along or at a pier or abutment or any
other structure in the streambed, causing deeper than anticipated scour. An effect of dunes on the bed
is a fluctuating pattern of scour on the bed and around piers, abutments, guide banks, and spur dikes.
The average height of dunes is 1/2 to 1/3 the average depth of flow, and the maximum height of a
dune may approach the average depth of flow.

When analyzing the sandbed river environment, care must be used in analyzing the crossing in order
to foresee possible changes that may occur in the bed form and what this change may do to the
resistance coefficient, to sediment transport, and to the stability of the reach and its structures.

Alluvial processes and resistance to flow in coarse material streams

The behavior of coarse material channels is somewhat different from the sandbed channels. This
includes all channels with non-cohesive bed material coarser than 2 mm size. In general, the coarse
material channels are less active and slower in bank shifting than the sandbed channels. Often the
bed material in the mobile bed channel is rearranged during flow resulting in armoring. The armoring
phenomenon is a covering of the bed by a one particle thick layer of the coarser material underlain by
the finer sizes. The absence of finer sizes from the surface layer is caused by the winnowing away of
these sizes by the flows. As the range of particle sizes available in the bed of coarse-material is large,
these channels can armor their beds and behave as rigid boundary channels for flows below the
armoring event. The bed and bank forming activity in these channels is therefore limited to much
smaller intervals of the annual hydrographs than the sandbed channels.

The general lack of mobility in coarse material channels also means the bed forms do not change as
much or as rapidly as in sandbed channels. The roughness characteristics of coarse material channels
are more consistent during the annual hydrographs than sandbed channels. The major component of
the resistance to flow in coarse material channels comes from grain roughness and from bars; bed
forms (dunes) are a lesser factor in flow resistance. Ripples never form and dunes are rare. The main
type of form roughness is the pool and rifle configuration. With this type of configuration, the grain
roughness is the main component of the channel roughness.
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7.3 Alluvial Streams (continued)

7.3.7 Sediment Motion

The beginning and ceasing of sediment motion can be related to either the shear stress on the grains
or to the fluid velocity in the vicinity of the grains. When the grains are at incipient motion, these
values are called the critical stress or critical velocity.

The forces acting on an individual particle on the bed of an alluvial channel are:
1.) the body forces due to gravity,
2.) the external forces acting at the points of contact between the grain and its neighboring grains,
and
3.) the fluid forces acting on the surface of the grain.

The fluid force varies with the velocity field and with the properties of the fluid. The relative
magnitude of these forces determines whether the grain moves or not. The fluid forces may be
divided into three components: 1.) form drag, 2.) viscous drag, and 3.) buoyant force. The form drag
can be expressed in terms of the shear velocity. The viscous drag is related to the shear velocity for
laminar flow. When flow over a grain is turbulent, the form drag is predominant; when the flow is
laminar, the viscous shear force is predominant. In view of the bed consisting of particles of various
sizes, each one having different shear stresses needed to dislodge, it is customary to consider the
critical shear stress corresponding to the D50 size of the bed material as that required for beginning of
motion.

7.3.8 Sediment Transport

The amount of material transported or deposited in the stream under a given set of conditions is the
result of the interaction of two groups of variables. In the first group are those variables which
influence the quantity and quality of the sediment brought down to that section of the stream. In the
second group are variables that influence the capacity of the stream to transport that sediment.

Group 1. - Sediment brought down to the stream depends on the geology and topography of the
watershed; magnitude, intensity, duration, distribution, and season of rainfall, soil condition, vegetal
cover, cultivation and grazing, surface erosion, and bank cutting.

Group II. - Capacity of the stream to transport sediment depends on hydraulic properties of the stream
channel. These are fluid properties, slope, roughness, hydraulic radius, discharge, velocity, velocity
distribution, turbulence, tractive effort, viscosity and density of the fluid, sediment mixture, and size
and gradation of the sediment.

These variables are not all independent of each other, nor is their effect, in some cases, definitely
known. The variables which control the amount of sediment brought down to the stream are subject to
so much variation, not only between streams but at a given point of a single stream, that the analysis
of any particular case in a quantitative way is extremely difficult. The variables that deal with the
capacity of the stream to transport solids are subject to mathematical analysis. These variables are
closely related to the hydraulic variables controlling the capacity of the streams to carry water.
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7.3 Alluvial Streams (continued)

7.3.8 Sediment Transport (continued)

Sources of Sediment Transported

For engineering purposes, there are two sources of sediment transported by a stream: (1.) the bed
material that make up the streambed; and (2) the fine material that comes from the banks and the
watershed (wash load). Geologically both materials come from the watershed. But the distinction is
important because the bed material is transported at the capacity of the stream and is functionally
related to the measurable hydraulic variables. The wash load is not transported at the capacity of the
stream, it is dependent on the availability and is not functionally related to measurable hydraulic
variables.

Total Sediment Discharge

The total sediment discharge of a stream is the sum of the bed sediment discharge and the fine
sediment (wash load) discharge, or the sum of the contact sediment discharge and suspended
sediment discharge. In the former sum the total sediment discharge is based on the sources of the
sediments and the latter sum is based on the mode of sediment transport. The suspended sediment
load consists of both bed sediment and fine sediment (wash load), only the bed sediment discharge
can be estimated by the various equations that have been developed.

There are many equations developed for the estimation of bed sediment transport. The variation
between the magnitudes of the bed sediment discharge predicted by the different equations under the
same conditions is tremendous. For the same discharge, the predicted sediment discharge can vary by
a 100-fold difference between the smallest and the largest discharge. This can be expected given the
number of variables, the interrelationships between them, the difficulty of measuring many of the
variables and the statistical nature of bed material transport.

Suspended bed sediment discharge is usually computed by one of three methods. These are Meyer-
Peter Muller (1948), Einstein (1950), and Colby (1961). The Meyer-Peter Muller equation is
applicable to streams with little or no suspended sediment discharge and is thus used extensively for
gravel and cobble bed streams. The other two methods, based to some degree on Einstein's work are
used for sandbed channels.
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7.3 Alluvial Streams (continued)

7.3.8 Sediment Transport (continued)

Sediment transport in coarse material channels.

The bed material load in coarse-bed channels is mostly transported as bed load and not as suspended
load. For the bed-load transport, Einstein's bed-load function (without the suspended load component)
and the Meyer-Peter Muller transport function may be found useful.

The time response of coarse-material channels is different from sandbed channels in the time scale of
response. This time response is dominated by two factors: (1.) the difference in particle size between
the surface (armor) layer of the bed and the bed material below it; and, (2) the wash load may extend
to coarse sand sizes.

The formation of an armor layer on the bed may immobilize the bed for a large part of the
hydrograph. However, if the conditions for incipient movement of this layer are exceeded, the
underlying fine bed material will be readily picked up by the flow. Thus, extreme flow events in
coarse-material channels are capable of inducing rapid and large bed-level fluctuations.

The coarse sand and larger particles may behave as wash load in coarse material channels; that is,
although the flow may be transporting a large quantity of these particles, the boundary shear may be
large, so that these particles are not found in appreciable quantities in the armor layer. If the boundary
shear is reduced by afflux at a highway crossing, the flow may not sustain this material as wash load
and rapid aggradation may occur.

When considerable constriction is imposed at a bridge crossing by the bridge approach or river
training works sediment problems should be anticipated.
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7.4 Principles of Open Channel Flow

7.4.1 General

Design analysis of both natural and artificial channels proceeds according to the basic principles of
open channel flow (see Chow, 1970; Henderson, 1966). The basic principles of fluid mechanics --
continuity, momentum, and energy -- are applicable to open channel flow with the additional
complication that the position of the free surface is usually one of the unknown variables. The deter-
mination of this unknown is one of the principle problems of open channel flow analysis and it
depends on quantification of the flow resistance. Natural channels display a much wider range of
roughness values than artificial channels. This section presents the application of Manning's equation
and the energy equation for the computation of channel capacity.

7.4.2 Flow Classifications

7.4.2.1 Flow Classification and Determinatiop

The classification of open channel flow can be summarized as follows.

Steady Flow
1. Uniform Flow
2. Nonuniform Flow
a. Gradually Varied Flow
b. Rapidly Varied Flow
Unsteady Flow

1. Unsteady Uniform Flow (rare)

2. Unsteady Nonuniform Flow
a. Gradually Varied Unsteady Flow
b. Rapidly Varied Unsteady Flow

The steady uniform flow case and the steady nonuniform flow case are the most fundamental types of
flow treated in highway engineering hydraulics.

Steady and Unsteady Flow

Steady flow is one in which the discharge and other hydraulic properties passing a given cross-section
are constant with respect to the time interval under consideration. At a section, the depth of flow does
not change during the time interval under consideration. The maintenance of steady flow in any
reach requires that the rates of inflow and outflow be constant and equal. The flow is unsteady when
the discharge and therefore depth and velocity vary with time.
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7.4 Open Channel Flow (continued)

7.4.2.1 Flow Classification and Determination (continued)

Uniform Flow and Non-uniform (Varied) Flow

For uniform flow, the depth and velocity remain constant along the length of a channel, while for
non-uniform (varied) flow the velocity and depth vary along the direction of flow. Uniform flow can
only occur in a prismatic channel, which is a channel of constant cross section, roughness, and slope
along the flow direction; however, non-uniform flow can occur either in a prismatic channel or in a
natural channel with variable properties.

Gradually-varied and Rapidly-Varied

Gradually varied, non-uniform flow is one in which the depth and velocity change gradually enough
in the flow direction that vertical accelerations can be neglected. It is considered to be rapidly varied
flow when the changes in velocity should not be neglected.

Steady, uniform flow is an idealized concept of open channel flow that seldom occurs in natural
channels. However, for most practical highway drainage applications, the flow is steady and changes

in width, depth, or direction are sufficiently small that flow can be considered uniform.

Continuity Equation

The continuity equation is the statement of conservation of mass in fluid mechanics. For the special
case of steady flow of an incompressible fluid, it assumes the simple form:

Q=AVi=AV; (7.4.1)
Where:
Q =discharge, cfs
A = flow cross-sectional area, ft’
V =mean cross-sectional velocity, ft/s (which is
perpendicular to the cross section)

The subscripts 1 and 2 refer to successive cross sections along the flow path.
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7.4 Open Channel Flow(continued)

7.4.2.1 Flow Classification and Determination (continued)

Manning's Equation

For a given channel geometry, slope, and roughness, and a specified value of discharge Q, a unique
value of depth occurs in steady uniform flow. It is called the normal depth. It is computed indirectly
from Manning's equation:

Q = (1.486/n)AR>’S"? (7.4.2)

For a given depth of flow in a uniform channel, the mean velocity is computed using the Manning’s
equation. Dividing the above equation by the area resulting in:

V = Q/A = (1.486/n)R*’S"? (7.4.3)
Where:

= discharge, cfs

=mean velocity, ft/sec

= Manning's roughness coefficient
= cross-sectional area of flow, ft*
= hydraulic radius = A/P, ft

= wetted perimeter of flow area, ft
= channel bed slope, ft/ft

2R I @)

The selection of Manning's “n” is generally based on observation; however, considerable experience
is essential in selecting appropriate n values. The range of 'n' values for various types of channels and
floodplains is given in Appendix 7-A, Table 7-1. R, the hydraulic radius is the ratio of flow area to
the wetted perimeter. The wetted perimeter is the length along the channel cross-section where the
water is in contact with the channel boundaries. It is a term that gives an indication of the hydraulic
efficiency of the channel.

In channel analysis, it is often convenient to group the channel properties in a single term called the
channel conveyance K:

K = (1.486/n)AR*>? (7.4.4)
then Manning's Equation can be written as:

Q=Ks" (7.4.5)
The conveyance represents the carrying capacity of a stream cross-section based upon its geometry
and roughness characteristics alone and is independent of the streambed slope. The concept of

channel conveyance is useful when computing the distribution of overbank flood flows in the stream
cross-section and the flow distribution through the opening in a proposed stream crossing.
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7.4 Open Channel Flow (continued)

7.4.2.1 Flow Classification and Determination (continued)

Normal Depth

In steady uniform flow for a given channel geometry, slope, and roughness, and discharge Q a unique
value of depth occurs, it is called the normal depth.

Equivalent Depth

For sections that are not rectangular, it is often useful to determine hydraulic properties based on an
equivalent depth of flow in a rectangular section that has a width equal to twice the depth.

d=(A/2)05
)
~ |

The mean depth, sometimes referred to as hydraulic depth, is equal to the area of flow divided by the
top width.

Mean Depth

dm=A/T

T

7.4.3 Energv Principles

Total Energy Head, Energy Grade Line

Flowing water contains energy in two forms, potential and kinetic. The potential energy at a
particular point is represented by the depth of the water plus the elevation of the channel bottom
above a datum (elevation head). The plot of the potential energy head from one cross section to the
next defines the hydraulic grade line. For open channel flow, the hydraulic grade line is coincident
with the water surface. The kinetic energy is represented by the velocity head. The total energy head
is the sum of potential energy head and kinetic energy head (velocity head). The plot of the total
energy head from one cross section to the next defines the energy grade line.
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7.4 Open Channel Flow (continued)

7.4.3 Energy Principles (continued)

Energy Equation

Written between an upstream open channel cross section designated 1 and a downstream cross section
designated 2, the energy equation is:

hy + 41 (V1/2g) = hy + 42(V?2/2g) + hy, (7.4.6)

Where:
h; and h; are the upstream and downstream stages, respectively, ft
4 =Kkinetic energy correction coefficient
V =mean velocity, ft/s
hy =head loss due to local cross-sectional changes (minor
loss) as well as boundary resistance, ft

The stage h is the sum of the elevation head z at the channel bottom and the pressure head, or depth of
flow y, i.e. h=z+y. The terms in the energy equation are illustrated graphically in Figure 7-6. The
energy equation states that the total energy head at an upstream cross section is equal to the energy
head at a downstream section plus the intervening energy head loss. The energy equation can only be
applied between two cross sections at which the streamlines are nearly straight and parallel so that
vertical accelerations can be neglected

Total energy line
- t

alV,*29 o

—

—

- Qewimﬂenf

Wafar ’Uffac.

Total Energy Head

Datum y
Section 1 Section2 —~

Figure 7-6 Terms In The Energy Equation
Source: FHWA, 1990

ADOT Hydraulics Manual



Channels 7-43

7.4 Open Channel Flow (continued)

7.4.3 Energy Principles (continued)

Specific Energy

In open channel flow, it is often desirable to consider the energy content with regards to the channel
bottom. Specific energy E is defined as the energy head relative to the channel bottom. If the channel
is not too steep (slope less than 10 percent) and the streamlines are nearly straight and parallel (so that
the hydrostatic assumption holds), the specific energy E becomes the sum of the depth and velocity
head:

E=y+4 (V/2g) (7.4.7)

Where:

y =depth, ft

4 =kinetic energy correction coefficient
V =mean velocity, ft/s

g = gravitational acceleration, 32.2 ft/sec’

-
i

5
im
©
>

> E=2_g+y

Figure 7-7 Specific Energy And Discharge Diagram For Rectangular Channels
(Adopted From Highways In The River Environment)
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7.4 Open Channel Flow (continued)

7.4.3 Energy Principles (continued)

Kinetic Energy Coefficient

The kinetic energy correction coefficient is taken to have a value of one for turbulent flow in
prismatic channels but may be significantly different than one in natural channels. As the velocity
distribution in a river varies from a maximum at the design portion of the channel to essentially zero
along the banks, the average velocity head, computed as (Q/A)*/2g for the stream at a section, does
not give a true measure of the kinetic energy of the flow. A weighted average value of the kinetic
energy is obtained by multiplying the average velocity head, above, by a kinetic energy coefficient, 4,
defined as:

i =[S (@v)(QV] (7.4.8)

Where:
v = average velocity in subsection, ft/sec
q =discharge in same subsection, cfs
Q =total discharge in river, cfs
V =average velocity in river at section or Q/A, ft/sec

Froude Number

The Froude number is an important dimensionless parameter in open channel flow. It represents the
ratio of inertia forces to gravity forces and is defined by:

Fp=V/(gd)"’ (7.4.9)

Where:
V =average velocity = Q/A, ft/sec
g = acceleration of gravity, ft/sec’
d =hydraulic depth, also referred to as the mean depth, d=A/T
A = cross-sectional area of flow, ft’
T =channel top width at the water surface, ft

This expression for Froude number applies to any single section channel of nonrectangular shape.
The Froude number may be used to distinguish between subcritical flow and supercritical flow.
F=1, Critical Flow

F<1, Subcritical Flow
F>1, Supercritical Flow
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7.4 Open Channel Flow (continued)

7.4.3 Energy Principles (continued)

Critical Depth

The variation of specific energy with depth at a constant discharge shows a minimum in the specific
energy at a depth called critical depth at which the Froude number has a value of one. Critical depth
is also the depth of maximum discharge when the specific energy is held constant. If the normal
depth computed from Manning's equation is greater than critical depth, the slope is classified as a
mild slope, while on a steep slope, the normal depth is less than critical depth. Thus, uniform flow is
subcritical on a mild slope and supercritical on a steep slope. These relationships are illustrated in
Figure 7-8.

Subcritical Flow

Depths greater than critical occur in subcritical flow and the Froude number is less than one. Slopes
are considered mild. In this state of flow, small water surface disturbances can travel both upstream
and downstream, and the control is always located downstream.

Supercritical Flow

Depths less than critical depth occur in supercritical flow and the Froude number is greater than one.
Slopes are considered steep. Small water surface disturbances are always swept downstream in

supercritical flow, and the location of the flow control is always upstream.

For the two types of flow, the depth, velocity, and slope characteristics vary as shown below.

Subcritical Flow Supercritical Flow
Depth Relatively Deep Shallow Flow
Velocity Low Velocity High Velocity
Slope Mild Slope Steep Slope

Changes in slope will result in water surface transitions. These changes can be smooth or abrupt
depending on the magnitude and direction of change. The changing water surface can be classified
based on the bed slope and direction of change in the depth. Figure 7-9 shows the classification of
water surface profiles.

Control Section

Any cross-section for which the depth of flow can be uniquely predicted for a given discharge, most
commonly at critical depth.
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7.4 Open Channel Flow (continued)
7.4.3 Energy Principles (continued)
Subcritical ,—— Control Section
________ . Supercritical
Critical Depth
Fig. 7-8 Control Section
Table 7-6
Flow Profile Types
Classification Class Bed Slope Depth Type
M1 Mild S¢>0, Su<S¢ Y >yo>Ye 1
1 S¢>0, Sp<S¢ Y 2¥e>Yo
Cl Critical S¢>0, Sp=S¢ Y=¥o=Yec 1
C3 Critical Sp>0, Sp-S¢ Y<Yo=Yc 3
S1 Steep SO>O’ SO>Sc Y >YSYo 1
S2 Steep 2
S>0, Sy>S >y >y
S3 Steep o me Ye= ¥ =Jo 2
S0>0, S¢>S¢ Y *¥o ¥
H2 Horizontal
H3 Horizontal Sy=0 Y=Yo~Ye 2
S¢=0 YeoYYo 3
A2 Adverse S,<0 Y>Yo>Ye
A3 Adverse 2
$p<0 Ye>Y>Yo 3

With a type 1 curve (M1,S1,C1), the actual depth of flow y is greater than both the normal depth y,,

and the critical depth, y.. Because flow is tranquil, control of the flow is downstream.

With a type 2 curve (M2,S2,A2, H2), the actual depth y is between the normal depth y, and the
critical depth y. The flow is tranquil for M2, A2, and H2 and thus the control is downstream. Flow

is rapid for S2 and the control is upstream.

With a type 3 curve (M3, S3, C3, A3, and H3), the actual depth y is smaller than both the normal y,,
depth and the critical depth y. Because the flow is rapid, the hydraulic control is upstream.
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Figure 7-9 Water Surface Profiles
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7.4 Open Channel Flow (continued)

7.4.3 Energy Principles (continued)

Hydraulic Jump

A hydraulic jump occurs as an abrupt transition from supercritical to subcritical flow in the flow
direction. There are significant changes in depth and velocity in the jump, and energy is dissipated.
For this reason, the hydraulic jump is often employed to dissipate energy and control erosion at
highway drainage structures. See Figure 7-10 for a plot of the hydraulic jump diagram. The two
depths associated with a hydraulic jump are related by the Momentum equation.

A hydraulic jump will not occur until the ratio of the flow depth d; in the approach channel to the
depth d in the downstream channel reaches a specific value that depends on the channel geometry.
The depth before the jump is called the initial depth, d and the depth after the jump is the sequent
depth, dp. When a hydraulic jump is used as an energy dissipator, controls to create sufficient
tailwater depth are often necessary to control the location of the jump and to ensure that a jump will

occur over the desired range of discharges. Sills can be used to control a hydraulic jump if the
tailwater is less than the sequent depth. (See Chow,1970)

Momentum Equation

do/d,=({1+8*F,’}0-5.1)12

Figure 7-10 Hydraulic jump diagram.
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7.5 Hydraulic Analysis

7.5.1 General

The hydraulic analysis of a channel determines the depth and velocity at which a given discharge will
flow in a channel of known geometry, roughness, and slope. The depth and velocity of flow are
necessary for the design or analysis of channel linings and highway drainage structures.

Two methods are commonly used in hydraulic analysis of open channels. The single-section method
is a simple application of Manning's Equation to analyze situations in which uniform or nearly
uniform flow conditions exist, such as tailwater rating curves for culverts. The step-backwater
method is used to compute the complete water surface profile, such as for bridge hydraulics, in a
stream reach to evaluate the unrestricted water surface elevations, or to analyze other gradually varied
flow problems in streams.

The single-section method will generally yield less reliable results because it requires more judgment
and assumptions than the step-backwater method. In many situations, however, the single-section
method is all that is justified, e.g., a standard roadway ditch, culverts, storm drain outfalls, etc. The
selection of the method of analysis is based on the cost of application and the risk and consequences
associated with the feature/element under consideration.

7.5.2 Cross Sections

The step-backwater analysis should be used where evaluation of the impact of the project is needed
upstream or downstream. Cross-sections shall extend sufficiently in either direction so that all
impacts are identified.

Cross-sectional geometry of streams is defined by coordinates of lateral distance and ground elevation
that locate individual ground points. The cross section is taken normal to the flow direction along a
single straight line where possible, but in wide floodplains or bends it may be necessary to use a
section along intersecting straight lines, i.e. a "dog-leg" section. It is especially important to make a
plot of the cross section to reveal any inconsistencies or errors.

Cross sections should be located to be representative of the subreaches between them. Stream
locations with major breaks in bed profile, abrupt changes in roughness or shape, control sections
such as free overfalls, bends and contractions, or other abrupt changes in channel slope or conveyance
will require cross-sections taken at shorter intervals in order to better model the change in convey-
ance.

Cross sections should be subdivided with vertical boundaries where there are abrupt lateral changes in
geometry and/or roughness as in the case of overbank flows. The conveyances of each subsection are
computed separately to determine the flow distribution and 4, and are then added to determine the
total flow conveyance. The subsection divisions must be chosen carefully so that the distribution of
flow or conveyance is nearly uniform in each subsection (Davidian, 1984). Selection of cross
sections and vertical subdivision of a cross section are shown in Figure 7-11.
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7.5 Hydraulic Analysis (continued)

7.5.2 Cross Sections (continued)

7.5.2.1 Manning's n Value Selection

Manning's ‘n’ is affected by many factors and its selection in natural channels depends heavily on
engineering experience. Resistance to flow depends on a number of factors such as bed material size,
changes in channel geometry, bed forms (dunes, ripples, etc.), and vegetation type and density.
Roughness will also vary with depth, decreasing as the water depth becomes much greater than the
roughness elements (vegetation, bed material, bed forms, etc). Therefore the resistance to flow will
vary from season to season and year to year. Because changes will occur over time, a range of
roughness values should be considered and a sensitivity analysis is recommended to identify how
uncertainty in roughness value affects the computed water surface elevation and/or velocity.
Consideration needs to be given to the overall goal of the model. When velocity is a critical
parameter (bank protection design), a roughness value on the lower end of the range should be used,
and when the water surface elevation is more critical (levee design), a higher roughness value should
be used.

Pictures of channels and flood plains for which the discharge has been measured and Manning's n has
been calculated are very useful (see Arcement and Schneider(1984); Barnes, 1978, ADOT, MCFCD).
For situations lying outside the engineer's experience, a more regimented approach is presented in
Arcement and Schneider, (1984). Once the Manning's n values have been selected, it is highly
recommended that they be verified with historical high-water marks and/or gaged streamflow data.

Manning's n values for artificial channels are more easily defined than for natural stream channels.
See Table 7-1 in Appendix 7-A for typical n values of both artificial channels and natural stream
channels.

The following publications provide information specific to Arizona streams:

e Estimated Manning’s Roughness Coefficients for Stream Channels and Floodplains in Maricopa
County, Arizona (Thomsen and Hjalmarson, 1991)
Roughness Coefficients for Stream Channels in Arizona (Albridge and Garret, 1973)
Verification of Roughness Coefficients for Selected Natural and Constructed Stream Channels in
Arizona (Philips and Ingersoll, 1998)

In dealing with vegetated flood control channels, the modeler must account for fully vegetated
conditions. One reference specific to Arizona watercourses is “Method to Estimate Effects of Flow-
Induced Vegetation Changes on Channel Conveyances of Streams in Central Arizona” (Phillips et al.,
1998).

The designer must exercise caution when using Manning’s n based on field reconnaissance. When the
modeler inspects a watercourse to judge its roughness, the physical state of the system when it is
inspected is not necessarily the physical state the system would be under at design conditions. When
the design condition is a rare event, the roughness of the watercourse during such an event may be
drastically different than what is seen in the field. When roughness is based upon vegetative
resistance, a shear stress analysis should be conducted to check if the vegetation critical
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7.5 Hydraulic Analysis (continued)

7.5.2.1 Manning's n Value Selection (continued)

shear stress is exceeded by the actual shear stress. Conversely, if a plain streambed is observed and
only the grain resistance is used to obtain the “n” value, the actual resistance may be higher under
design floods because dunes or ripples may form and become important additional components in
determining Manning’s n.

7.5.2.2 Calibration

The values used in the equations should be calibrated to ensure that they accurately represent local
channel conditions. The following parameters, in order of preference, should be used for calibrations:
Manning's n, slope, discharge, and cross-section. Proper calibration is essential if accurate results are
to be obtained. Calibration is not easy, or always attainable.

7.5.2.3 Switchback Phenomenon

If the cross-section is improperly subdivided, the mathematics of the Manning's Equation causes a
switchback. A switchback results when the calculated discharge decreases with an associated
increase in elevation. This occurs when, with a minor increase in water depth, there is a large in-
crease of wetted perimeter. Simultaneously, there is a corresponding small increase in cross-sectional
area that causes a net decrease in the hydraulic radius from the value it had for a lesser water depth.
With the combination of the lower hydraulic radius and the slightly larger cross-sectional area, a dis-
charge is computed which is lower than the discharge based upon the lower water depth. More
subdivisions within such cross-sections should be used in order to avoid the switchback.

FLEVATION
#

:
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7.5 Hydraulic Analysis (continued)

7.5.2 Cross Sections (continued)
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Figure 7-11 Hypothetical Cross Section Showing Reaches, Segments, And
Subsections Used In Assigning n Values

Source: FHWA, 1984
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7.5 Hydraulic Analysis (continued)

7.5.2.3 Switchback Phenomenon (continued)

This phenomenon can occur in any type of conveyance computation, including the step-backwater
method. Computer logic can be seriously confused if a switchback were to occur in any cross-section
being used in a step-backwater program. For this reason, the cross-section should always be
subdivided with respect to both vegetation and geometric changes. Note that the actual n-value,
itself, may be the same in adjacent subsections.

7.5.2.4 Bends

Bends are not usually directly considered in the analysis of water surface. For bends with a radius of
curvature to active channel width less than 10, Cowan (1956) presents suggestions on adjusting the
Manning’s n. Changing the expansion and contraction coefficients as a means to account for bends is
not appropriate. A superelevated water surface should be considered for artificial channels and levees
and for determining increased shear stresses on stream bank protection measures.

Delta S = V2w
gR¢
where S = superelevation, ft.
V = mean channel velocity, ft/sec
W = top channel width, ft
G = gravity, 32,2 fi/sec?
R = radius of centerline of channel, ft.

Curved alignment,
Subcritical: R >3w, If Ra>10w consider as straight.

Supercritical:  Ro>4(V2w)
gy

7.5.2.5 Modeling of depressions (Pit Areas and Sand & Gravel Mining)

Natural or man-made depressions can be situated in-channel or off-channel. One cause may be sand
and gravel mining extraction operations. For modeling pits, an appropriate number of cross-sections
should be selected to properly represent the change in pit dimensions. At a minimum, there should be
a cross-section at the beginning and end of the pit with an additional cross-section located at the
widest part of the pit. The pit will then be represented as a diamond shape in planform.
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7.5 Hydraulic Analysis (continued)

7.5.2.5 Modeling of depressions, (Pit Areas and Sand & Gravel Mining) (continued)

In-channel pits

With regard to a hydraulic study involving in-channel pit, an important factor influencing the type of
model is the size of the pit. If the pit is very large in comparison to the average channel size, storage
and its effect on flow attenuation will be a major consideration. In that case, an unsteady flow
analysis considering the volume of water in the hydrograph may be the best choice.

On the other hand, the purpose of the study may govern the kind of model selected. If the purpose is
to delineate the floodplain, it might be of interest to compute the most conservative (maximum) water
surface elevations. In such a case, a steady-flow model can be used and the water surface computed
by ignoring the pit (filling in the pit) in the cross-section. The filled-in area should have a Manning’s
n similar to the areas upstream and downstream of the pit.

Off-channel pits

For off-channel pits, the major consideration is whether the stream flow will be diverted into the pit.
This is affected by the presence of levees, the size of the pit, and the magnitude and duration of the
flood. If levees separate the main channel for the pits and will hold during the flood under
consideration, the area beyond the levees can be ignored or blocked off. If the levees would fail, or if
the flood would overtop the levees, two situations need to be considered.

In one situation, the pit area will be storing water but not actively conveying flow downstream. In

this case the pit should be considered as an ineffective flow area. In the second situation, the pit area
is actively conveying flow and will have to be modeled as a part of the overbank flow path.

7.5.3 Single Section Analysis

The single-section analysis method (slope-area method) is simply a solution of Manning's Equation
for the normal depth of flow given the discharge and cross-section properties including geometry,
slope, and roughness. It implicitly assumes the existence of steady, uniform flow; however, uniform
flow rarely exists in either artificial or stream channels. Nevertheless, the single-section method is
often used to design artificial channels for uniform flow as a first approximation, and to develop a
stage-discharge rating curve in a stream channel for tailwater determination at a culvert or storm drain
outlet.

A stage-discharge curve is a graphical relationship of streamflow depth or elevation to discharge at a
specific point on a stream. The stage-discharge curve can be determined as follows:

*  Select the typical cross-section at or near the location where the stage-discharge curve is needed.

»  Subdivide cross-section and assign n-values to subsections as described in Section 7.5.2.1
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7.5 Hydraulic Analysis (continued)

7.5.3 Single Section Analysis (continued)

»  Estimate water-surface slope. Since uniform flow is assumed, the average slope of the streambed
can usually be used.

*  Apply arange of incremental water surface elevations to the cross-section.

* Calculate the discharge using Manning's equation for each incremental elevation. A graphical
technique such as that given in Figure 7-12 or a nomograph as in Figure 7-13 can be used for
trapezoidal and prismatic channels. For non-prismatic channels, the channel is subdivided into
sections; the total discharge at each elevation is the sum of the discharges from each subsection at that
elevation. In determining hydraulic radius, the wetted perimeter should be measured only along the
solid boundary of the cross-section and not along the vertical water interface between subsections.

«  After the discharge has been calculated at several incremental elevations, a plot of stage versus
discharge can be made. This plot is the stage-discharge curve and it can be used to determine the
water-surface elevation corresponding to the design discharge or other discharge of interest.

An example application of the stage-discharge curve procedure is presented in Appendix B.

In stream channels the transverse variation of velocity in any cross-section is a function of subsection
geometry and roughness and may vary considerably from one stage and discharge to another. It is
important to know this variation for purposes of designing erosion control measures and locating
relief openings in highway fills, for example. The best method of establishing transverse velocity
variations is by current meter measurements. If this is not possible, the single-section method can be
used by dividing the cross section into subsections of relatively uniform roughness and geometry. It
is assumed that the energy grade line slope is the same across the cross section so that the total con-
veyance Kr of the cross section is the sum of the subsection conveyances. The total discharge is then
K1S" and the discharge in each subsection is proportional to its conveyance. The velocity in each
subsection is obtained from the continuity equation, V = Q/A.

Alluvial channels present a more difficult problem in establishing stage-discharge relations by the
single-section method because the bed itself is deformable and may generate bed forms such as
ripples and dunes in lower regime flows. These bed forms are highly variable with the addition of
form resistance, and selection of a value of Manning's n is not straightforward. Instead, several
methods outlined in (Vanoni, 1977) have been developed for this case (Einstein-Barbarossa;
Kennedy-Alam-Lovera; and Engelund) and should be followed unless it is possible to obtain a
measured stage-discharge relation.
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7.5 Hvdraulic Analysis (continued)
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7.5 Hydraulic Analysis (continued)

7.5.4 Step-Backwater Analysis

Step-backwater analysis is useful for determining unrestricted water surface profiles where a highway
crossing is planned, and for analyzing how far upstream the water surface elevations are affected by a
culvert or bridge. Because the calculations involved in this analysis are tedious and repetitive, it is
recommended that a computer program such as the US Army Corps of Engineers (USACOE) HEC-
RAS be used.

7.5.4.1. Step-Backwater Models

The HEC-RAS program developed by the USA Corps of Engineers is widely used for calculating
water surface profiles for steady gradually varied flow in a natural or man-made channel. This
program is for fixed bed, one-dimensional flow. Both subcritical and supercritical flow profiles can
be calculated. The effects of bridges, culverts, weirs, and structures in the floodplain may be also
considered in the computations. This program is also designed for application in flood plain
management and flood insurance studies.

7.5.4.2 Step-Backwater Methodology

The computation of water surface profiles by HEC-RAS is based on the standard step method in
which the stream reach of interest is divided into a number of subreaches by cross-sections spaced
such that the flow is gradually varied in each subreach. The energy equation is then solved in a step-
wise fashion for the stage at one cross-section based on the stage at the previous cross-section.

The method requires definition of the geometry and roughness of each cross section as discussed in
Section 7.5.1. Manning's n values can vary both horizontally across the section as well as vertically.
Expansion and contraction head loss coefficients, variable main channel and overbank flow lengths,
and the method of averaging the slope of the energy grade line can all be specified.

To amplify on the methodology, the energy equation is repeated from Section 7.4.4:
hy + 4,(Vi*/2g) = hy + 4,(V2*/2g) + hy, (7.5.1)
Where:
h; and h; are the upstream and downstream stages, respectively, ft
4 = Kkinetic energy correction coefficient
V =mean velocity, ft/s

hy = head loss due to local cross-sectional changes (minor loss) as well as boundary resistance,
ft
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7.5 Hydraulic Analysis (continued)

7.5.4.2 Step-Backwater Methodology (continued)

The stage h is the sum of the elevation head z at the channel bottom and the pressure head, or depth of
flow y, i.e., h = z+y. The energy equation is solved between successive stream reaches with nearly
uniform roughness, slope, and cross-sectional properties.
The total head loss is calculated from:
hy, = Ku[(3:1Vi’/2g) - (42V:’/2g)] + S.L (7.5.2)

Where:

K = the minor loss coefficient

Se = the mean slope of the energy grade line evaluated from

Manning's equation and a selected averaging technique

(Shearman, 1990 and HEC-RAS), ft/ft

These equations are solved numerically in a step-by-step procedure called the Standard Step Method
from one cross-section to the next.

The default values of the minor loss coefficient K, are 0.1 for contractions and 0.3 for expansions in
HEC-RAS.

7.5.4.3 Profile Computation

Water surface profile computation requires a beginning value of elevation or depth (boundary
condition) and proceeds upstream for subcritical flow and downstream for supercritical flow. In the
case of supercritical flow, critical depth is often the boundary condition at the control section, but in
subcritical flow, uniform flow and normal depth may be the boundary condition. The starting depth
in this case can either be found by the single-section method (slope-area method) or by computing the
water surface profile upstream to the desired location for several starting depths and the same
discharge. These profiles should converge toward the desired normal depth at the control section to
establish one point on the stage-discharge relation. If the several profiles do not converge, then the
stream reach may need to be extended downstream, or a shorter cross-section interval should be used,
or the range of starting water-surface elevations should be adjusted. In any case, a plot of the
convergence profiles can be a very useful tool in such an analysis (see Figure 7-14). Given a long
enough stream reach, the water surface profile computed by step-backwater will converge to normal
depth at some point upstream for subcritical flow. Establishment of the upstream and downstream
boundaries of the stream reach is required to define limits of data collection and subsequent analysis.
Calculations must begin sufficiently far downstream to assure accurate results at the desired locations,
and continued a sufficient distance upstream to accurately determine the impact of the conditions
under considerations on upstream water surface profiles (see Figure 7-15).
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7.5 Hyvdraulic Analysis (continued)
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7.5 Hyvdraulic Analysis (continued)

7.5.4.3 Profile Computation (continued)

The USA Corps of Engineers (USACOE, 1986) developed equations for determining upstream and
downstream reach lengths as follows:

Ldn = 8,000 (HD"*/S) (7.5.3)
Lu = 10,000 [(HD"*)(HL"%)]/S (7.5.4)
Where:

Ldn = downstream study length (along main channel), ft (for normal depth starting conditions)

Lu = estimated upstream study length (along main channel), ft (required for convergence of the
modified profile to within 0.1 feet of the base profile)

HD = average hydraulic depth (1-percent chance event flow area divided by the top width), ft
S =average reach slope, ft/mile

HL = headloss ranging between 0.5 and 5.0 feet at the channel crossing structure for the 1-percent
chance flood, ft

References (Davidian, 1984 and USACOE, 1986) are very valuable sources of additional guidance on
the practical application of the step-backwater method to highway drainage problems involving open-
channels. These references contain more specific guidance on cross-section determination, location,
and spacing and stream reach determination. Reference (USACOE, 1986) investigates the accuracy
and reliability of water surface profiles related to n-value determination and the survey or mapping
technology used to determine the cross-section coordinate geometry.

7.5.5 Modeling and Review Guidance

The following suggestions are to be considered in developing and reviewing HEC-RAS water surface
profile models.

Review the warning messages, notes and cautions. Identify any need for additional cross sections.
Check the graphical and tabular output. Look for unexpected results in water surface profile,
velocity, flow distribution, top width, divided flow and length between cross sections including main
channel and overbanks.

The cross-section spacing should be determined based on the change in slope of the ground profile of
the watercourse as well as the change in width of the watercourse. In general the cross section spacing
is determined by the need to adequately account for the energy losses (friction, flow expansion, and
flow contraction) between consecutive cross sections.
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7.5 Hvdraulic Analysis (continued)

7.5.5 Modeling and Review Guidance (continued)

A review of the energy slope should be undertaken to see if rapid changes occur. If the slope
increases or decreases rapidly between consecutive cross sections it usually indicates the need for
decreasing the cross-section spacing by adding additional cross sections.

The use of critical depth at an isolated cross-section may indicate an error in geometry of the cross
section. If no coding error is found, this may be due to a large change in energy slope. This may
indicate a need for additional cross sections or that ineffective flow areas need to be defined. Several
cross sections with critical flow may be an indication of supercritical flow. This may require a mixed
flow run in HEC-RAS. If this is a FEMA model, this result may be computationally adequate, as
FEMA does not permit the use of supercritical profiles in alluvial channels.

A drastic change in top width may require a check of flow paths. Again, additional cross sections may
be necessary. The sudden change in top width may also indicate an error in the coding of levees, not
specifying areas of ineffective flow, or blocked obstructions.

A large change in the distribution of flow in the channel and overbanks may indicate a need for
additional sections.

Indications of divided flow should be checked for consistency with the topography. The divided flow
should be hydraulically connected to be run in a single model.

Skewed cross sections should be corrected by using the projected length. The projected length is
found by projecting the skewed length onto a plane perpendicular to the direction of flow. In some
cross sections the skew may apply only to a part of the cross section such as the channel, and not the
overbanks.

The output should be reviewed for warnings about vertical extensions of the ends of the cross section.
These warnings occur when the computed water surface elevation exceeds the ends of the cross
section. The cross section should be extended based on topographical data as appropriate.

Multiple profile runs should be checked to ensure that there are no conflicts in the modeling

requirements for the various profiles. For example, the definition of ineffective flow areas and
roughness values for modeling a low flow situation may not be applicable for a high flow situation.
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7.6 Design Procedure

7.6.1 General

The design procedure for channels involves two parts. The first part involves the computation of the
channel section that carries the design discharge. The second part involves evaluating the degree of
protection required for a desirable maintenance and stability performance. The capacity analysis is
performed using the principles of flow and Manning’s equation. The stability is determined by
comparison of the predicted velocity with the permissible velocity for the type of channel lining to be
used.

The design procedure for all types of channels has some common elements as well as some

substantial differences. This section will outline a process for assessing a natural stream channel and
a more specific design procedure for roadside channels.

7.6.2 Stream Channels

The analysis of a stream channel in most cases is in conjunction with the design of a highway
hydraulic structure such as a culvert or bridge. In general, the objective is to convey the water along
or under the highway in such a manner that will not cause damage to the highway, stream, or adjacent
property. An assessment of the existing channel is usually necessary to determine the potential for
problems that might result from a proposed action. The detail of studies necessary should be
commensurate with the risk associated with the action and with the environmental sensitivity of the
stream and adjoining flood plain (see Section 7.2).

Although the following step-by-step procedure may not be appropriate for all possible applications, it
does outline a process that will usually apply.

Step 1 Assemble site data and project file.

A. Data Collection.
« Topographic, site, and location maps
« Roadway profile
o Photographs
o Field reviews
o Design data at nearby structures
» Gaging records

B. Studies by other agencies.
» Flood insurance studies
» Floodplain studies
o Watershed studies
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7.6 Design Procedure (continued)

7.6.2 Stream Channel (continued)

C. Environmental constraints.
« Floodplain encroachment
o Floodway designation
« Habitat
« Commitments in review documents

D. Design criteria.
o See Section 7.3.

Step 2 Determine the project scope.

A. Determine level of assessment.
« Stability of existing channel
« Potential for damage
« Sensitivity of the stream

B. Determine type of hydraulic analysis.
o Qualitative assessment
« Single-section analysis
o Step-backwater analysis

C. Determine additional survey information.
« Extent of streambed profiles
« Locations of cross sections
o Elevations of flood-prone property
¢ Details of existing structures
o Properties of bed and bank materials

3 Evaluate hydrologic variables
A. Compute discharges for selected frequencies.
Step 4 Perform hydrauli lsi
A. Single-section analysis (7.5.3).
o Select representative cross section (7.5.2)

o Select appropriate n values (Table 7-1)
o Compute stage-discharge relationship
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7.6 Design Procedure (continued)

7.6.2 Stream Channel (continued)

Step 4 Perform hydraulic analysis. (continued)

B. Step-backwater analysis (7.5.4).

C. Calibrate with known high water.

Step 5 Perform stability analysis.

A. Geomorphic factors. (long-term degradation, low-flow incisement)
B. Hydraulic factors. (bed forms, bend scour)

C. Stream response to change.

Step 6 Design countermeasures.

A. Criteria for selection.
o Erosion mechanism
o Stream characteristics
» Construction and maintenance requirements
o Vandalism considerations
o Cost

B. Types of countermeasures.
o Meander migration countermeasures
« Bank stabilization (Bank Protection Chapter)
« Bend control countermeasures
« Channel braiding countermeasures
« Degradation countermeasures
Aggradation countermeasures

C. For additional information.
¢ HEC-20 Stream Stability
« Highways in the River Environment
e See Reference List

Step 7 Documentation.

o Prepare report and file with background information.

ADOT Hydraulics Manual




7-66 Channels

7.6 Design Procedure (continued)

7.6.3 Roadside Channels

A roadside channel is defined as an open channel usually paralleling the highway embankment and
within the limits of the highway right-of-way. It is normally trapezoidal or V-shaped in cross section
and often lined with grass or a special protective lining.

The primary function of roadside channels is to collect surface runoff from the highway and areas that
drain to the right-of-way and to convey the accumulated runoff to an acceptable outlet point.

A secondary function of a roadside channel may be to drain subsurface water from the base of the
roadway to prevent saturation and loss of support for the pavement or to provide a positive outlet for
subsurface drainage systems such as pipe underdrains.

The alignment, cross section, and grade of roadside channels are usually constrained to a large extent
by the geometric and safety standards applicable to the project. These channels should accommodate
the design runoff in a manner that considers the safety of motorists, minimizes future maintenance,
damage to adjacent properties, and adverse environmental or aesthetic effects.

7.6.3.1 Step-By-Step Procedure

Each project is unique, but the following six basic design steps are normally applicable:
In order to obtain the optimum roadside channel system design, it may be necessary to make several
trials of the procedure before a final design is achieved.

Step 1 Establish a roadside plan.
A. Collect available site data.

B. Obtain or prepare existing and proposed plan-profile layout including highway, culverts, bridges,
and other elements which affect the design.

C. Determine and plot on the plan the locations of natural basin divides and roadside channel
outlets. An example of a roadside channel plan/profile is shown in Figure 7.16.

D. Perform the layout of the proposed roadside channels to minimize diversion flow lengths.
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7.6 Design Procedure (continued)

Figure 7-16 Sample Roadside Channel

ADOT Hydraulics Manual



7-68 Channels

’ 7.6 Design Procedure (continued)

7.6.3.1 Step-By-Step Procedure (continued)

Step 2 Obtain or establish cross section data.

A. Provide channel depth adequate to drain the subbase and minimize freeze-thaw effects.

B. Choose channel side slopes based on geometric design criteria including safety, economics, soil,
aesthetics, and access.

C. Establish bottom width of trapezoidal channel.

D. Identify features that may restrict cross section design:
o right-of-way limits,
» trees or environmentally sensitive areas,
o utilities, and

« existing drainage facilities.

Determine initial chann ade

A. Plot initial grades on plan-profile layout. (Slopes in roadside ditches in cut are usually controlled

. by highway grades.)

B. Provide minimum grade of 0.3% to minimize ponding and sediment accumulation.

C. Consider influence of type of lining on grade.

D. Where possible, avoid features that may influence or restrict grade, such as utility locations.
4 Check flow capacities and adj necessa

A. Compute the design discharge at the downstream end of a channel segment.

B. Set preliminary values of channel size, roughness coefficient, and slope.

C. Determine maximum allowable depth of channel including freeboard.
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7.6 Design Procedure (continued)

7.6.3.1 Step-By-Step Procedure (continued)

Step 4 (continued)

D. Check flow capacity using Manning's Equation and single-section analysis.

E. Ifcapacity is inadequate, possible adjustments are as follows:
» increase bottom width,
« make channel side slopes flatter,
« make channel slope steeper,
« provide smoother channel lining, and
« install drop inlets and a parallel storm drain pipe beneath the channel to supplement channel
capacity.

F. Provide smooth transitions at changes in channel cross sections.

G. Provide extra channel storage where needed to replace floodplain storage and/or to reduce peak
discharge.

Step 5 Determine channel lining/protection needed (HEC-15).

More details on channel lining design may be found in HEC-15 including consideration of channel
bends, steep slopes, and composite linings.

A. Select a lining and determine the permissible shear stress 6, in Ibs/ft* from Table 7C-1 and/or
Table 7D-1.

B. Estimate the flow depth and choose an initial Manning's n value from Table 7A-1 or from Table
7B-1.

C. Calculate normal flow depth y, (ft) at design discharge using Manning's Equation and compare
with the estimated depth. If they do not agree, repeat steps 5B and 5C.

D. Compute maximum shear stress at normal depth as:
64 (Ibs/ ) =624y, S
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7.6 Design Procedure (continued)

7.6.3.1 Step-Bv-Step Procedure (continued)

Step 5 (continued)

E. If 64 <0, then lining is acceptable. Otherwise consider the following options:
» decrease slope in combination with drop structures if necessary,
o increase channel width and/or flatten side slopes.
« choose a more resistant lining, such as concrete, gabions, or other more rigid lining either as
full lining or composite,

Step 6 Analyze outlet points and downstream effects.

A. Identify any adverse impacts to downstream properties that may result from one of the following
at the channel outlet:

« increase or decrease in discharge,

« increase in velocity of flow,

« confinement of sheet flow,

« change in outlet water quality, or

« diversion of flow from another watershed.

B. Mitigate any adverse impacts identified in 6A. Possibilities include:

« enlarge outlet channel and/or install control structures to provide detention of increased
runoff in channel,

« install velocity control structures,

« increase capacity and/or improve lining of downstream channel,

« install sophisticated weirs or other outlet devices to redistribute concentrated channel flow,
and

« install sedimentation/infiltration basins,

« eliminate diversions which result in downstream damage and which cannot be mitigated in a
less expensive fashion.

7.6.3.2 Channel Layout Considerations

« A minimum bottom width with access for maintenance equipment of 8 feet may be necessary.

e Turnaround points may be required.
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Appendix 7-A Manning’s n, Natural Channels

Table 7A-1
Manning’s Roughness Coefficient, n
UNIFORM FLOW
UNLINED CHANNLES
Type Of Channel and Description Minimum Normal Maximum
EXCAVATED OR DREDGED
a. Earth, straight and uniform 0.016 0.018 0.020
1. Clean, recently completed 0.018 0.022 0.025
2. Clean, after weathering 0.022 0.025 0.030
3. Gravel, uniform section, clean 0.022 0.027 0.033
b. Earth, winding and sluggish
1. No vegetation 0.023 0.025 0.030
2. Grass, some weeds 0.025 0.030 0.033
3. Dense Weeds or aquatic plants 0.030 0.035 0.040
in deep channels
4. Earth bottom and rubble sides 0.025 0.030 0.035
5. Stony bottom and weedy sides 0.025 0.035 0.045
6. Cobble bottom and clean sides 0.030 0.040 0.050
c. Dragline-excavated or dredged
1. No vegetation 0.025 0.028 0.033
2. Light brush on banks 0.035 0.050 0.060
d. Rock cuts
1. Smooth and uniform 0.025 0.035 0.040
2. Jagged and irregular 0.035 0.040 0.050
e. Channels not maintained, weeds and brush uncut
1. Dense weeds, high as flow depth 0.050 0.080 0.120
2. Clean bottom, brush on sides 0.040 0.050 0.080
3. Same, highest stage of flow 0.045 0.070 0.110
4. Dense brush, high stage 0.080 0.100 0.140
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Appendix 7-A Manning’s n, Natural Channels

Table 7A-1 (continued)

Manning’s Roughness Coefficient. n

Channels

UNIFORM FLOW
Type Of Channel and Description Minimum Normal Maximum
NATURAL STREAMS
1. Minor streams (top width at flood stage <100 ft)
a. Streams on Plain
1. Clean, straight, full stage, 0.025 0.030 0.033
no rifts or deep pools
2. Same as above, but more 0.030 0.035 0.040
stones and weeds
3. Clean, winding, some pools 0.033 0.040 0.045
and shoals
4. Same as above, but some 0.035 0.045 0.050
weeds and some stones
5. Same as above, lower stages, 0.040 0.048 0.055
more ineffective slopes and sections
6. Same as 4, but more stones 0.045 0.050 0.060
7. Sluggish reaches, weedy, 0.050 0.070 0.080
deep pools
8. Very weedy reaches, deep pools, 0.075 0.100 0.150

1

2

or floodways with heavy stands of timber and underbrush
b. Mountain streams, no vegetation in channel, banks usually steep, trees and brush
along banks submerged at high stages

Bottom: gravels, cobbles,
and few boulders

Bottom: cobbles with
large boulders

2. Flood Plains
a. Pasture, no brush

1.
2.

Short grass
High grass

b. Cultivated area

1.
2;
3.

c. Brush

1.

G e

No crop
Mature row crops
Mature field crops

Scattered brush, heavy weeds
Light brush and trees in winter
Light brush and trees, in summer
Medium to dense brush, in winter
Medium to dense brush, in summer
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0.040

0.025
0.030

0.020
0.025
0.030

0.035
0.035
0.040
0.045
0.070

0.040

0.050

0.030
0.035

0.030
0.035
0.040

0.050
0.050
0.060
0.070
0.100

0.050

0.070

0.035
0.050

0.040
0.045
0.050

0.070
0.060
0.080
0.110
0.160
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Appendix 7-A Manning’s n, Natural Channels

Table 7A-1 (continued)

Manning’s Roughness Coefficient, n

UNIFORM FLOW
Type Of Channel and Description Minimum Normal Maximum
NATURAL STREAMS
2. Flood Plains
d. Trees
1. Dense Willows, summer, straight 1.110 0.150 0.200
2. Cleared land with tree stumps, 0.030 0.040 0.050
no sprouts
3. Same as above, but with heavy 0.050 0.060 0.080
growth of spouts
4. Heavy stand of timber, 0.080 0.100 0.120

a few down trees, little undergrowth,
flood stage below branches

5. Same as above, but with flooded 0.100 0.120 0.160
stage reaching branches

Type Of Channel and Description Minimum Normal Maximum

3. Major Streams (top width at flood stage > 100 ft). The n value is less than that for minor
streams of similar description, because banks offer less effective resistance.

a. Regular section with no boulders 0.025 ... 0.060
or brush
b. Irregular and rough section 0.035 ... 0.100
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Appendix 7-B _Manning’s n, Channel Linings .
Table 7B-1
Manning’s Roughness Coefficient, n (Uniform Flow)

Lining Lining = —emeeeeeeeee Depth Ranges -------------

Category Type 0-0.5ft 0.5-2.0 ft. >2.0 ft

Rigid Concrete 0.015 0.013 0.013
Grouted Riprap 0.040 0.030 0.028
Stone Masonry 0.042 0.032 0.030
Soil Cement 0.025 0.022 0.020
Asphalt 0.018 0.016 0.016

Rock Riprap 6-inch Dsg 0.104 0.069 0.035
12-inch Dso - 0.078 0.040

Gravel Riprap 1-inch Dso 0.044 0.033 0.030
2-inch Ds 0.066 0.041 0.034
Wire-tied

Unlined Bare Soil 0.023 0.020 0.020
Rock Cut 0.045 0.035 0.025

Temporary* Woven Paper Net 0.016 0.015 0.015
Jute Net 0.028 0.022 0.019
Fiberglass Roving 0.028 0.022 0.019
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

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.
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Appendix 7-C Permissible Velocities .

Table 7C-1 Permissible Velocities
Grass and Earth-Lined Channels

Channel Slope Lining Permissible Velocity*
0-5% Bermuda grass 6 ft/sec
Reed canary grass 5 ft/sec
Tall fescue 5 ft/sec
Kentucky bluegrass 5 ft/sec
Grass-legume mixture 4 ft/sec
Red fescue 4 ft/sec
Redtop 4 ft/sec
Sericea lespedeza 4 ft/sec
Annual lespedeza 4 ft/sec
Channel Slope  Lining Permissible Velocity*
Small grains (temp)
5-10% Bermuda grass 5 ft/sec
Reed canary grass 4 ft/sec
Tall fescue 4 ft/sec
Kentucky bluegrass 4 ft/sec
Grass-legume mixture 3 ft/sec
>10% Bermuda grass 4 ft/sec
Reed canary grass 3 ft/sec
Tall fescue 3 ft/sec
Kentucky bluegrass 3 ft/sec
« For highly erodible soils, decrease permissible velocities by 25%
Bare Soil
Permissible Velocities for Water Flow conditions
SOIL Types Clear Water w/ Fine Silts w/ Sand & Gravel
Fine Sand (noncolloidal) 1.5 ft/sec 2.5 f/sec 1.5 ft/sec
Sandy Loam (noncolloidal) 1.7 ft/sec 2.5 ft/sec 2.0 ft/sec
Silt Loam (noncolloidal) 2.0 ft/sec 3.0 ft/sec 2.0 ft/sec
Ordinary Firm Loam 2.5 ft/sec 3.5 ft/sec 2.2 ft/sec
Fine Gravel 2.5 ft/sec 5.0 ft/sec 3.7 ft/sec |
Graded, Loam to Cobbles 3.7 ft/sec 5.0 ft/sec 5.0 ft/sec |
Graded, Silt to Cobbles (noncolloidal) 4.0 ft/sec 5.5 ft/sec 5.0 ft/sec
Alluvial Silts (noncolloidal) 2.0 ft/sec 3.5 ft/sec 2.0 ft/sec
Alluvial Silts (colloidal) 3.7 ft/sec 5.0 ft/sec 3.0 ft/sec
Coarse Gravels (noncolloidal) 4.0 ft/sec 6.0 ft/sec 6.5 ft/sec
Cobbles and Shingles 4.0 ft/sec 6.0 ft/sec 6.5 ft/sec
Shales and Hard Pan 6.0 ft/sec 6.0 ft/sec 5.0 ft/sec

Source: Special Committee on Irrigation Research, American Society of American Civil Engineers,
1926
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Appendix 7-D Shear Stress Capacity

Table 7D-1

Summary Of Shear Stress For Various Protection Measures

tc
Protective Cover Underlying Soil (Ib/ftr)
Gravel Dso=11in 0.40
D50 =2 il’l 080
Rock Dso =6 in 2.50
D50 =12in 500
6 in Gabions Type 1 35
4 in Geoweb Type 1 10
Soil Cement (8% cement) Type I >45
Concrete construction Type | >20
Blocks, granular filter
underlayer
Wedge-shaped blocks Type I >25

with drainage slot

Source: FHWA-RD-89-110, HEC-15
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Appendix 7-E Water Surface Profile Computation

Example Problem

A sample computation is taken from "Hydrologic Engineering Methods For Water Resources
Development - Volume 6, Water Surface Profiles", The Hydrologic Engineering Center, Corps of
Engineers, U.S. Army, Davis, California.

A convenient form for use in calculating water surface profiles is shown in Figure 7-E-1. In
summary, columns 2 and 4 through 12 are devoted to solving Manning's Equation to obtain the
energy loss due to friction, columns 13 and 14 contain calculations for the velocity distribution across
the section, columns 15 through 17 contain the average kinetic energy, column 18 contains calcula-
tions for "other losses" (expansion and contraction losses due to interchanges between kinetic and
potential energies as the water flows), and column 19 contains the computed change in water surface
elevation. Conservation of energy is accounted for by proceeding from section to section down the
computation form.

Columnl -  CROSS SECTION NO., is the cross-section identification number. Miles upstream
from the mouth are recommended.

Column 2 - ASSUMED, is the assumed water surface elevation which must agree with the
resulting computed water surface elevation within + .05 feet, or some allowable tolerance, for trial
calculations to be successful.

Column 3 - COMPUTED, is the rating curve value for the first section, but thereafter, is the value
calculated by adding WS to the computed water surface elevation for the previous cross section.

Column 4 - A, is the cross section area. If the section is complex and has been subdivided into
several parts (e.g., left overbank, channel and right overbank) use one line of the form for each sub-

section and sum to get A,, the total area of cross section.

Column 5 - R, is the hydraulic radius. Use the same procedure as for column 4 if section is
complex, but do not sum subsection values.

Column 6 - Rz, is 2/3 power of hydraulic radius.
Column 7 - n, is Manning coefficient of channel roughness.

Column 8 - K, is conveyance and is defined as (CmAR23/n) where Cm is 1.49 for English units. If
the cross section is complex, sum subsection K values to get K.

Column 9 - K, is average conveyance for the reach, and is calculated by 0.5(Kw + Kw) where
subscripts D and U refer to downstream and upstream ends of the reach, respectively.
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Appendix 7-E Water Surface Profile Computation

Column 10 - Sy, is the average friction slope through the reach determined by (Q/Kt)2.

Column 11 - L, is the distance between cross sections: different values may be used in each
strip.

Column 12 -  hyg, is energy loss due to friction through the reach and is calculated by hs= (Q/K):L.

Column 13-  K(K/A), is part of the expression relating distributed flow velocity to an average
value. If the section is complex, calculate one of these values for each subsection and sum all subsec-
tion values to get a total. If one subsection is used, Column 13 is not needed and (Column 14) equals
one.

Column 14 - o, is the velocity distribution coefficient and is calculated by K(K/A)2/(Kv/At)2 where
the numerator is the sum of values in Column 13 and the denominator is calculated from K: and At.

Column 15 - 'V, is the average velocity and is calculated by Q/A..

Column 16 -  V2/2g, is the average velocity head corrected for flow distribution.

Column 17-  (AaV2/2g), is the difference between velocity heads at the downstream and upstream
sections. A positive value indicates velocity is increasing, therefore, use a contraction coefficient for
"other losses". A negative value indicates the expansion coefficient should be used in calculating
"other losses".

Column 18 - ho, is "other losses", and calculated with either Ce or C.

Column 19- WS, is the change in water surface elevation from the previous cross section. It is the
algebraic sum of columns 12, 17 and 18.
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Channels Appendix 7F-1

Appendix 7-F HEC-RAS Checklist

INPUT CHECKLIST

1. GEOMETRIC DATA

A.

Review the Project Limits (limits of data collection). Is enough information (cross-sections)
gathered both upstream and downstream of the study reach? For subcritical regime, make
sure that the upstream project limit is at a distance where the water surface profile resulting
from a channel modification converges with the existing conditions profile (to evaluate any
upstream impacts due to project alternatives). The downstream limit should be far enough to
prevent any user identified boundary condition from affecting the results within the study
reach. For supercritical regime, the roles of the upstream and downstream limits are
reversed.

B. Check the river system schematic. Are the various reaches (for a dendritic river system)

C.

D.

E.

properly connected? Inspect the location of junctions. Are the flow directions correct?
Check the location of flow splits and flow combinations in looped networks (if any).

Review the cross section geometry. Does it characterize locations of changes in discharge,
slope, shape or roughness, locations where levees begin or end, at bridges, culverts, weirs, or
other control structures? Are the cross sections properly oriented (perpendicular to the
anticipated flow lines, i.e. approximately perpendicular to the ground contour lines)? Review
individual cross-section plots. Does a cross section extend across the entire floodplain? Is
each end of the cross section higher than the anticipated maximum water surface elevation?
Is the topography of the channel (bank elevation) and floodplain accurately reflected in the
geometry of the cross sections?

Review the reach lengths (distances between cross sections). Check that the channel reach
lengths are correctly determined along the thalweg and the overbank reach lengths are
measured along the anticipated path of the center of mass of the overbank flow. Make sure
that the cross section properly reflects the stream size, slope, uniformity of cross-section
shape, and the purpose of the study.

Review the profile plots of channel bed elevations and top of bank elevations for abrupt
changes, adverse grade, or other anomalies.

2. FLOW DATA

A.

B.

What is the design discharge and how is it derived?

[s there existing discharge data (hydrologic record) that may be more appropriate or required
for regulatory purposes?

Are there any tributaries at which a change in discharge might be expected?

Are there multiple discharges (multiple profile runs)? What return interval (event) does each
discharge represent?
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Appendix 7-F HEC-RAS Checklist

2. FLOW DATA(continued)
E. What is the expect flow regime? Is there a possibility for mixed flow regime?
3. BOUNDARY CONDITIONS

A. What method is used to establish the staring water surface elevation: observed, slope-area,
critical, or other? Is this method appropriate based on available information on flow regime
and topography (for subcritical flow, boundary conditions are necessary at the downstream
project limit; for supercritical flow, boundary conditions are necessary at the upstream
project limit.; for mixed flow conditions, boundary conditions are necessary at both project
limits.)?

B. If there is not a known starting water surface elevation, prepare a range of user-defined
starting elevations to check the sensitivity of the results in the study reach.

4. ENERGY LOSS COEFFICIENTS

A. What are Manning’s roughness coefficients are used for the channel and overbank areas?
Review available aerial and/or ground photography. Conduct a field reconnaissance. Are
the coefficients realistic and representative of vegetation, season change, channel
irregularities, channel alignment, channel slope, stage and discharge, and bedforms? Is there
a need to model more than three distinct zones within each cross section (left overbank,
channel, and right overbank)? Does aerial photography or field review indicate braided
channels or other areas with the horizontal variability or roughness? Check if the observed
water surface profile information (gaged data and high water marks) is available for the
roughness calibration. Compare the adopted Manning’s coefficients to those used in other
studies for similar stream conditions and/or those obtained from experimental data.

B. What expansion and contraction coefficients are used to evaluate transition losses? Are they
representative of the changes in geometry between successive cross sections and flow
regime? Do they include energy losses at bridges, culverts, weirs, and other control
structures? Make sure that the coefficients applied between two cross sections are specified
as part of the data for the upstream cross sections.

5. INEFFECTIVE FLOW AREAS
A. Are non-conveying, flow separation areas where the velocity in the downstream direction is
close to zero (e.g. “shadow areas” outside the main flow conveyance zone approaching or

exiting a bridge, culvert, or other flow obstacle) modeled as ineffective?

B. Are depressions such as overbank excavations or low grounds where water ponds but is not
actively being conveyed, represented as ineffective flow areas?
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Appendix 7-F HEC-RAS Checklist

INPUT CHECKLIST (continued)

6. SPECIAL CONDITIONS

Based on review of the input data, note the existence or any indication of the possible existence of the
following conditions for further investigation after reviewing the output:

Bridges, culverts, weirs, and other control structures
Levees

Blocked obstructions

Distributary or alluvial fan conditions

Split and/or divided flow

Islands

mmY 0w

OUTPUT CHECKLIST

1. KEY HYDRAULIC PARAMETERS
Check the following parameters for consistency are reasonableness:

A. Flow depth

B. Critical flow depth

C. Velocity

D. Velocity Head

E. Area

F. Top width

G. Invert slope

H. Energy slope
These parameters should vary gradually between cross sections. Note any unusual variations and any
extreme values that do not seem realistic or are inconsistent with known conditions regarding the
stream reach.
2. FLOW CONSISTENCY

A. Check the streamwise variation (from cross section to cross section) in the flow distribution

between the channel and the left/right overbank. Does the amount of flow (discharge) in any
one area vary from one cross section to the next?
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Appendix 7-F HEC-RAS Checklist

OUTPUT CHECKLIST (continued)

2. FLOW CONSISTENCY (continued)

B.

Check the later distribution of flow between the channel and the overbanks for each cross
section. Does it seem reasonable (e.g. if majority of flow is in one overbank, is this what is
expected based on the input review)?

3. ERROR AND WARNING MESSAGES

Review summary of errors, warnings, and notes generated after each run. It is important to note that
the user does not have to eliminate all the warning messages. However, it is up to the user to
determine whether or not these warnings require additional actions for the analysis.

Some common messages to look for include:

A.

If there are consistent warning messages indicating profile defaulting to critical depth,
consider modeling the alternative flow regime (subcritical vs. supercritical). Mixed flow
regime should be attempted.

Each cross section with the energy equation could not be balanced message (so that critical
depth was assumed) requires further examinations. This message is often an indication of
unstable modeling (due to insufficient number of cross sections and data points, inconsistent
flows, inaccuracy of roughness coefficients and energy losses), rather than critical depth
flows depths. However, it is up to the user to determine whether critical depth is a legitimate
answer which indicates minimum specific energy of the flow (e.g. at a transition from
subcritical to supercritical flow, at a sudden constriction in subcritical flow, etc.).

If there are any extended cross sections messages (these messages indicate the computed
vertical floodplain limits exceed the limits of the cross section), consider obtaining additional
ground points from the available topography to “close” the cross section and account for
additional flow area. Consider if flow would actually leave the main channel at this location
(split flow situation).

In case of divided flow messages, it should be first determined whether the water can actually
flow on both sides of the dividing land feature at the specified flow rate. If so, this usually
requires separate modeling of divided reaches.

Messages indicating change in velocity head and/or conveyance ration exceeding allowable
limits imply that the flow area are changing abruptly between cross sections and may call for

additional cross sections or specification of ineffective flow areas.

Any other messages should be examined and either eliminated or justified.
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Appendix 7-F HEC-RAS Checklist

OUTPUT CHECKLIST (continued)

4. SPECIAL CONDITIONS

Based on the foregoing review, determine whether the model input or output suggest any of the
following special flow conditions:

A. Bridges and/or culverts? Are boundary cross sections properly located? Has the correct
computational method been used (energy, momentum, Yarnell, pressure and/or weir)? Are
ineffective flow limits properly specified? Check pressure/low flow distributions in the
output?

B. Levees? Is flow confined within levees allowing overbank flow only above the levee crest
stage?

C. Blocked obstruction? Note that these elements decrease flow area and add wetted perimeter
when water comes in contact with them (unlike ineffective flow limits).

D. Distributary or alluvial fan conditions? Does the output indicate consistent occurrence of
flows diverging from a common path without rejoining downstream or do flow characteristics
indicate a gradually expanding pattern of flow with little or no boundary definition? If so, a
distributary type flow pattern may predominate, making one-dimensional modeling .
impractical or impossible.

E. Split and/or divided flow? Flow overtopping a divide as side weir flow? Have these areas
been accounted for using split flow modeling or other approximation to account for lost flow?

F. Islands? Do the model results indicate isolated flood free areas within the floodplain? The
occurrence of islands may indicate a flow pattern similar to split or divided flow where the
two (or more) separate flow paths around the island must be modeled separately to accurately
determine flow profiles.
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Appendix 7-G Equilibrium Slopes & Drop Structures

Equilibrium Slopes & Drop Structureg

Given a fixed distribution of sediments, the sediment-transport capacity of a stream is dependent on
flow velocity and depth. For most streams, transport of all particle sizes of bed material increases, as
flow velocity increases, at a rate proportional to the third to fifth power of the velocity.
Correspondingly, transport of sediment particles composed of bed material generally decreases as
depth increases, while transport increases with decreased depth.

For the purpose of analysis and design, most natural, undisturbed channels can be assumed to be at or
near a state of dynamic equilibrium with regard to sediment transport. This means that over a given
reach of channel, the sediment-transport capacity of the channel, over the long term, is more or less
equal to the sediment supply. The channel bed is therefore stable”.

The equilibrium slope for a channel that has an upstream sediment supply that is essential zero can be
computed by:
Seq= (1.45n/q0-11)2 (7G-1)
Where:
Seq = Equilibrium slope with no sediment supply, ft./ft.

n = Manning’s roughness coefficient,
q = Channel unit discharge, cfs/ft.

For channels that have some sediment-transport capacity, the equilibrium slope can be computed by
Seq - [{(nu/nn)z*(Qu,lO/Qn,IO)_]'] * (bu/bn)0'4*(1‘Rs)0'7]*Sn (7G-2)
Where:

Seq
— A 2
n,, N, = Manning’s roughness

= Equilibrium slope

Qu,10- Qn,10= Ten year discharge,
b,, b,= Channel bottom width, ft
R, = Reduction factor for sediment supply. This factor is usually assumed to be equal to the ratio

of impervious area to the total area of the watershed.
S, = Natural or existing slope, ft./ft.

The subscripts n or u relate to the natural or urbanized condition.
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Appendix 7-G Equilibrium Slopes & Drop Structures

Equilibrium Slopes (continued)

Spacing and depth of grade control structures

If the equilibrium slope of a channel, as determined by either equation above, is flatter than the
existing or design slope, a grade-control structure may be needed to limit degradation from exceeding
a certain depth at any point along the channel. Grade-control structures are barriers in a channel that
prevent the channel bed from degrading at a point located immediately upstream of where they are
located. After the channel has reached equilibrium, the bed elevation immediately upstream of the
grade control structure is at the design elevation. Downstream of the grade-control structure, the bed
is at an “equilibrium” elevation that is lower than the design elevation. For most channels the design
process is iterative involving drop height, reach length, and depth of scour downstream of the drop.

Once a drop height is chosen, the reach length, or spacing, between adjacent structures can be
computed from
L= h/(sib_seq) (7G-3)

Where:
L, = Reach length, or spacing, between adjacent grade-control structures, in ft.

H = Drop height, measured at the downstream face, in ft.
Sip= Initial channel bed slope, in ft/ft

Seq = Equilibrium channel bed slope, in ft/ft.

If the initial and equilibrium slopes are approximately the same, the distance between structures will
be large. Under such circumstances, grade-control structures may not be necessary.

For economical and technical reasons, grade-control structures should be spaced no closer than
twelve times the local scour depth as computed by equation 7G-4 or equation 7G-5 as discussed in
Chapter 9, energy dissipators.

Zisp= 1.32(q)0-34 (H)0-225-TW (7G-4)

les =(0.581 (q)0.667 (h/Y)0~4] ][1—(h/Y)]'0-1 18
(7G-5)

Grade-control structures may be constructed of un-reinforced concrete walls of no more than two feet
high, to very large energy dissipators as discussed in Chapter 11.
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Appendix 7-G Equilibrium Slopes & Drop Structures

Equilibrium Slopes (continued)

Example: Spacing and depth of grade-control structures.

A channel is to be constructed in an urbanized area to contain the 100-year discharge. The banks of
the channel are to be of shotcrete, the bottom is earth.

Channel characteristics are as follows:
Bottom width = 20 feet

Design slope = 0.006 ft/ft

Side slope 1:1

Manning’s n = 0.022

Hydraulic data is

Q]0=350 cfs Q]()o: 700 cfs

Y10=2.1ﬁ. Y|00=3.1

Vio=7.7 fps. Vio0o = 9.7 fps.

Unit discharge, ¢ = 350/20 = 17.5 cfs Unit discharge, q = 700/20 = 35.0 cfs

As the watershed is considered to be urbanized the equilibrium slope is calculated with equation 6.25.
Seq =0 45(n)/q0-11) = (1.45(0.022)/(17.50-11) = 0.0005, try a 2-foot drop.

The spacing between drops by equation 7G-3 is

L= 2.0 = 364 feet,
(0.006-0.0005)

Since the drop is 2 feet, and Yo = 2.1 ft. the drop is submerged, the scour is estimated by equation
6.14 as

Zis= 0_581(q100)0.667 (h/YIOO)O'4l 1[1—(h/Y100)]'0~1 18
Z1is = 0.581(35)0-667 (2/3.1)0-4111-(2/3.1)]-0-118
Z]SS =5.9 feet.

Therefore, the total height of the drop structure from the top to the toe should be 5.9 feet plus the two-
foot drop height; or 7.9 feet. This dimension does not include any protective depth below the scour.
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Appendix 7-G Equilibrium Slopes & Drop Structures

Equilibrium Slopes (continued)

Example: Spacing and depth of grade-control structures. (continued)

If it is desired to keep the depth to less than 6 feet, a one-foot drop results in

L= 1.0 =182 feet. |
\
|

(0.006-0.0005)
and
Z155 = 0.581(q100)667 (Y 199) 411 [1-(0/Y 1) 0118 |

Z)s = 0.581(35)0-667 (1/3.1)0-4111-(1/3.1)]-0-118
Z1s = 4.1 feet. For a total height of 5.1 feet.

This would result in 5-foot high drop structures with one-foot exposed at 180-foot spacing.
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Appendix 7-H Concrete Lined Channels

Presented are some general guidelines for concrete channel lining design including minimums where
appropriate. The channel lining designer should consult with the appropriate materials engineer
regarding lining thicknesses, side slopes, concrete mix design, concrete shrinkage criteria, weephole
requirements, and required subgrade treatment.

Thickness:

The channel lining thickness and reinforcement shall be designed for the soil conditions at the project
site and should consider any negative pressures that might occur and any collapsing or expansive
soils. The minimum thickness for trapezoidal channels should be as shown in the table below.

Minimum Channel Lining Thickness

Mean Water Slab Thickness (in.)

Velocity (ft/sec) Bottom Slab Side Slope Slab
Less than 10 5 5

10 to 15 6 5.5

15 to 20 7.5 6

more than 20 8

Note: 6-inch minimum with tied reinforcement or when bottom slab width is 8 or more feet
(required to support vehicles).

Joints:

Concrete channel linings should be continuously reinforced Portland cement without expansion or
tooled joints. Longitudinal construction joints should be located as required for construction but
within the low flow area of the bottom slab. The bottom slab pours should extend a minimum of 1
foot up the side slope. Transverse construction joints should be provided only when concrete
placement stops for more than 45 minutes. The reinforcing shall be continuous through the
construction joints and through joints with culverts and other hydraulic structures. Sealed expansion
joints with load transfer devices shall be provided at bridge piers, abutments, and other fixed
structures.

Side slopes:

Side slopes on main channels should be designed for soil conditions at the site but should not exceed
a desirable slope of 2:1 with an absolute minimum of 1.5:1. If steeper slopes are required, the lining
shall be designed as a retaining wall for appropriate lateral earth pressures.

Subgrade treatment should be on a site-specific basis as recommend by the geotechnical engineer.
Pressure relief of channel linings should be provided by geotextile or geocomposite drainage strips
and 4-inch diameter PVC weepholes through the lining 12 inches above the channel. The spacing of
weepholes should be based on subsurface investigation; potential future changes in ground water
levels, any structural backfill and any parallel or crossing futilities.
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Appendix 7-H Concrete Lined Channels (continued)

Reinforcing:

Reinforcing steel shall be mild steel of either bars or welded wire fabric uniformly distributed.
Longitudinal reinforcement should be a minimum of 0.3 percent of the concrete area. The minimum
percentage of transverse reinforcement is dependent upon the top width of the channel with 0.20
percent for widths less than 65 feet, 0.25 percent for widths from 65 to 100 feet and 0.30 percent for
widths greater than 100 feet.

Clearance:
Reinforcing shall have a minimum of 3-inch clearance to grade and a minimum of 2-inch clearance to
exposed surfaces.

Cutoff walls:

Cutoff walls will be required:

« Where new lining abuts an existing concrete or other type of lining which is not continuously
reinforced; (a sealed expansion joint should be provided between the new and existing
linings)

o At the beginning (upstream end) of a transition section

o At breaks in the channel profile of more than 0.9 percent; and

e At existing structures where the new lining cannot realistically be made continuous with the
existing lining.

Cutoff walls are not required to prevent progressive failure in continuously reinforced channels;
however, stability of sloped wall lining at transitions where the cross-section shape changes, or at
locations where channel slopes change must be evaluated. The change in directions will result in
unbalanced force action away from the supporting earth. To prevent local buckling at these locations,
cutoff walls rigidly attached to the paving, should be installed to stiffen the lining.
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Appendix 7-1 Example Computations

Rectangular Channel
1. Normal depth
2. Critical depth

Trapezoidal Channel
1. Normal depth
2. Channel capacity

Circular Channel
1. Normal depth
2. Critical depth
3. Equivalent depth
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Appendix 7-1 Example Computations (continued)

Rectangular Channel

1. Normal depth

Given: 5 ft. wide channel,
Q=200 cfs.
n=0.012
So=0.03

Find: Normal depth of flow: dj,

For use of chart need following parameter; Qn/(bz'()7 Soo's)

Qu/(b>%7 $0°7) = (200%0.012) / (5%°7 0.03"%) = 2.4 / (73.49%0.1732) = 2.4/12.73 = 0.188

From channel chart; d/b = 0.365, therefore depth =0.365*5 = 1.83 ft.

2. Critical depth

Find Critical depth:

For a rectangular channel,

217

d, =0.315((Q/b)2)0-333

d.=0.315*((200/5)2)0-333= 0.315*(1600) 9-333= 3.68 ft.
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Appendix 7-1 Example Computations (continued)

Trapezoidal Channel

1. Normal depth

Given:
Q=2800 cfs
B =8 ft.
Z =4 (Side Slope 4:1)
n=0.03
So=10.05

Find normal depth and velocity.

0.5

For use of chart need following parameter; Qn/(b2'67 So™)
Qu/(6>%7 $0%) = (800%0.03) / (8%%7 0.05">) = 24 / (257.8%0.2236) = 24/57.65 = 0.416
From channel chart; d/b = 0.34, therefore depth =0.34*8 = 2.72 fi.

For a depth of 2.72, top width = 8.0 + 2.72*2*4 = 29.76 ft.

Area=d(bl +b2)/2 = 2.72*%(8 +29.76)/2 = 51.35 sq. ft.

Velocity = Q/A = 800/51.35 = 15.6 ft/sec.

2. Channel capacity

Given : B=14 ft.
d=2ft
Z =4 (Side Slope 4:1)
n=0.035
So = 0.05

Find velocity and discharge.

V = (1.486/n) R0-6750.5

Where R = A/P.
A=Bd + Zd2 = 4(2) + 4(2)2=24.0

P =b+2d(Z2+1)0-5 = 4 +2(2)(42 +1)0-5 = 4 +2(2)(42 +1)0-5=20.49 ft.

V = (1.486/0.035)*(1.171)0:67 (0.05)0-5 .
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Appendix 7-1 Example Computations (continued)

2. Channel capacity (continued)

R=A/P =24.0/20.49 = 1.171
V =42.46%(1.112)*(0.2236) = 10.55
Q=VA

Q=10.55%24.0 =253.2 cfs

Circular channel

1. Normal depth

Given:

Q=400 cfs

D =60”=5.0 ft.
n=0.012
So=0.05

For use of chart 47 need following parameter; Qn/(D267 S,0-3)
QD267 $,0-5) = (300%0.012) /(5267 0.050-5) = 0.22

From chart d/D = 0.57, d;; =0.57*5.0 =2.85

2. Critical depth

Given:
Q=300 cfs.
D=60”=5.0 ft.

Using chart critical depth chart, d; =4.7

3. Equivalent depth

Q=400 cfs
n=0.012
So =0.05
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Appendix 7-1 Example Computations (continued)

3. Equivalent depth (continued)

Find equivalent depth, de

de =(A/2)05
d/D = _depth of Flow = 28 =0.57
Diameter of Pipe 5.0

From d/d vs A, A = 0.4625D?

A = 0.4625%(25) = 11.56 sq.ft.

de =(11.56/2)0-5
de =2.40 ft.

Appendix 71-5
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8.1 Introduction

8.1.1 Purpose

This chapter provides general design procedures for the hydraulic design of highway culverts. For more in-
depth discussion of the hydraulics of culverts see the FHWA Hydraulic Design Series Number 5 (HDS 5),
Hydraulic Design of Highway Culverts. This chapter also presents results of culvert analysis using
microcomputers that demonstrates the use of the HY8 culvert analysis software.

Culverts are structures designed to convey water through embankments, the hydraulics are for free surface
flow approaching the culvert, with no consideration of the approach velocity (i.e. ponded conditions).

8.1.2 Definitions

Critical Depth

Critical depth is the depth at which the specific energy of a given flow rate is at a minimum. For a given dis-
charge and cross-section geometry there is only one critical depth. Appendix D at the end of this chapter con-
tains critical depth charts for different shapes.

Crown (Soffit)

The crown is the inside top of the culvert.

Flow Type

There are seven culvert flow types (USGS), but for highway culvert design a simplified approach with only
two types of flow (inlet control and outlet control) are used. Diagrams of these flow types are provided in the

design methods section.

Free Outlet

A free outlet has a tailwater equal to or lower than critical depth. For culverts having free outlets, lowering of
the tailwater has no effect on the discharge or the backwater profile upstream of the tailwater.

Headwater

Headwater is the depth of water that is be ponded at the upstream end of the culvert during the flood event.

Improved Inlet

An improved inlet has an entrance geometry which decreases the flow contraction at the inlet and thus in-
creases the capacity of culverts. These inlets are referred to as either side- or slope-tapered (walls or bottom
tapered).
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8.1 Introduction (continued)

8.1.2 Definitions (continued)

Invert

The invert is the flowline of the culvert (inside bottom).

Normal Depth Flow

Normal depth flow occurs in a channel reach when the discharge, velocity and depth of flow do not change
throughout the reach. The water surface and channel bottom will be parallel. This type of flow will exist in a
culvert operating on a constant slope provided the culvert is sufficiently long so that normal depth is achieved.

Slope
e A steep slope occurs where normal depth is less than critical depth.
e A mild slope occurs where normal depth is greater than critical depth.

» Critical slope occurs where the specific energy of a given flow rate is at a minimum. For a given dis-
charge and cross-section geometry there is only one critical slope.

Submerged

« A submerged outlet occurs when the tailwater elevation is higher than the crown of the culvert at the
outlet end.

e A submerged inlet occurs when the headwater is greater than 1.2D where D is the culvert diameter or
barrel height.

Tailwater

Tailwater is the depth of water that is at the downstream end of the culvert during the flood event.
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8.1 Introduction (continued)

8.1.3 Svmbols

To provide consistency within this chapter as well as throughout this manual the symbols given in Table 8-1 will be used.
These symbols were selected because of their wide use in culvert publications.

Table 8-1 Symbols

Symbol  Definition Units
A Area of cross section of flow Ft’
AHW  Allowable High Water Ft
B Barrel width Ft
D Culvert diameter or barrel height Ft. or in.
DHW  Design Highwater Ft
d Depth of flow Ft
d. Critical depth of flow Ft
g Acceleration due to gravity Ft./sec’
H Sum of Hg + Hy + H, Ft
Hy Bend headloss Ft
Hg Entrance headloss Ft
He Friction headloss Ft
Hp Total energy losses Ft
H, Outlet or exit headloss Ft
H, Velocity head Ft
h, Hydraulic grade line height above outlet invert Ft
HW Headwater depth (subscript indicates section) Ft
Kg Entrance loss coefficient =
L Length of culvert Ft
n Manning's roughness coefficient -
P Wetted perimeter Ft
Q Rate of discharge Ft'/sec
R Hydraulic radius (A/P) Ft
S Slope of culvert Ft/Ft
™ Tailwater depth above invert of culvert Ft
\ Mean velocity of flow with barrel full Ft/sec
V4 Mean velocity in downstream channel Ft/sec
Vo Mean velocity of flow at culvert outlet Ft/sec
Va Mean velocity in upstream channel Ft/sec
Y Unit weight of water Lb/Ft’
T Tractive force Lb/Ft*
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8.2 Design Goals & Guidelines

8.2.1 Design Goals
The following design goals are specific to culverts.

o All culverts that are to convey a quantifiable discharge (design flow) shall be hydraulically designed.

o Thedesign flood selected shall be consistent with the class of highway and commensurate with the risk at
the site.

o Culvert location in both plan and profile shall be investigated to avoid sediment build-up in culvert
barrels.

o Culverts shall be designed with consideration of debris by either providing debris screens or by using an
enlarged opening.

e Culverts in urban situations may need to have access barriers.

o Where practicable, some means shall be provided for personnel and equipment access to facilitate mainte-
nance.

Length and Slope

The culvert length and slope shall be chosen to approximate existing topography, and to the degree practica-
ble:

» the culvert invert shall be aligned with the channel bottom and the skew angle of the stream, and

o the culvert entrance shall match the geometry of the roadway embankment.

Debris Control

Debris control shall be considered:

« where experience or physical evidence indicates the watercourse will transport a heavy volume of
controllable debris,

» for culverts located in mountainous or steep regions,

o for culverts that are under high fills, and

e where clean out access is limited. However, access must be available to clean out the debris control
device.

Screens are usually provided upstream of the culvert inlet, see Hydraulic Engineering Circular No. 9, "Debris-
Control Structures" for design information.

Allowable Headwater

Allowable headwater is the depth of water that can be ponded at the upstream end of the culvert during the
design flood that is limited by one or more of the following:

* non-damaging to upstream property,

» 3 inches below the edge of the pavements,

» equal to the elevation above which flow diverts around the culvert to another watercourse,

* May be limited to an elevation that does not adversely affect the performance of upstream culverts.
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8.2 Design Goals & Guidelines (continued)

8.2.1 Design Goals (continued)

Tailwater Relationship - Channel

o Evaluate the hydraulic conditions of the downstream channel to determine a tailwater depth for a range of
discharges.

o Calculate backwater curves at sensitive locations or use a single cross section analysis. (Backwater
curves yield the most accurate tailwater.)

o Use the critical depth and equivalent hydraulic grade line if the culvert outlet is operating with a free
outfall.

o Use the headwater elevation of any nearby, downstream culvert if it is greater than the channel depth. A
backwater surface profile may be appropriate if the tailwater significantly impacts the culvert under
consideration.

Tailwater Relationship - Confluence or Large Water Body

o Use the high water elevation that has the same frequency as the design flood if events are known to occur
concurrently (statistically dependent).

« [fstatistically independent, the tailwater should be evaluated for two conditions; 1.) that from the design
peak flow of the culvert concurrent with the 10-year peak flow in the main watercourse, 2.) that from the
10-year peak flow in the culvert with the design peak flow in the main watercourse.

Maximum Velocity

At the design flow, the maximum velocity at the culvert exit shall be compared with the velocity in the natural
channel as described in Section 612 2.C of the Roadway Design Guidelines (RDG).

e No protection is generally required in the natural stream if the outlet velocity is less than 1.5
times the natural stream velocity.

e Dumped rock riprap is generally sufficient for ratios between 1.5 and 2.0 with an outlet
velocity less than 10 fps.

e  Wire-tied rock riprap should generally be used where the ratio is 1.5 to 2.5 with an outlet
velocity between 10 and 15 fps.

e Energy dissipators are required when the ratio between outlet and natural stream velocities is
greater than 2.5 or the outlet velocity is greater than 15 fps.

Minimum Velocity

The minimum velocity in the culvert barrel shall result in a tractive force (t=ydS) greater than critical T of the
transported streambed material at low flow rates.

o Use 2.5 ft/sec. when streambed material size is not known.
o Ifclogging is probable, consider installation of a sediment trap or size culvert to facilitate cleaning.
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8.2 Design Goals & Guidelines (continued)

8.2.1 Design Goals (continued)

Flood Frequency
The flood frequency used to design the culvert shall be based on:

o the roadway classification, (Chapter 600, Roadway Design Guidelines)
o existence of FEMA mapped floodplains, and
o the level of risk associated with the 100-year event to adjacent property.

8.2.2 Design Features

Alternative Analysis

Culvert alternatives shall be selected that satisfy:
» topography (fit the site)

e design policies and criteria

Alternatives shall be analyzed for:

e hydraulic equivalency,

» environmental impact (changes in velocity, flow distribution, and alignment), and
e risk and cost.

The selected alternative should best integrate engineering, economic and social considerations. The chosen
culvert shall meet the selected structural and hydraulic criteria and shall be based on:

e construction and maintenance costs,

» risk of failure or property damage,

o traffic safety,

o environmental or aesthetic considerations,
e social or nuisance considerations, and

» land use requirements.

Culvert Sizes and Shape

The culvert size and shape selected shall be based on engineering and economic criteria related to site condi-
tions.

e The following minimum sizes shall be used to minimize maintenance problems and clogging:
24” pipe culvert, 6’x6’ box culvert, (a smaller box culvert may be used as required with approval of the
Drainage Section Supervisor and District representative).

o Land use requirements, such as need for an equipment or animal pass, may dictate a larger or different
barrel geometry than required for hydraulic considerations.

o Usearch or oval shapes only if required by hydraulic limitations, site characteristics, structural criteria, or
environmental criteria.
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8.2 Design Goals & Guidelines (continued)

8.2.2 Design Features (continued)

Multiple Barrels

Multiple barrel culverts shall fit within the natural dominant channel with minor widening of the channel so as

to avoid conveyance loss through sediment deposition in some of the barrels. They are to be avoided where:

« the approach flow is high velocity, particularly if supercritical, (These sites require either a single barrel
or special inlet treatment to avoid adverse hydraulic jump effects.)

e irrigation canals or ditches are present unless approved by the canal or ditch owner,

Culvert Skew

The culvert skew shall not exceed 45° as measured from a line perpendicular to the roadway centerline
without the approval of the Drainage Engineer. Culvert skews shall be specified to no greater precision than 1
degree and should be constructible with standard designs of 15, 30, and 45 degrees skew.

Broken-back Culverts

Broken-back culverts may be necessary where the topography does not allow for a continuous grade. Broken-
back culverts shall only be used with the approval of the Drainage Section.

End Treatment (Inlet or Outlet)

Inlet and Outlet end treatments are shown in the ADOT B- and C- standards. Culverts 48” and larger shall
have a headwall. Culverts less than 48 shall have an end section.

Culvert ends may be protected from traffic impacts as follows:
o Small culverts, 30 in. in diameter or less, shall use an end section or slope paving.
o Culverts greater than 30-in. in diameter may receive one of the following:

a. be extended to the appropriate "clear zone" distance as shown in the AASHTO Roadside Design
Guide.

b. safety treated with a grate if the consequences of clogging and causing a potential flooding hazard
is less than the hazard of vehicles impacting an unprotected end. If a grate is used, the net area of
the grate (excluding the bars) shall be 1.5 to 3.0 times the culvert entrance area.

c. shielded with a traffic barrier if the culvert is very large, cannot be extended, has a channel that
cannot be safely traversed by a vehicle, or has a significant flooding hazard with a grate.

Performance Curves

Performance curves may be used for evaluating the hydraulic capacity of a culvert. These curves will display
the effects of different flow rates at the site and provide a basis for evaluating flood hazards.
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8.2 Design Goals & Guidelines (continued)
8.2.2 Design Features (continued)

Outlet Protection

Outlet protection shall be provided where necessary due to excessive outlet velocities or a significant
difference between the outlet velocity and the downstream channel velocity. See Energy Dissipator
Chapter.

8.2.3 Design Methods

Hvdrology Methods

A. Constant Discharge

o Isassumed for most culvert designs.

e Is usually the peak discharge.

» Will yield a conservatively sized structure where temporary storage is available, but not used.

B. Hydrograph and Routing

» Storage capacity behind a highway embankment attenuates a flood hydrograph and reduces the peak dis-
charge.

» Significant storage will reduce the required culvert size. However, the storage should not create a state
class dam.

o Is checked by routing the design hydrographs through the culvert site to determine the outflow hydro-
graph and stage (backwater) behind the culvert.

e Procedures are in HDS 5, Section V.

e Must be of a permanent nature, and

» May only be used by approval of the Drainage Section.

Computational Methods

Nomographs

» Require a trial and error solution that is quite easy and provides reliable designs for many applications.

e Require additional computations for tailwater, outlet velocity, hydrographs, routing and roadway overtop-
ping.

» Circular and box shapes are included in the appendix of this chapter. Other shapes and improved inlets
are found in HDS 5.
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8.2 Design Goals & Guidelines (continued)

Computational Methods (continued)

Computer Software

HY8 (FHWA Culvert Analysis Software)

o Uses the theoretical basis for the nomographs.

»  Can compute tailwater, improved inlets, road overtopping, hydrographs, routing and multiple independent
barrels.

o Develops and plots tailwater rating curves.

o Develops and plots performance curves.

Other computer programs may be used, they must use the methodology presented in HDS 5. The designer
shall check with the ADOT Drainage section prior to use. Comparison of computer program results with
HDS 5 nomographs may be required.

8.3 Design Equations

8.3.1 General

An exact theoretical analysis of culvert flow is extremely complex because the following is required:
» analyzing nonuniform flow with regions of both gradually varying and rapidly varying flow,

o determining how the flow type changes as the flow rate and tailwater elevations change,

« applying backwater and drawdown calculations, energy and momentum balance,

o applying the results of hydraulic model studies, and

e determining if hydraulic jumps occur and if they are inside or downstream of the culvert barrel

8.3.2 Approach
The procedures in this chapter use the following:

Control Section

The control section is the location where there is a unique relationship between the flow rate and the upstream
water surface elevation. Inlet control is governed by the inlet geometry. Outlet control is governed by a
combination of the culvert inlet geometry, the barrel characteristics and the tailwater.

Minimum Performance

Minimum performance is assumed by analyzing both inlet and outlet control and using the highest headwater.
The culvert may operate more efficiently at times (more flow for a given headwater level), but it will not
operate at a lower level of performance than calculated.

ADOT Hydraulics Manual




8-12 Culverts

8.3 Desien Equations (continued)

8.3.3 Inlet Control

For inlet control, the control section is at the upstream end of the barrel (the inlet). The flow passes through
critical depth near the inlet and becomes shallow, high velocity (supercritical) flow in the culvert barrel.
Depending on the tailwater, a hydraulic jump may occur downstream of the inlet.

Headwater Factors

e Headwater depth is measured from the inlet invert of the inlet control section to the surface of the
upstream pool.

o Inletareais the cross-sectional area of the face of the culvert. Generally, the inlet face area is the same as
the barrel area.

» Inlet edge configuration describes the entrance type. Some typical inlet edge configurations are thin edge
projecting, mitered, square edges in a headwall and beveled edge.

o Inlet shape is usually the same as the shape of the culvert barrel. Typical shapes are rectangular, circular,
elliptical and arch. Check for an additional control section, if different than the barrel.

Hydraulics

Three regions of flow are shown in the Figure 8-1: unsubmerged, transition and submerged:
A

Overall Inlet

Control Curve q,'-r—*"'"*

Submerged (Orifice) Flow

HEADWATER

Transition Zone

T ‘)> Unsubmerged (Weir) Flow

FLOW

Figure 8-1 Unsubmerged, Transition And Submerged
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8.3 Design Equations (continued)

8.3.3 Inlet Control (continued)

Unsubmerged
For headwater below the inlet crown, the entrance operates as a weir.

o A weiris a flow control section where the upstream water surface elevation can be predicted for a given
flow rate.

o Therelationship between flow and water surface elevation must be determined by model tests of the weir
geometry or by measuring prototype discharges.

e These tests are then used to develop equations. Appendix A of HDS 5 contains the equations which were
developed from model test data, see Figure 8-2, Unsubmerged:

Figure 8-2 Unsubmerged
Submerged
For headwaters above the inlet, the culvert operates as an orifice.
o An orifice is an opening, submerged on the upstream side and flowing freely on the downstream side,
which functions as a control section.
o The relationship between flow and headwater can be defined based on results from model tests. Appen-

dix A of HDS 5 contains flow equations that were developed from model test data. See Figure 8-3,
Submerged.

Transition Zone

The transition zone is located between the unsubmerged and the submerged flow conditions where the flow is
poorly defined. This zone is approximated by plotting the unsubmerged and submerged flow equations and
connecting them with a line tangent to both curves.
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8.3 Design Equations (continued)

8.3.3 Inlet Control (continued)

HW

Figure 8-3 Submerged

Nomographs

The inlet control flow versus headwater curves which are established using the above procedure are the basis
for constructing the inlet control design nomographs. Note that in the inlet control nomographs, HW is
measured to the total upstream energy grade line including the approach velocity head.

8.3.4 Outlet Control

Outlet control has depths and velocity that are subcritical. The control of the flow is at the downstream end of
the culvert (the outlet). The tailwater depth is either assumed to be critical depth near the culvert outlet or the
downstream channel depth, whichever is higher. In a given culvert, the type of flow is dependent on all of the
barrel factors. All of the inlet control factors also influence culverts in outlet control.

Barrel Roughness

Barrel roughness is a function of the material used to fabricate the barrel. Typical materials include concrete
and corrugated metal. The roughness is represented by a hydraulic resistance coefficient such as the
Manning n value. Typical Manning n values for pipe materials are presented in Appendix B.

Barrel Area

Barrel area is measured perpendicular to the flow.
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8.3 Design Equations (continued)

8.3.4 Outlet Control (continued)

Barrel Length
Barrel length is the total culvert length from the entrance crown to the exit crown of the culvert. Because the

design height of the barrel and the slope influence the actual length, an approximation of barrel length is
usually necessary to begin the design process.

Barrel Slope

Barrel slope is the actual slope of the culvert barrel, and is often the same as the natural stream slope. Howev-
er, when the culvert inlet or outlet is raised or lowered, the barrel slope is different from the stream slope.

Tailwater Elevation

Tailwater is based on the downstream water surface elevation. Backwater calculations from a downstream
control, a normal depth approximation, or field observations are used to define the tailwater elevation (see
Section 8.3.3).

Hydraulics

Full flow in the culvert barrel is assumed for the analysis of outlet control hydraulics. Outlet control flow
conditions can be calculated based on an energy balance from the tailwater pool to the headwater pool

Figure 8-4 Outlet Control Flow, TW 2D

ADOT Hydraulics Manual




8-16

Culverts

8.3 Design Equations (continued)

8.3.4 Outlet Control (continued)

Losses:

Where:
Hp
He
Hg
H,
H,
Hj
Hg

Velocity:

Where:
A%

Q
A

Velocity head:

Where:
Entrance loss:
Where:

Friction loss:

Where:
n

L
R
P

Exit loss:

Where:

Barrel losses:

H,=Hg + Hi + H, + H, + Hj+H, 8.1)

= total energy loss, ft.

= entrance loss, ft.

= friction losses, ft.

= exit loss (velocity head), ft.

= bend losses, ft. (see HDS 5)

= losses at junctions, ft. (see HDS 5)
= losses at grates, ft. (see HDS 5)

V=Q/A 8.2)

= average barrel velocity, ft/sec
= flow rate, ft'/sec
= cross sectional area of flow with the barrel full, ft*

H, = V2g (8.3)
g = acceleration due to gravity, 32.2 ft/sec’

Hg = K¢ (V*/2g) (8.42)

Kg = entrance loss coefficient, see table in Appendix B

H; = [(29n’L)/R"*] [V*/2g] (8.4b)

= Manning's roughness coefficient, see table in Appendix B
= length of the culvert barrel, ft.

= hydraulic radius of the full culvert barrel = A/P, ft.

= wetted perimeter of the barrel, ft.

H, = 1.0 [(V*2g) - (V4i/22)] (8.4¢)
V4 = channel velocity downstream of the culvert, ft./sec (usually neglected, see equation 8.4d).

H, =H, =V’ /2g (8.4d)
H =Hg+H, + H;

H =[1+ K.+ (19.630°L/R")] [V¥/2g] 8.5
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8.3 Design Equations (continued)

8.3.4 OQutlet Control (continued)

Energy Grade Line

The energy grade line represents the total energy at any point along the culvert barrel. Equating the total
energy at sections 1 and 2, upstream and downstream of the culvert barrel in Figure 8-4, the following
relationship results:

HW,+(V.'/2g) = TW+(V4'/2g)+Hy, (8.6)

Where:
HW, = headwater depth above the outlet invert, ft.
V., = approach velocity, ft./sec
TW = tailwater depth above the outlet invert, ft.
V4 = downstream velocity, ft/sec
Hy = sum of all losses (equation 8.1)

Hydraulic Grade Line

The hydraulic grade line is the depth to which water would rise in vertical tubes connected to the sides of the
culvert barrel. In full flow, the energy grade line and the hydraulic grade line are parallel lines separated by
the velocity head except at the inlet and the outlet.

Figure 8-5 Outlet Control, TW=D
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8.3 Design Equations (continued) .

8.3.4 Outlet Control (continued)

Figure 8-6 Outlet Control, TW <d,

Nomographs (full flow)

The nomographs were developed assuming that the culvert barrel is flowing full and:
e TW =D, (see Figure 8-4) or
e d.2D, (see Figure 8-5)
e V,is small and its velocity head can be considered to be a part of the available headwater (HW) used to convey
the flow through the culvert.
e V,is small and its velocity head can be neglected.

Equation (8.6) becomes:
HW=TW+H-S,L 8.7)
Where: HW = depth from the inlet invert to the energy grade line, ft.

H =is the value read from the nomographs (equation 8.5), ft.
S,L = drop from inlet to outlet invert, ft.

Nomographs (Partly full flow)

Equations (8.1) through (8.7) were developed for full barrel flow. The equations also apply to the flow situations which
are effectively full flow conditions, if TW <d, Figure 8-6.

e Backwater calculations may be required which begin at the downstream water surface and proceed upstream. If
the depth intersects the top of the barrel, a full flow extends from that point upstream to the culvert entrance.
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8.3 Design Equations (continued)

8.3.4 Outlet Control (continued)

Nomographs (Partly full flow) - Approximate method

Based on numerous backwater calculations performed by the FHWA staff, it was found that the hydraulic grade line
pierces the plane of the culvert outlet at a point approximately one-half way between critical depth and the top of the
barrel or (d. + D)/2 above the outlet invert. TW should be used if higher than (d. + D)/2. The following equation should
be used:

HW=h,+H-S,L (8.8)

Where: h, = the larger of TW or (d. + D)/2, ft.

Figure 8-7 Outlet Control, TW <d,

Adequate results are obtained down toa HW =0.75D. For lower headwaters, backwater calculations are required. (See
Figure 8-7 if TW < d. and Figure 8-8 if TW >d,)

Figure 8-8 Outlet Control, TW > d.
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8.3 Design Equations (continued)

8.3.5 Outlet Velocity

Culvert outlet velocities shall be calculated to determine need for erosion protection at the culvert exit. Cul-
verts usually result in outlet velocities that are higher than the natural stream velocities. These outlet
velocities may require flow readjustment or energy dissipation to prevent downstream erosion. If outlet
erosion protection is necessary, the flow depths and Froude number may also be needed (see Chapter 9,
Energy Dissipators).

Inlet Control

The velocity is calculated from equation 8.2 after determining the outlet depth. Either of the following
methods may be used to determine the outlet depth.

o Calculate the water surface profile through the culvert. Begin the computation at d. at the entrance and
proceed downstream to the exit. Determine at the exit the depth and flow area.

»  Assume normal depth and velocity. This approximation may be used if the culvert is of adequate length
so that the water surface profile converges towards normal depth. This outlet velocity may be slightly
higher than the actual velocity at the outlet. Normal depths may be obtained from design aids in Chapter
7. If the culvert is steep and sufficiently long that normal depth occurs, high tailwater may force a
hydraulic jump. It may be necessary to evaluate the location of the hydraulic jump.

Outlet Control

The cross sectional area of the flow is defined by the geometry of the outlet and either critical depth, tailwater
depth, or the height of the conduit.

o Critical depth is used when the tailwater is less than critical depth.
o Tailwater depth is used when tailwater is greater than critical depth, but below the top of the barrel.
e The total barrel area is used when the tailwater exceeds the top of the barrel.

8.3.6 Roadway Overtopping

Roadway overtopping will begin when the headwater rises to the elevation of the roadway. The overtopping
will usually occur at the low point of a sag vertical curve on the roadway. The flow will be similar to flow
over a broad crested weir. Flow coefficients for flow overtopping roadway embankments are found in
Hydraulic Design of Highway Culverts, HDS No. 5. For flow overtopping a median barrier, the weir will no
longer function as a broad crested weir. H must be measure<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>