Introduction 1.1-1

1.1 Intr oduction

1.1.1 Background

The AASHTO Task Force on Hydrology and Hydraulics, in cooperation with the FHWA Rurd
Technical Assistance Program, has assisted in writing this Drainage Manual. This manua does not
set AASHTO design policy and procedures. All design practices and procedures have been
reviewed and set by the Connecticut Department of Transportation (ConnDOT).

1.1.2 Overview

The AASHTO Task Force has incorporated their numerous years of experience into their
comprehensive drainage manual. This has been modified by the ConnDOT to provide guidance on
various aspects of highway drainage for the specific conditions in the State of Connecticut. Design
theories, concepts, manuals, practices and procedures, are condensed and written for use by the
designer. Where appropriate, relevant existing AASHTO guiddines are given and/or referenced.

The manual has been developed to give the designer a basic working knowledge of hydrology
and hydraulics. 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.

1.1.3 Manualsand Computer Programs

References to specific computer programs, AASHTO guideines, 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. This manual cannot incorporate computer program user manuals or keep up-to-
date with these programs and the latest drainage-related Federal regulations. Therefore, it is
incumbent upon the hydraulic engineer to retain a current, working knowledge of al applicable
statutes and regulations related to the discipline. Further, it is the responsibility of the engineer to
obtain approva of any computer programs not specifically mentioned in this manual prior to
initiating work on Department administered projects. In this manner, the designer will be assured
that the Hydraulics and Drainage section concurs with the use of a specific computer program for
the intended application.

1.14 Metric Conversion

This manua is presented in dud units, SI (metric) and English units. In most cases al
equations, tables and figures are given in dua units. In afew instances empirical equations, based
on historical data, could not be converted to metric units and therefore only English units are given.
Where equations could be converted, hard conversions between units were used. In al cases,
computer software is available to obtain the required information in metric units. All example
problems are given in metric units. The English equations and units are presented in parentheses. |If
the equations are the same for both systems, only one equation is presented. Care must be used to
avoid improper use of metric input data into the historic English equations noted above.
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115 References

At pointsin the manual where the designer may need more detailed source materia, references
are given. The reference section at the end of each chapter has been organized to include these
source documents as well as a short listing in bold print of those documents which are
recommended additions to the designer’ s library of references.
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1.2 User Instruction

1.2.1 Instructions

This manua has been prepared for the use of all engineers who become involved with drainage
facilities funded through or owned by the ConnDOT. Its purpose is to present the best available
methods, guidelines, and criteria in useable form for drainage design. It is expected that the criteria
and methods set forth herein will be used in the design of the drainage facilities for the Department.

However, it is aso recognized that new and improved design concepts or understandings are
continually being devised, and the Department promotes and encourages the use of such improved
procedures when they have been submitted to the Hydraulics and Drainage Section for review and
approva prior to use. To the extent feasible, this manual will be kept current to include improved
design procedures that have been proven to be sound and effective.

It must also be recognized that regardiess of the degree of sophistication of drainage standards
and criteria, each drainage design problem is unique and may require the use of considerable
engineering judgment to fit or adjust a standardized design method to a particular site.

It isthe job of the designer to develop the required hydrologic and hydraulic data for any given
project or Site. Using this base data, the designer must determine the best overall solution when a
design may present facts involving conflicting value judgments such as economics vs.
environmental considerations.

The need for proper field site investigations, collection of data, analysis of data, and exercise of
judgement are the foundations of good drainage design that will enable proper use of the criteria
set forth in this manual .

Ultimately, the submission of complete hydraulic reports documenting the basis for the
hydrology and hydraulic design is a requirement for work to be performed or reviewed by the
Department's forces. Such reports serve as valuable sources of information for evaluating the
performance of the constructed facilities and also serve as aids in analyzing the needs for future
improvements.

The Hydraulics and Drainage Section is available to provide assistance to users and would
appreciate any constructive suggestions or comments that would improve the contents of this
Drainage Manual. All users of this manual are encouraged to submit comments and/or corrections
on the form provided in Appendix A.

1.2.2 Updates

The ConnDOT will issue update changes to this manual as required. These revisions will be
disseminated to the user by memo from the Manager of Design Services. It is the designer’s
respons bility to ensure the latest revision is being used. The most current manual is aso available
on the Department’ s web site.

1.2.3 Consultant Engineers

Consultant Engineers should aso refer to the current editions of the ConnDOT Bridge Design
Manual, Consultant Engineers Manua, Highway Design Manual, and other pertinent ConnDOT
manuals to ensure that the minimum standards as outlined are met. In addition, pertinent
Department of Environmental Protection (ConnDEP) manuals and guidelines should be referenced
to ensure the design satisfies permit requirements, where applicable.
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1.2.4 Hydraulic Engineer Approval

In order to ensure Quality Control/Quality Assurance on hydraulic designs for structures
which convey water cour ses greater than 2.6km? (1mi?), the engineer performing the analysis
must be approved by ConnDOT on a project by project bass The Department requires that an
individual responsible for the work be a licensed Connecticut Professiona Engineer. The procedure
for Department approva is outlined in the CE Manual. Approva requests for previoudy qualified
engineers to work on other State projects will not require the resubmission of aresume. However,
an approval request for the current project together with a copy of the Department’s prior approval
letter and an updated list of hydraulic designs performed by the candidate is required.

1.25 ConnDOT Highway Encroachment Per mit

In accordance with the Highway Encroachment Permit Regulations, this manual shall be used
in conjunction with all Highway Encroachment permits which require modifications to existing
systems and/or new drainage facilities within the State’ s right of way. The facilities and supporting
documentation shall conform to all requirements set herein or as required by the District Drainage
Engineer.

1.2.6 Major Traffic Generators

This manual shall be used as a basis for al activities affecting State drainage facilities as related
to the proposed development. As a minimum, the applicant shall include a narrative addressing the
following:

1. The existing and proposed drainage patterns on the site. This section would specificaly state
the following; (8) Existing drainage patterns are being maintained on the proposed site and there
isno diversion(s) of storm water runoff; (b) There is a proposed storm water diversion(s) that is
directed away from a State drainage facility or (c) There is a proposed storm water diversion(s)
that is directed to a State drainage facility. Diversion of storm water runoff to State drainage
facilities is generally not approved unless appropriate drainage rights are obtained from affected
downstream property owners.

2. The proposed drainage design and its relation to any adjacent existing State drainage facilities.
The effect of the proposed site development and drainage design on State drainage facilities
should be described. While it is recognized that it may not be possible to include final drainage
design and computations early in the development of the project, sufficient information should
be provided to demonstrate that the proposal isfeasible.

3. The features included in the proposed drainage design to treat storm water and enhance storm
water quality for sitesinvolving a direct connection to a State drainage system.

Topographic plans with contours showing existing and proposed drainage areas, including any
off-site areas draining toward the project, are required.

It should be noted that if a ConnDOT encroachment permit is required, then Section 1.2.5 must
be complied with.
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1.2.7 Abbreviations
Following are the abbreviations used in this manual.

AASHTO — American Association of State Highway and Transportation Officials
ACPA — American Concrete Pipe Association

AlSl — American Iron and Stedl Ingtitute

AISC — American Institute of Steel Construction

ASTM — American Society of Testing and Materials
AREA — American Railway Engineering Association

BMP — Best Management Practices

CFR - Code of Federal Regulations

CGS — Connecticut General Statute

ConnDEP — Connecticut Department of Environmental Protection
ConnDOT — Connecticut Department of Transportation

EA — Environmental Assessment

EIS — Environmental I|mpact Statement

EPA - Environmenta Protection Agency

FDSA — Federd Dam Safety Act

FEMA - Federa Emergency Management Agency

FHBM — Flood Hazard Boundary Map

FBFM — Flood Boundary and Floodway Map

FHPM - Federa-Aid Highway Program Manud

FHWA - Federal Highway Administration

FRA - Federal Raillway Administration

FWS - Fish and Wildlife Service

IECA — International Erosion Control Association

IWRD — Inland Water Resources Division (ConnDEP)
LTEC — Least Total Expected Cost

MDC — Metropolitan District Commission

NBIS— Nationa Bridge Inspection Standards

NCHRP — Nationa Cooperative Highway Research Program
NCSPA — National Corrugated Steel Pipe Association

NFIP — Nationa Flood Insurance Program

NMFS - National Marine Fisheries Service

NOAA — National Oceanic and Atmospheric Administration
NPDES — National Pollutant Discharge Elimination System
NPS - National Park Service

NRCS - Natura Resources Conservation Service; formerly Soil Conservation Service (SCS)

OCZM - Office of Coastad Zone Management
Stat. - Statute

U.S.C. - United States Code

USCE - U.S. Corps of Engineers

USCG - U.S. Coast Guard

USDA — United States Department of Agriculture
USFS- U.S. Forest Service

USGS — United States Geologica Survey
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1.3 General Hydraulic Design Practices

1.3.1 Introduction

An adequate drainage structure (culvert or bridge) may be defined as one which meets the
following:

* the design of the structure meets or exceeds ConnDOT standard engineering practice

* the design is consistent with what a reasonably competent and prudent designer would do
under similar circumstances

» thedesignis consistent with environmental concerns and regulations, where applicable

The studies listed below are normaly conducted as a part of the design of highway drainage
structures and serve as a means of achieving an adequate drainage design:

* hydrologic and hydraulic analysis
* engineering evaluation of selected dternatives

1.3.2 Hydrologic Analysis

Present state-of-practice formulas and models for estimating flood flows are based on statistical
anayses of rainfal and runoff records. The recommended practice is for the designer to select
appropriate hydrologic estimating procedures, and obtain runoff data where available for purposes
of evaluation, calibraion and determination of the predicted values for the desired flood
frequencies. The predicted vaue of the flood flows represents the designer's best estimate, with
varying degrees of error. The expected magnitude of this variation can be determined for some
formulas or models as a part of the hydrologic design procedure.

1.3.3 Hydraulic Analysis

The next step in the design process involves preliminary selections of aternative 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, calibrating and checking the performance of the preliminary designs over a
range of flows.

1.34 Engineering Evaluation

The find step in the design process is the engineering evaluation of the preliminary designs and
approva of the sdlected final design. This process involves consideration and balancing of a
number of factors. Some of these factors are:

* lega considerations

flood hazards to highway users and neighboring property owners
hydraulic efficiencies

costs

environmental and socia concerns

other site specific concerns
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1.35 ConnDOT * Standard Engineering Practice’

Hydrologic andysis and hydraulic anaysis set forth the design process representative of the
ConnDOT present "standard engineering practice.” Engineering evaluation outlines the approach to
be followed by a "reasonably competent and prudent designe” in evauating, selecting and
approving afina design. The following considerations are made in regard to this design process.

* It is the designer's responsibility to provide an adequate drainage structure. The designer is
not required to provide a structure that will handle all conceivable flood flows under al
possible site conditions.

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

» The overtopping and/or design flood may serve as criteria for evaluating the adequacy of a
proposed design. The "overtopping flood" is the smallest recurrence interva flood which will
result in flow over the highway or other watershed boundary. The "design flood" is the
recurrence interva of the flood for which the drainage structure is sized; to assure that no
traffic interruption or significant damage will result. The overtopping flood and the design
flood may vary widely depending on the grade, aignment and classification of the road and
the characteristics of the water course and floodplain.

» The predicted value of the 100-year or base flood serves as the present engineering
standard for evaluating flood hazards and as the basis for regulating floodplains under the
National Flood Insurance Program. The designer must make a professional judgment as to
the degree of risk that is tolerable for the base flood on a case-by-case basis.

» The developed hydraulic performance curve of a drainage structure depicts the relationship
between floodwater stage (or elevation) and flood flow magnitudes and frequencies. The
performance curve should include the 100-year flood. With the performance curve, the
designer can evauate the adequacy of the design for a range of flows and take into
consderation variations caused by the hydrologic estimating procedure. It is standard
engineering practice to use the predicated value of the 100-year flood as the basis for
evaluating flood hazards for drainage structures which convey a watercourse greater than
1km? (mi®); however, flows larger than this value may be considered for complex, high risk or
unusual cases that require specia studies or risk analyses. See Chapter 8, Culverts and
Chapter 9, Bridges.
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1.4 Construction Consider ations

Congtruction-related hydraulic considerations are a necessary part of the planning and design
phases. Factors which will affect construction timing and methods need to be kept in mind as
project development proceeds. Those responsible for contract administration and actual
construction may need to coordinate their scheduling and construction procedures with the designer
in order to achieve the results intended. Any specia or unique construction requirements should be
communicated to the designer prior to the final design phase of the project.

The designer should be present at the preconstruction conference to explain specia features and
planned construction phasing where these considerations are necessary for the proper functioning of
the design. It may be advisable and necessary to specify certain time limits and specid instructions
as to how the work will be accomplished. Phased construction to accommodate seasona variations,
floods, fish passage, etc., may be needed. In addition, the need for specia considerations related to
temporary work, detours and public safety issues can be outlined and discussed. It should be
emphasized by the designer that any and al revisons of drainage designs as contained on
construction plans should be discussed with the designer prior to execution.

The designer should use the procedures outlined in Chapter 6, Section 6.15 for the hydrology
for temporary hydraulic facilities. These facilities include all inlets, pipes, channels, culverts or
bridges which are required for stage construction, temporary roads, channel relocation, culvert
instalations, bridge construction and haul roads. They are to be designed with the same care that is
used for the primary facility.
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1.5 Maintenance Consider ations

Drainage facilities perform the function of removal of water from streets, highway sections,
parking areas, and other drainage areas and the protection of these areas from the effects of the
water. These drainage facilities include drop inlets, storm drains, bridges, culverts, underdrains,
ditches, dope protection, detention facilities, and erosion control devices. In order for these
facilities to function as designed and constructed, they must be properly maintained. Full
consideration must therefore be given to this activity during their design. Designing drainage
facilities, that are as maintenance free as practical, will often result in cost savings that, over the
service life of the drainage feature, equal or exceed initial construction cost. Good drainage design
practices recognize that al structures require periodic maintenance inspections and repairs.
Reasonable access for maintenance personnel and equipment must be provided for this necessary
function.

Communications between designers and maintenance personnel are essential. Design personnel
are encouraged to contact maintenance personnel for their input on difficulties they identify in
maintaining drainage facilities. Suggestions from maintenance personnel on how drainage facilities
and future designs may be improved for efficient and effective maintenance should be invited.

Roadway maintenance operations that require lane closures on heavily traveled highways are
costly and may compromise the safety of maintenance workers and the traveling public. Good
drainage designs eliminate or reduce the need for traffic control measures for cleaning drainage
systems and facilities. Drainage inlet types and pipe drains that are designed to be as sdlf cleaning
as possible should be specified wherever it is practical.

The routine cleaning and minor repairs of highway drainage features often require that labor
intensive hand methods be used. Adequate access for maintenance personnel and equipment to get
to the site and do work on drainage facilities should be provided for in the plans. In addition, most
costly maintenance work might easily be avoided, or more efficiently accomplished, if designers
were to give more attention and thought to the shape and location of drainage features. For
example, a parabolic shaped roadside ditch that is contiguous to the shoulder can be efficiently
reshaped and cleaned with amotor grader. Small trapezoidal and other shaped roadside ditches may
require hand cleaning or specia equipment.

Locating drainage inlets where trash and sand naturally tend to accumulate causes clogging of
grate type inlets and pipe drains. Wherever practical, drainage inlets should be located where
sweeping operations will not deposit additiona debris in drainage facilities. Inlet and junction
boxes and other minor drainage structures, that are subject to periodic cleaning, must be made large
enough that maintenance workers can enter them and work with either hand tools or heavy duty
vacuum equipment.

Severad types of bank protection and erosion control materias are classified as flexible or self-
adjusting and, as arule, are less of a problem to repair and maintain than are the rigid category of
linings. Whenever practical, materials requiring less maintenance attention should be specified.
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Appendix A Drainage M anual Comment Form

All users of thismanual are encouraged to submit comments/corrections to:

Transportation Principal Engineer

Hydraulics and Drainage Section

Bureau of Engineering and Highway Operations
2800 Berlin Turnpike

P.O. Box 317546

Newington, CT 06131-7546

Date Submitted:
Submitted by: Organization:
Chapter Page Comment
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Legal Aspects 2.11

2.1 Overview
2.1.1 Introduction

Various drainage laws and rules applicable to highway facilities are discussed in this chapter. In
any given project, designers may be required to defend their work in court. This chapter should not
in any way be treated as a manua upon which to base legal advice or make legd decisons. It is
also not a summary of al existing drainage laws, and most emphaticdly, this chapter is not
intended as a substitute for legal counsd. The intention is only to provide information and
guidance on the engineer's role in the legal aspects of highway drainage. If a designer has any
concern as to the legal aspects or requirements of a particular item or gtuation, it is ther
responsibility to seek proper guidance prior to proceeding.

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

* A god in highway drainage design should be to perpetuate natura drainage, insofar as
practicable.

» Even where some dteration in flow is legally permissible, the courts look with disfavor upon
infliction of injury or damage that could reasonably have been avoided by a prudent designer.

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

212 Order Of Authority

The descending order of law supremacy is Federal, State, and local. 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 a lower level. State permit requirements are an example of law
supremacy. Federa agencies do not secure permits issued by State agencies, except as required by
Federa 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, a lower
level of government may promulgate a law, rule or regulation which would require an unreasonable
or even illega action by a higher level. An example is aloca 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. Such conflicts should be referred to the Attorney Generd’s Office for
lega counsel before any action is taken.

213 Reated Publications

There are numerous publications on the legal aspects of drainage and water laws. For additional
information on the lega aspects of highway drainage the reader is referred to the following
publications, among others:

Highway Drainage Guidelines, American Association of State Highway and Transportation
Officials, Washington, D. C., 1999. Chapter V - The Lega Aspects of Highway Drainage.

Legal Research Digest, Transportation Research Board.
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Water Resources Coordination and Permit Manual, Office of Environmental Planning, Bureau
of Policy and Planning, ConnDOT, April 1997.

Model Drainage Manual, AASHTO, 1999 Metric Edition.
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2.2 Federal L aws

221 Geneal Laws

Federd law congists of the Congtitution 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. Acts of Congress are published immediately upon issuance and are
cumulated for each sesson of Congress and published in the United States Statutes At Large.
Compilations of Federa Statutory Law, revised annually, are available in the United States Code
(USC) and the United States Code Service (USCS).

The Federd Register, which is published daily, provides a uniform system for making
regulations and legal notices available to the public. Presidentia Proclamations and Executive
Orders, Federd agency regulations and documents having genera applicability and lega effect,
documents required to be published by an act of Congress, and other Federal agency documents of
public interest are published in the Federal Register. Compilations of Federal regulatory material
revised annually are available in the Code of Federal Regulations (CFR).

2.2.2 Drainage

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

» flood insurance and construction in flood hazard areas
* navigation and construction in navigable waters
 water pollution control

* environmental protection

» protection of fish and wildlife

* 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.

2.2.3Congtitutional Power

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 legidate 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
Federa 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.

When becoming involved in obtaining approvas from the Federa agencies, one should be
aware that these agencies do not aways 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
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conflicts occur, it is best to quickly determine which agency has primary responsibility and attempt
to satisfy their needs.

2.24 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 for the quality of the aguatic 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 Federa permit
or license, such department or agency shal 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."

2.25 ExecutiveOrders

Presidential Executive Orders (E.O.) have the effect of law in the administration of programs by
Federa agencies. While executive orders do not directly apply to state highway departments, these
requirements are usualy implemented through general regulations.

« E.O.11988

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

* to reduce 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 beneficia values served by floodplains

* to evaluate the potential effect of any actions it may take in afloodplain, to ensure its planning
programs reflect consideration of flood hazards and floodplain management

e E.O. 11990
Executive Order 11990, May 24, 1977, orders each Federal agency to:

» take action to minimize the destruction, loss or degradation of wetlands and to preserve and
enhance the natural and beneficial values to wetlands

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

* congder factors relevant to the proposal’s effects on the survival and quality of the wetlands

ConnDOT Drainage Manual October 2000



Legal Aspects 2.31

2.3 National Flood | nsur ance Program

2.3.1 Flood Disaster Protection

The Flood Disaster Protection Act of 1973 (P 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. The definition of construction in the
Act does not include highway congtruction; therefore, Federal aid for highways is not affected by
the Act. 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 which 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 0.3 m (1 ft.).

2.3.2 Flood Insurance

The Nationa 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 implement this provison contain the following requirements which can affect
certain highways.

* In riverine dituations, 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 specia
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 al other existing and
reasonably anticipated uses of a similar nature, will not increase the water surface elevation of
the 100-year flood more than 0.3 m (1 ft.) at any point within the community.

* After the floodplain area having specia 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 eevation of the flood more than 0.3 m (1 ft.) a 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 towns agree to regulate new development in the designated
floodplain 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.

233 Local Community

The loca 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 the Federal Emergency Management Agency
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(FEMA) for amendments to NFIP ordinances and maps in that community. The highway agency
should deal directly with the community and, through them, dedl 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

234 NFIPMaps

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). The FHBM is generaly not based on a detailed
hydraulic study and, therefore, the floodplain boundaries shown are approximate.

» Hood Boundary and Floodway Map (FBFM) The FBFM, is generaly 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.

* Flood Insurance Rate Map (FIRM). The FIRM is generaly produced at the same time as the
FBFM using the same hydraulic modd 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 "Nationa Flood Insurance Program Community Status Book" which is published
semiannually for each state.

2.35 Coordination With FEM A

Early in the design stage, coordination should be established with FEMA through the
ConnDEP 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 FEMA include the following.

* When a proposed crossing encroaches on a regulatory floodway and, would require an

amendment to the floodway map.

» When a proposed 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.

* When a local 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 aresult 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 ordinance amendments. Coordination means furnishing to FEMA the draft
EISEA and, upon sdlection of an aternative, furnishing to FEMA, through the community, a
preliminary site plan and water surface elevation information and technical data in support of a
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floodway revison request. 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.

For projects that will be processed with a categorical exclusion, coordination may be carried out
during design. However, the outcome of the coordination at this time could change the class of
environmental processng.

236 Consstency 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 initia aternative evaluated. |If a project element
encroaches on the floodway, but the hydraulic model can demondtrate no increase in the water
surface elevations, the project may normally be considered as being consistent with the standards.

2.3.7 RevisonsOf Floodway

Where it is not cost-effective to design a highway crossing to avoid encroachment on an
established floodway, a second aternative would be a modification of the floodway itself. Often,
the community will be willing to accept an aternative floodway configuration to accommodate a
proposed crossing provided NFIP limitations on increases in the base flood elevation are not
exceeded. This agpproach 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 alow
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 berevised. It should be noted that floodway revision is a lengthy process and
should be avoided when possible.

The responsbility for demongtrating that an dternative 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 origina floodway was established. Alternate
floodway configurations may then be anadyzed. Increases in base flood elevations are referenced to
the profile obtained for existing conditions when the floodway was first established.

2.3.8 DataFor Revisons

The ConnDEP Inland Water Resources Division should be consulted regarding the data required
for afloodway revision. The following references should aso be reviewed.

» Revisons to National Flood Insurance Program Maps. Application/Certification Forms and
Instructions of Conditional Letters of Map Revision, Letter of Map Revison and Physical
Map Revisons (FEMA Form 81-89 series, Oct. 1994).

» Appedls, revisons and amendments to Flood Insurance Maps. A Guide for Community
Officids (FIA-12, Jan. 1990)
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2.3.9 Allowable Floodway Encroachment

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

* 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 Floodplains' (23 CFR 650, Subpart A) and FHWA finds the encroachment
isthe only practicable aternative.

» 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 (0.3 m).

* The congtructing agency has made appropriate arrangements to assure that the National Flood
Insurance Program and Flood Insurance Fund will not incur any liability for additiona 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.

A floodway revision requires a considerable amount of time to accomplish. It starts with
preliminary approval, prior to advertisng a project for construction and concludes with
reanalyzing the hydraulics using a survey of the constructed facility. This procedure is not
recommended except for unusual encroachment circumstances and then, only with prior approval
of the Hydraulics and Drainage Section.

Highway Encroachment on Unidentified Floodplains

Encroachments which 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.
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2.4 State DrainagelL aw

24.1 Originof Law
State drainage law is derived mainly from two sources: (1) common law and (2) statutory law.
24.2 Common Law

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

243 Statutory Law

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

244 Precedence of Law

In generd, 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 alack 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. The designer has the responsibility to notify the Attorney
Generd’ s Officeif any portion of aproject is expected to violate any accepted laws.

245 Classfication 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 adecision.

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

» 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.

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

» Hood 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 flood waters
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until they disappear from the surface by infiltration or evaporation, or return to a natural
watercourse.

» Ground Waters - In lega consderations, ground waters are divided into two classes,
percolating waters and underground streams. The term "percolating waters' generally
includes al waters which pass through the ground beneath the surface of the earth without a
definite channel. The generd rule is that al underground waters are presumed to be
percolating through undefined paths and to take them out of the percolating class, the existence
and course of a permanent channe must be clearly shown. Underground streams are waters
passing through the ground benegth the surface in permanent, distinct, well-defined channels.
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2.5 State Water Rules

251 Basc Concepts

Two mgor 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 origina 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 generd rule, any
interference with the flow of a natural watercourse to the injury or damage of another will result in
liability. This interference 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.

252 SurfaceWaters

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 natura flow of the water cannot be obstructed by the servient owner to the detriment of the
dominant owner. The owner of upper lands has an easement over lower lands for drainage of
surface waters. These natura drainage conditions can be atered by an upper proprietor provided
the water is not directed in such 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 they will or is able, either by retention, diversion,
repulsion, or dtered transmission. Thus, there is not cause of action even if some injury occurs
causing damage. In mogt jurisdictions, this doctrine has been subject to a limitation that one must
use their land so as not to unreasonably or unnecessarily damage the property of others.

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

*» Was there reasonabl e necessity for the actor to alter the drainage to make use of their land?
» Was the ateration done in a reasonable manner?
 Doesthe utility of the actor's conduct reasonably outweigh the gravity of harm to others?
253 Stream Waters
Where natural watercourses are unquestioned in fact and in permanence and stability, there is

little difficulty in application of the reasonable use rule. Highways cross channels on bridges or
culverts, usualy with some constriction of the width of the channel and obstruction by substructure
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within the channel; both cause 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 naturaly tributary to the watercourse and unchallenged if
the watercourse has adequate capacity. However, if al 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.

254 Flood Waters

Considering flood waters as a common enemy permits al 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. Thereis adefinite 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 their own right and a reasonable use of
their property in view of the smilar right of their neighbors.

The key word is "reasonable.” While this may be interpreted somewhat differently from case to
case, it can generaly be taken to mean that a landowner can utilize subsurface water on their
property for the benefit of agriculture, manufacturing, irrigation, etc. pursuant to the reasonable
development of their property athough such action may interfere with the underground waters of
neighboring proprietors. However, it does generaly 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.
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2.6 Statutory L aw

2.6.1 Introduction

The inadequacies of the common law or court-made laws of drainage led to a gradud
enlargement and modification of the common law rules by legidative 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 agenciesto take private property for public use.

In Connecticut this is accomplished for highway purposes, through condemnation. It is
important to remember, however, that whenever any property is taken under eminent domain, the
private landowner must be compensated for the loss.

2.6.3 Drainage Statutes

There are several statutes which empower the Commissioner of ConnDOT to construct,
drain, and control highways. Other statutes exist to specifically address drainage of properties,
blockage of watercourses, etc. Some of these statutes are listed below for reference:

* Obligations pertaining to culvert capacity and length
CGS Section 19a-336

The State is obligated to maintain culverts of adequate capacity to conduct natural
watercourses under state highways. The State is only obligated for piping that portion of the
system within the highway area which is necessary to provide a safe highway for the
traveling public. The State is not obligated to pipe the entire width of the right-of-way.

CGS Section 52-461

It is the obligation of each property owner to maintain the flow of a stream so as not to create
an obstruction to the flow of the watercourse. Should an abutting owner desire to extend a
state culvert which conducts a stream, it is their responsibility to accomplish this totally at
their expense. The private installation must be of adequate capacity so as not to create an
obstruction to the flow of the watercourse. Permits issued by the Department to private
owners for such extensions should carefully state these requirements.

* Blockage of watercourses

There are two statutes relating to procedures for clearing watercourses:
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CGS Section 13a-138 empowers the Commissioner of Transportation to clear a watercourse.
CGS Section 52-461 must be administered by the selectman in the particular town involved

» Upon discovering an obstructed watercourse causing a real or potential problem to state
facilities, notify the property owner by certified mail of the obligation to remove the
obstruction. State in this letter that if the obstruction is not removed within 30 days, we
will refer the matter to the Attorney General’s Office for legal resolution. If the obstruction
has not been removed after 30 days, request the Attorney Generd’s Office by
memorandum to investigate the matter for appropriate action. The request should detail all
the facts of the case and attach maps, photographs and all records and correspondence
available.

* If the obstruction causes imminent danger to highway facilities or flooding which is
hazardous to the highway user, take immediate action to remove the obstruction with state
forces. A full report should be sent to the Attorney General’s Office for such action as
necessary to avoid future problems.

264 Water Rights

The water right itself which attaches to a watercourse is a right to the use of the flow, not
ownership of the water itself. Thisright of useis a property right, entitled to protection to the same
extent as other forms of property, and isregarded asreal property. After the water has been diverted
from the stream flow and reduced to possession, the water itself becomes the persona property of
the riparian owner.

* Riparian Doctrine — Under the riparian doctrine, lands contiguous to watercourses have prior
clam to waters of the stream solely by reason of location and regardiess of the relative
productive capacities of riparian and nonriparian lands.

» Relocation of water cour ses — Neither an individua nor a governmental agency may relocate
a watercourse so as to deprive the abutters of their riparian rights without obtaining recorded
releases from such abutters. Likewise, an individual and a government agency may obtain the
rights necessary to change the location of the point of discharge of a watercourse onto an
abutter’ s property.

» Eroson of private property — The erosion of private property caused by state highway
drainage outlets such as leakoffs, culverts and storm sewersis the responsibility of the State to
correct. These cases are quite frequent and may be costly if the condition is not corrected as
soon asit is discovered. However, when land use at the outlet has been modified and erosion
is caused by the owner or developer’s activities, the State should not accept the responsibility
of correcting the condition.

Where the State possesses drainage rights by prescription, it may be necessary to acquire a
drainage right-of-way in order to resolve the problem, or to extend a present drainage right-
of-way where the erosion occurred beyond the easement.
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» State’sright to outlet highway drainage — The State has the well-established right to outlet
highway drainage into a natural watercouse within the highway right-of-way, provided such a
watercourse is the eventual natura recipient of the collected runoff. Thisright is not impaired
even though the State, in the performance of its governmental duties, increased the rate or
quantity of water discharged from highway by changing the runoff characteristics of areas
being drained or by ingtalling pipe and other drainage facilities. The right isimpaired only if
the State increases the size of the drainage area from which the runoff is collected. If the
natural drainage area is exceeded, then deeded drainage rights must be acquired from al
owners adversaly affected by the diversion. Should the State make drainage improvements
within an existing drainage area draining to a watercourse, which results in an increased rate of
flow causing an existing pipe on private property to be of inadequate capacity, the State is not
obligated for improvements necessary on private property. The State aso has the right to
increase the size of a culvert conducting a watercourse under a state highway without
acquiring drainage rights. The State must also conform to al applicable environmental laws,
some of which are noted in Section 2.6.5.

Generdly, what isimportant 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 quaity or quantity of
flow of any water rights to the stream.

2.6.5 Environmental Law

In addition to Federal laws which affect designs with regard to pollution, dredging and filling,
Connecticut has severa statutes pertaining to these aspects as well as flooding, dams and wetlands.
The present statutes are as follows and are under the jurisdiction of the ConnDEP.

* Inland Wetland and Watercourse - CGS 22a-36 to 45

This statute and regulations cover al inland wetlands and watercourses in the state. The
wetlands are defined by soil type and the watercourses are defined as any body of water,
standing or flowing, natura or artificial. Any impacts on wetlands or watercourses require a
permit. However, if an activity requires a tidal wetlands or structure and dredging permit,
then the ConnDOT is exempt from the inland wetland and watercourses process.

¢ Stream Channel Encroachment Lines - CGS 22a-342 to 349

The State has established encroachment lines along maor flood prone rivers. Any
encroachment or activity riverward of these lines regardless of elevation requires a permit.

 Water Diverson — CGS 22a-365 to 378

A diversion is any withdrawal, ateration, modification or diminution of the volume of water
that would occur at a point at any given moment. Wells or well systems withdrawing more
than 50,000 gdlons per day, stream relocation, stream channelization, stream bypass and
storm drainage system collecting surface water runoff from areas of 100 acres or more in
size; and dams and impoundments are among the activities requiring permits. However, any
DOT highway project is exempt from this permit process if other permits are required from
D.EP.
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+ Dam Maintenance and Construction - CGS 22a-401 to 411

Congtruction, ateration, rebuilding, substantially repairing, adding to, replacing or removing
adam requires a permit.

* Flood Plain Management - CGS 25-68b through 25-68h

Any action proposed by any state agency in, or affecting a floodplain, or which impacts
storm drainage, including but not limited to structures, obstructions, site development, grants,
loans, or programs regulating flood flows must be certified and approved by D.E.P. This
statute enforces FEMA flood plain management standards.

* CGS 13294 CGS (Congtruction over or Adjacent Streams) requires that all structures to be
built over, or structures or embankments to be built adjacent to, streams in connection with
state highway projects conform to the requirements of DEP as determined by Sections CGS
22a-342 t0 22a-348.

» Structures and Dredging Permit — CGS 22a-359 through 22a-363f for regulated activities
conducted waterward of the high tide linein tidal, coastal, or navigable waters.

» Tida Wetland Permit — CGS 22a-29 —for regulated activities conducted within tidal wetlands
26.6 SewageDraininginto Highway Area

When it is discovered that contaminated water has been directed to a state highway system or is
outletting into a highway area, an investigation into the source should be conducted. The following
procedure should be pursued:

1. Notify the property owner by certified letter that he is creating a nuisance within the
state highway area in violation of the Sanitary Code of the State of Connecticut, and
request that the nuisance be abated within a given period, generally 30 days.

2. If the property owner ignores this request, refer a copy of the correspondence to the
local hedth officer asking that action be taken by him/her under their statutory
authority. It may sometimes be necessary for the District Drainage Engineer to assist
the local health officer in making a definite determination as to the source of
contamination. The use of “Uranine Water Soluble” (sodium fluorescein) may be
used as a tracing material for this purpose.

3. If the local hedlth officer fails to make acknowledgement or to take action within 15
days, refer the entire matter to the Director of the Bureau of Sanitary Engineering,
State Health Department, requesting positive action to insure the abatement of the
nuisance.

4. During the foregoing procedure, send copies of all correspondence to: (1) Director of

Environmental Health Services, State Health Department, (2) Department of
Environmental Protection, when the case involves pollution of “waters’ of the State.
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2.7 Local L aws

Local governments have ordinances and codes which require consideration during design. For
example, zoning ordinances can have a substantial effect on the design of a highway and future
drainage from an area. On occasion, a question may arise as to whether the State must comply with
local ordinances. Generdly, the State is not legally required to comply with local ordinances except
where compliance is required by specific state statute. The flood management regulations require
that local requirements be followed if more stringent than state requirements.
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2.8 Role Of The Designer

28.1 Responshbility

The designer has a three-fold responsibility for the legal aspects of highway drainage. First, the
designer should know the lega principles involved and apply this knowledge to the designs; and,
secondly, work closely with the Attorney Generd’s office, as necessary, in the preparation and trial
of drainage cases. Thirdly, become familiar with drainage rights and other property considerations.
The following should be considered in the development of drainage designs.

» At any location where highway drainage is to be discharged onto abutting property, except
where such drainage is into an existing stream at a point within the limits of the highway
right of way, appropriate rights must be secured. These include the concentrated discharge
from any culvert, storm drainage system or channel regardless of whether the waters so
discharged primarily originate within the highway limits or from land beyond the highway
limits.

» The outlets shall be located, insofar as possible, on or adjacent to the boundary line
between abutting owners. Where one owner has extensive frontage along the highway and
there is a drainage depression or swale in that frontage, the outlet may be located at or near
the depression. In order to minimize property damage, it may be necessary to install pipe
to the rear of buildings or to minimum depth of a building lot.

* The course of flow of such drainage should be investigated for a sufficient distance,
particularly in urban or suburban aress, to insure that other downgrade owners will not be
adversely affected. It may be necessary to purchase drainage rights from owners not
immediately adjoining the highway in such cases.

* The course of such outlet drainage shall be shown on the construction plans for a minimum
distance of 61 m (200 ft.) or shown to terminate by dissipation or entrance into a
watercourse or body of water. New or updated drainage rights should be dimensioned on
the plans. No drainage shall be outletted into a wetland or natural depression which does
not have an adequate outlet unless proper rights for storage in, or provision for an adequate
outlet from, such an area are secured or provided.

» It should be noted that the damage done to a property, by the establishment of a drainage
outlet, is determined by its location and its capacity. Frequently the rights to install a small
or moderate size outlet can be obtained at a reasonable cost but rights for large outlets can
be obtained only with great difficulty and at considerable expense. In court or referee
decisions, the full capacity of the outlet pipe is usually the determining factor, with an
amost invariable refusal to consider the lesser capacity of conduit lines leading to the
outlet conduit or lesser capacities of inlets leading into the entire system.

e It is important that outlets be of adequate capacity to pass the inlet capacity and any
reasonable increase in inlet capacity which may be provided in the future. No excess
capacity should be provided. Careful adherence to this policy will minimize the cost of
securing the needed drainage rights.

» The acquisition of property, flowage or flooding rights beyond the normal highway line
may, in certain circumstances, result in a lower net cost of the project by alowing the
installation of smaller culverts and storm drainage systems.
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2.8.2 Investigating Complaints

It isimperative 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 complaining party, and not
accepting anyone's preconceived conclusions.  All facts must be assembled and analyzed before
deciding on what happened and why it happened. Also, other agencies should be listed that could
possibly have responsibility for aremedy to the flooding.

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

Deter mine Facts About The Complaint

»  Show on amap 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 duration of
flooding).

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

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

» Caollect facts about the specific flood event(s) involved.

» Rainfdl data (dates, amounts, time periods and locations of gages). Rainfall data are often
helpful regardless of the source.

*  Document observed highwater information at or in the vicinity of the clam. Locate
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 channd light, medium, heavy; were there drift jams; does the stream carry much drift in
flood stage; was the flow fast or duggish; did light, moderate, or severe erosion occur?

*  Document the flood history at the site.

» Was 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, Naturd
Resources Conservation Service (NRCS) and individuas), maps and Weather Bureau
rainfall records.

» State facts about the highway crossing involved.

»  Show profile of the highway acrossthe stream valley.

» Give the date of the origina highway construction and dates of al subsequent alterations to
the highway, and describe what the alterations were.

» Describe what existed prior to the highway, such as town 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.

» Giveadescription of the existing drainage facilities.

» Determine pesk rates of flow for arange of return frequencies.
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» Give the origina drainage design criteria, or give capacity and related frequency) of the
existing facility based upon current criteria.

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?

Analyze The Facts

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

M ake Conclusons And Recommendations

*  What were the contributing factors leading to the alleged flood damage?
* Specify feasible remedies. (This should be done without any regard for who has
responsibility to effect aremedy.)

This list of Determining Facts About the Drainage Complaint is not al-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 beneficid to
have available hydraulic design documentation as outlined in Chapter 1. A report should be
prepared with a response to the complainer explaining the results of the investigation.
Documentation of the facts and findings isimportant in the event there is future action.

283 Legal Opinion

Drainage matters range from the simple to the complicated. If the facts are ascertained and a
plan devel oped before initiating a proposed improvement, the likelihood of an injury to a landowner
is remote and ConnDOT should be able to undertake such improvements without legal
complications.

If the designer needs a legal opinion on a particular drainage problem or improvement, the
requested opinion should state as a minimum whether:

* the watercourse under study has been viewed

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

* the proposed improvements will make the situation better

* the proposal requires that the natural drainage be modified

* thereis potential liability for doing something versus doing nothing

» someone will benefit from the proposed improvements

* the proposed improvement is "reasonable”

October 2000 ConnDOT Drainage Manua



2.8-4 Legal Aspects

284 WitnessObligation

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 counsdl to
determine what types of information and data will be needed, types of presentation needed and
when testimony will be required.

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 aleged 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
isto administer justice. Testimony should have one purpose — to bring out al known facts relevant
to the case so that justice can better be served. Following are some pointers in being a witness:

» Tdl the truth and do not try to color, shade or change your testimony to help either side.

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

* Do not be afraid of lawyers and give your information honestly.

» Speak clearly and loud enough to be heard by everyone involved in the courtroom proceeding.

* If you do not understand a question, ask that it be explained. If you till do not understand
what is being asked, explain that you cannot give an answer to that question.

» Answer dl questions directly and never volunteer information the question does not ask for.

* Stick to the facts and what you personaly know.

Do not be apprehensive. Y our purpose isto present the facts as you know them and that is al
that will be expected.

* If you do not know the answer to a question, just admit it. It isto your credit to be honest,
rather than try to have an answer for everything that is asked you.

* 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.
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3.1 Overview
3.1.1 Purpose

The purpose of this chapter is to provide guidance to the designer when advancing a
hydraulic or drainage design through the development of a project. It is understood that each
project is unique; however, the general guidelines discussed in this chapter can be applied as a
project progresses from its preliminary design to its final completion.

The objective of the Hydraulics and Drainage Section isto ensure that al drainage and hydraulic
features of highways are designed, constructed and maintained in accordance with sound
engineering and in conformance with current design practices. This objective will be attained with
proper application of engineering principles.

3.1.2 Project Development

The preliminary, semifinal and final design phases of a project discussed in this chapter focus
on the hydraulic and/or drainage requirements at each stage of design. The process of developing
a proper drainage design involves coordination with many engineering and environmental
groups. The designer should be familiar with various aspects of highway projects including:

planning and environmental assessment
right of way acquisition

surveying

Departmenta policy and procedures
roadway design

pavement design

structural design

environmental design

geotechnical and soils aspects

material properties (strengths/durability, etc.)
quantity and cost estimation
construction

mai ntenance

underground utilities

legal issues

It is neither expected nor necessarily recommended that the designer become an expert in
every area of highway engineering, but it is imperative that the engineer be able to understand
and communicate with personnel in other disciplines.

Drainage characteristics are affected by roadway geometry and vice versa. The engineer
performing the drainage design should not only understand the drainage aspects and drainage
criteria of the project but should also be conversant with roadway geometric criteria and design
procedures. This would ensure that an optimum balance is achieved between drivability, traffic
safety, drainage and economics.

This chapter was prepared to assist the designer in developing and coordinating the drainage
aspects of the project. The Consulting Engineers Manual, the Bridge Design Manua and the
various pertinent sections of the ConnDOT Drainage Manual should be referred to as necessary.

October 2000 ConnDOT Drainage Manua



Design Devel opment 3.2-1

3.2 Permit Determination

The Department’s Office of Environmental Planning (OEP) coordinates, reviews and
processes the state and federal permits involved on a specific project. Early in the project, prior
to preliminary design, a request is sent to OEP to conduct an environmental review of a project.
This process and associated permits that are required for a project are discussed in their
guidelines entitled, “Water Resources Coordination and Permit processing Manual.” The purpose
of this initial environmental evaluation is to identify potential environmental, historical and
SOCi0economic concerns on a given project.

Chapter 800 of the Consulting Engineers Manual also discusses the various permits that may
be involved. Potentia permit involvement may include, but is not limited to, wetland impacts,
fisheries, Army Corps permits and tidal impacts. The designer should be familiar with various
permits that may be involved as the project advances through its design phase. This will ensure
consistency between Department criteria and state/federal regulations.

The Hydraulics and Drainage Section’s involvement with permits is limited to Floodplain
Management (FPM) Stream Channel Encroachment Lines (SCEL), Drainage Diversions and
Dam Construction. Section 3.11 of this chapter discusses these specific permit requirements in
more detail.

For State Design projects, a request for a permit needs determination should be submitted
early in the design phase to the Hydraulics and Drainage Section. Oftentimes it is requested at
the same time the environmental review is requested from OEP. Include a location plan, scope
of work and construction limits of the project. This will typically provide the necessary
information to determine the potential environmental impacts associated with floodplain,
encroachment, diversions or dams.

For Consultant Design projects, the potential permit involvement is addressed in the
preliminary design report.
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3.3 Scope Review M esting

The Hydraulics and Drainage Section may be requested to attend a scope meeting for a project
being designed. Pertinent information regarding the project should accompany the request.
Appendix B of this chapter provides an outline of the information necessary to prepare for the scope
meeting.

Typical issues that are discussed by the Hydraulics and Drainage Section may include
Floodplain Management impacts, hydraulic design involvement, other projects within the project
vicinity and other pertinent aspects related to the design of the project.
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3.4 Drainage Design Development at the Preliminary Design Phase for Roadway Proj ects

341 Genera

The preliminary design submission is provided when plans are approximately 35% complete.
The information that should be provided in this phase is outlined in the preliminary design checklist,
found in Appendix B. This checklist should be completed and included in this submission. It is
designed to serve as a tool for the designer, ensuring that many of the common drainage aspects
found at this stage of design are addressed. This checklist also provides necessary information to
the Hydraulics and Drainage Section to expedite the review process.

3.4.2 Preiminary Design Report

The preliminary design report should include a section on drainage and/or hydraulic
involvement. The report should include an overview contour map showing the watershed areas
to major cross culverts and all environmental permit requirements as outlined in Section 3.11.
Any special conditions or drainage issues that the designer is aware of, (i.e. diversions, existing
flooding problems, hydraulic controls or limitations) should be addressed in the preliminary
design report.

3.4.3 Préiminary Plans

The plans should include a conceptual layout of the proposed drainage system. Proposed
drainage outlets should be established and a preliminary estimate prepared. There should be
adequate information to allow the reviewer to concur with the conceptual layout of the proposed
system and determine how it may impact the existing drainage facilities. Proposed storm
drainage systems, swales, ditches and channels should also be included on the plans to depict the
drainage patterns specific to the site. The proposed system should be evaluated with respect to
its effect on adjacent properties, the need for additional improvements to the existing system and
to identify any diversions that may occur with the preliminary layout. Existing property lines
and drainage rights, proposed taking lines and approximate slope limits should be shown.

3.4.4 Watercourses

The determination of whether a crossing conveys a watercourse is important. It defines the
legal obligations by the State, establishes the right of way requirements and determines the storm
frequency for the design discharge. The legal definition of what constitutes a watercourse is
found in Chapter 7, Channels. Oftentimes the establishment of the watercourse can be best
determined by field review. A stream can be either perennial or intermittent to be considered a
watercourse. Watercourses should be shown and labeled on the plans. The designer should
review Sections 7.2.1 and 7.2.2 of the Channels chapter to determine the design criteria and
ConnDEP requirements.

345 Permits
The designer should be aware of environmentally sensitive areas within the project early in

the design phase. Mitigative measures and aternative designs may need to be considered to
comply with federal and state regulations. There should be ongoing coordination between the
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designer and Office of Environmental Planning to ensure that the design of the project is
consistent with state statutes and federal regulations. Section 3.2 of this chapter discusses the
Hydraulics and Drainage Section’s involvement with permits. The processing and coordination
of the associated permitsis discussed in Section 3.11, Permit Requirements.

3.4.6 Fish Passage

A meeting should be held with a fish biologist from ConnDEP at the project site to review all
streams and determine which crossings and channels need to be designed for fish passage. The
meeting should be held prior to the completion of Preliminary Design.

3.4.7 Watershed Area Maps

Contour maps should be provided showing watershed areas to al cross culverts. A list of
existing culvert or bridge crossings should accompany the map.

3.4.8 Unusual Designs/Special Provisions

The designer should identify the need for any unusual designs. Early in the design phase the
designer should be aware of possible storage facilities (detention basins), pump stations, tidal
impacts or existing drainage problems that local property owners or the Town may be concerned
with. The Hydraulics and Drainage Section may offer guidance to the designer regarding these
issues. Special drainage provisions, if required, should be included in this submission. The
designer should review the various chapters in this manual for additional guidance.
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3.5 Hydraulic Design Development for Structure Type Studies

351 Generad

The preliminary design phase for structures is referred to as the Structure Type Study Phase.
The purpose of this submission is to provide alternative structures that may be feasible based on
design criteria and environmental conditions.

It is important at this stage of the structural design not only to develop water surface
models with structures that are hydraulically adequate but also to develop models that
consder the environmental permit requirements as related to fish passage, floodplain
management and stream channel encroachment line involvement.

35.2 Procedure

The procedure to prepare the hydraulic studies associated with the Structure Type Study for
crossings conveying a drainage area equal to or greater than 2.59 km? (1.0 square mile) includes the
following:

Step 1... Ensure that the hydraulic engineer performing the hydraulic design is approved by
ConnDOT. Given the complexity and time required for hydraulic analyses, it is important that the
hydraulic engineer is familiar and understands the Department’s procedures and requirements for
advancing a hydraulic design. The procedure and guidelines for approva are outlined in Section
1.2.4 of thisManud.

Step 2... Submit the hydrology to the Department with recommended discharges for the crossing.
Chapter 6 of this Drainage Manual discusses the various accepted methodol ogies that can be applied
for drainage areas of this magnitude. The documentation that should be included in this submission
isdiscussed in Section 6.1.5.

Step 3... Following approval of the design discharge rates, develop the preliminary hydraulic and
environmental models as necessary. Chapter 9, (Bridges) outlines the requirements for the design
modedl. The hydraulic engineer should also refer to the guidelines prepared by ConnDEP entitled
"Hydraulic Analysis Guidance." The engineer should prepare the necessary hydraulic computer
models and incorporate the various alternatesin the design runs.

The potential for scour should also be addressed for each structure. Chapter 9, (Bridges), discusses
the scour aspects and requirements for a structure.

Step 4... Submit the preliminary hydraulic models, preliminary scour report and environmental
models in accordance with the Documentation sections outlined throughout this manual. The
foundation type should be selected with consideration to scour at the bridge.

For deck or superstructure widening or replacements, the scour vulnerability of the substructure
should be evaluated. Countermeasures may be required or complete replacement may be
recommended based on the scour history and safety aspects. Addressing the impacts of scour early
in the design phase will provide a better understanding not only of the vulnerability of the
substructure but also will provide abasis for modifying the scope of the project if afull replacement
iseconomical.
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The structure type selection must consider environmental permitting conditions and requirements.
An dternate may be feasible with respect to hydraulic adequacy and scour, but may not be
practicable with respect to floodway impacts, fish passage or floodplain involvement. Therefore the
structure type study needs to address all the impacts to the site to ensure that any of the structure
types recommended can be constructed and can meet the necessary permit requirements. The
procedure for the design of culverts with tributary watershed less than 2.59 km? (1.0 mi?) is outlined
in Section 3.8 in more detall.

3.5.3 Submissions

The Structure Type Study Report istypically submitted concurrently with the Preliminary Design
Submission and should include:

e Hydrology Report which was approved prior to performing the hydraulic analysis
e A Prdiminary Hydraulic Analysis including the approved design discharges with al the
requirements outlined in the various chapters of this Manual.

For a structure crossing an established Floodway ...

e A FHoodway Model with al the associated runs is necessary to evaluate the potential impacts to
the floodway. This modd incorporates the FEMA discharges that were used to establish the
floodway limits. These discharges may be different from the design discharge used in the
hydraulic mode.

For a structure within stream channel encroachment lines...

e A Stream Channel Encroachment Line model is necessary. This mode uses the SCEL
discharges that were used to develop the water surface profile for the stream channe
encroachment limits of the site.  Similar to the Floodway model, the proposed aternates
should be evaluated using the stream channel encroachment line discharges.

For anew or rehabilitated bridge...

e [Chapter 9 (Bridges) describes the various reports generated under the Department’s Bridge
Scour Evaluation Program for all existing bridges over waterways with span lengths greater than
6.1 m (20 feet).] The designer should review this information, as it may prove useful in
developing the scour design and recommended course of action for a specific structure. A scour
analysiswill not be required for existing structures that have an NBIS 113 rating of 8 and do not
require substructure replacement or modification.

e For a structure with an NBIS rating less than 8 and new bridges, a preliminary scour report
should be included with this submission. As scour parameters differ depending on the
substructure being recommended, a qualitative scour assessment report should be developed to
support the selection of foundation type for each recommended structure.

e A rehabilitated structure should be carefully evaluated to determine any evidence of scour or
scour history. Scour corrective measures should be addressed in the report. Structures assessed
aslow risk, should be assigned an appropriate NBIS Item 113 rating.
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In summary, the Structure Type Study and preliminary design submission should include enough
information for the Department to evauate the approach and feasibility of the design. The
preliminary hydraulic models required for waterway crossings need to be developed at this stage to
ensure that any of the proposed structure types would be suitable for the site. Based on al the
available information, the designer should offer arecommended aternate.
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3.6 Drainage/Semifinal Submission

3.6.1 Genera

The semifinal design is submitted when the plans are 60% to 70% complete. However, a
separate drainage submission is recommended when the drainage aspects of the project appear to
be complex or when the drainage facilities may involve right of way impacts. Concurrence of
the drainage design by the Department for these types of projects should be obtained to ensure
the project schedule is maintained. A pre-submission Quality Assurance/Control Guideline is
included in Appendix A. This should be used as a guide to ensure the magor aspects of the
drainage design have not been overlooked. The design checklist for drainage/semifinal review
found in Appendix B of this chapter provides the necessary information for the Hydraulics and
Drainage Section to complete the review. The completed checklist should be included with the
drainage and semifinal submission.

3.6.2 Resolution of Previous Drainage Comments

The reviewer’s initial task is to check the previous comments made at the preliminary design
stage and review the plans and accompanying responses to determine how the outstanding issues
have been incorporated or addressed. If a comment cannot be incorporated (or the designer does
not agree with a comment), then a clear response should be provided, justifying its non-
inclusion.

3.6.3 Condition Survey

A condition survey should be conducted for existing drainage facilities (pipes, structures,
swales, ditches) that are to remain in use within the project limits to ensure their condition is
sound and replacement is not warranted. This should be performed early in the final design phase
so that the proposed design includes all systems that are to be replaced. The approach and
documentation with respect to verifying the condition of existing facilities that are to remain in
use are discussed in Chapter 4, Appendices A and B. A separate independent report shall be
included with the Drainage/Semifinal submission.

3.6.4 Drainage Computations

All roadway reconstruction projects require drainage computations. Design criteria and design
elements pertinent to drainage facilities are referenced throughout this manual. Drainage design
computations should include swale, outlet protection, gutter flow anaysis, storm sewer design, and
hydraulic gradeline (HGL) calculations as well as computations for other pertinent drainage
facilities, as outlined in Chapter 1, Section 1.6. It is important to include the supporting
documentation used to develop the drainage design so that the design assumptions and calculations
can be verified. Drainage computations should identify structures by station and offset rather than
by numerical identifier. If thisis not feasible, include an index to correlate the structure with its
location on the plans. Topographic mapping should be provided with the watershed areas
delineated accordingly.

The drainage system should be brought to a suitable outlet. The drainage computations should
show that the proposed improvements will not adversely impact the existing downstream storm
system or property owners. If the existing drainage system is found inadequate, an upgrade will be
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designed in conformance with the criteria outlined in this manua. Additiona drainage rights may
need to be acquired if upgrading the storm drainage downstream of the project is necessary.

3.6.5 Right of Way Involvement

Right of way acquisitions can prove to be one of the most expensive and time consuming aspects
of a highway project’s development. The designer should account for such costs and difficulties
when determining suitable drainage appurtenances. Therefore the potential for new or additional
drainage rights and easements should be a consideration in developing the drainage design. The
existing and proposed rights should be shown on the plans. Properties affected by diversions should
also be shown on the plans so that proper rights can be acquired.

3.6.6 Culverts

Chapter 8 (Culverts) discusses the specific design criteria related to culverts. The designer
should also refer to Chapter 4, (Culvert Repair, Materids, and Structura Design) if the existing
culvert will remain in use. Minor and smal culvert design computations should be included with
the documentation with a design data sheet smilar to that found in Chapter 8, Appendix A.

In areas where cross culverts are being extended or replaced or where outlet protection is
being proposed, a profile or cross section of the natural ground should be provided to show how
the inverts will tie into the existing topography. The need for additiona rights or easements
should be addressed.

3.6.7 Outlet Protection

Riprap splash pads are required to dissipate the velocity and prevent erosion at the exit of a
pipe. Guidelines for the design of riprap and bedding are discussed in Chapter 8, Section 8.7.
Splash pads at inlets are typically not required. Riprap proposed at an inlet requires justification.

Outlet protection should be shown on the plans. A typical detail should also be included with
the drawings.

3.6.8 Drainage Patterns

Existing and proposed drainage patterns with respect to pipes, ditches, channels and swales
should be shown on the plans by directiona flow arrows. The direction of flow should be shown
61 m (200 feet) beyond any drainage outlet, or shown to terminate by dissipation or entrance into a
watercourse or body of water. This will show where the proposed drainage is discharging and
establish whether additional drainage rights are required.

3.6.9 Grading Plans
Intersection grading plans should be included in the semifinal submission. The grading should

be designed such that ponding and icing conditions are avoided. Inlets should be located at the
low points. Include top of frame elevations on the grading plan.
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3.6.10 Permits

The Hydraulics and Drainage Section reviews permit applications for Floodplain
Management, Stream Channel Encroachment Lines, dam construction, and drainage diversions.
Section 3.11 of this chapter discusses permit requirements. The necessary applications should be
forwarded to the Office of Environmental Planning for submission to ConnDEP.

3.6.11 Temporary Drainage

Provisions for temporary drainage should be designed in accordance with the procedure outlined
in Chapter 6, Section 6.15. These facilities should be designed with the same care as the permanent
facilities using the reduced design discharge.

3.6.12 Mestings

There are occasions, depending on the complexity of a project, where a meeting is requested by
the designer to discuss specific concerns or questions. Prior to the meeting, an agenda should be
prepared by the designer to facilitate the meeting and alow the Hydraulics and Drainage Section
time to review and become familiar with the materia. It will aso ensure that the appropriate parties
are represented.
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3.7 Final Plansfor Review Submission (Roadways and Structur es)

371 Generad

The fina plans are submitted for review when they are approximately 85% to 90% complete.
Should the project involve both structure and highway design, then separate but coincident
submissions should be prepared. The highway design submission shall be accompanied by the fina
design checklist. (See Appendix B.)

3.7.2 Resolution of Previous Drainage Comments

Comments made previoudy in the semifinal design phase should be incorporated or addressed
accordingly. As discussed in the previous section, justification is required for all comments that
have not been incorporated.

3.7.3 Drainage Report and Plans
A final drainage report and final plans should be submitted for review.
3.74 Permits

At this stage of design, the necessary permit applications should have been forwarded to
ConnDEP through the Office of Environmental Planning for processing and approval.

3.7.5 Structures

The following final design submission requirements refer to structures over waterways. The
fina design submission includes the various water surface models discussed in Section 3.5.
However rather than several dternates evaluated for the Preliminary Design phase, only the
proposed structure chosen during the structure type selection process is reflected in the hydraulic,
FEMA, and SCEL models. The designer should provide the following design reports for final
submission:

e Fina Hydraulic Design Report — reflecting the proposed structure chosen to be advanced to
final design.

e Fina Scour Report — if the proposed structure is a bridge. A scour report is not required for a
culvert with a concrete bottom. Chapter 9 (Bridges) discusses the requirements for the Scour
Report.

e Fina Floodway Anaysis Report —if there is an established floodway
e Finad SCEL Report — if there is involvement within Stream Channel Encroachment Lines.
These water surface models are similar to those submitted during the Structure Type Study

phase however, only the proposed structure model is compared with the existing condition
model rather than all the feasible aternates.
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3.7.6 Final StructurePlans

The following data for riverine (inland) structures, as shown in Table 3-1, shall be included in

tabular form on the general plan sheet:

Table3-1
Drainage Area sg. km (sg. mile)
Design Frequency year
Design Discharge cms (cfs)

Average Daily Flow Elevation

m (ft) - indicate Estimated or Observed.
For observed, show date.

Upstream Design Water Surface Elevation

m (ft)

Downstream Design Water Surface Elevation m (ft)

Maximum Scour Elevation m (ft)
Frequency year
Discharge cms (cfs)

Worst case scour sub-structure unit

indicate Abutment # or Pier #

e The design water surface and average daily flow elevations, from Table 3-1, shall be shown
graphically on the cross section of elevation view. The upstream water surface elevation is

typically taken at the approach cross section.

e Scour information not applicable for culverts (enclosed conduits).

The following data for tidal structures, as shown in Table 3-2, shall be included in tabular
form on the general plan sheet in lieu of Table 3-1 above:

Table 3-2
Mean Low Water m (ft)
Mean High Water m (ft)
High Tide Line (1-Year Tide) m (ft)
10- Year Tide m (ft)
100- Year Tide m (ft)
Design Frequency/Event* Tiddl: year/event | Riverine: year/event
Design Discharge cms (cfs)
Design Water Surface Elevation — m (ft)
Ebb Direction
Design Water Surface Elevation — m (ft)
Flood Direction
Maximum Scour Elevation m (ft)
Frequency/Event* Tiddl: year/event | Riverine: year/event
Discharge cms (cfs)
Worst case scour sub-structure unit indicate Abutment # or Pier #

*  Event means other occurrence such as average daily flow, mean high water, mean low water,

etc.
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e Design frequency/event for tidal structures may be based on riverine floods, tidal storm surge
or a combination of tidal storm surge and riverine flooding. See Sections 9.3.8 and 9.4.5 for
further discussion.

Examples:

(1) The Design Discharge Elevation at a structure was determined based on a 100-year
riverine flood in combination with a 10-year tide. The Design Frequency/Event
information in Table 3-2 would be completed as follows:

| Design Frequency/Event | Tidal: 10-year | Riverine: 100-year |

(2) The Maximum Scour Elevation is based on a 500-year tidal storm surge in
combination with an average daily riverine flow. The Design Frequency/Event
information in Table 3-2 would be completed as follows:

| Frequency/Event | Tidal: 500-year | Riverine: Average Daily Flow |

e The design, mean high and mean low water elevations shall be shown on the cross section
view.

For projects requiring the use of temporary hydraulic and/or water handling facilities, the
tabulated stage/discharge data shown on Table 3-3 for riverine structures or Table 3-4 for tidal
sructures, shal be included, typically on the stage congtruction/water handling plans. The
temporary design water surface elevations shall also be shown graphicaly on the cross section or
elevation view. The minimum top elevation of cofferdams being utilized to isolate or divert the
stream flow away from the work area shall be indicated on the plan. This information is provided to
assst the contractor during congtruction.  Section 9.6.12 of Chapter 9, Bridges, discusses the
hydraulic design of temporary hydraulic facilities.

Table 3-3
Average Daily Flow m’/s (cfs)
Average Spring Flow m’/s (cfs)
2-Y ear Frequency Discharge* m’/s (cfs)
Temporary Design Discharge m°/s (cfs)
Temporary Design Frequency Y ear
Temporary Water Surface Elevation Upstream m (ft)
Temporary Water Surface Elevation Downstream m (ft)

* not included if same as temporary design discharge

e The average daily and spring flows are determined by the method described in Chapter 6,
Hydrology, Section 6.16. The temporary design discharge is determined by the procedure
described in Section 6.F.1.
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Table 3-4
Mean Low Water m (ft)
Mean High Water m (ft)
High Tide Line (1-Year Tide) m (ft)
Temporary Design Frequency Tidal: year | Riverine: year
Temporary Design Discharge cms (cfs)
Temporary Design Elevation m (ft)

3.7.7 Environmental Permit Aspects

The Hydraulics and Drainage Section offers technical assistance in reviewing the various
water surface profile models associated with structures.

Upon concurrence by the Hydraulics and Drainage Section, the FPM and/or SCEL
applications should be forwarded to the Office of Environmental Planning. The application is
then submitted to ConnDEP for certification. Permit requirements for a structure are discussed in
Section 3.11 of this chapter.

The following standard conditions for approval of stormwater management standards taken
from Section 25-68h-3(f) of the Flood Management Statutes and Administrative Regulations
shall be incorporated into all ConnDOT projects:

(1) All construction work shall incorporate best management practices to minimize soil
erosion and sedimentation and conform with the " Connecticut Guidelines for Soil Erosion
and Sediment Control."

(2) All fill shall be clean, material free of stumps, rubbish, hazardous, and toxic material.

(3) Contractor shall remove equipment and materials from the floodplain during periods when
flood warnings have been issued or are anticipated by a responsible federal, state or local
agency. It shall be the contractors responsibility to obtain such warnings when flooding is
anticipated.

(4) Contractor shall notify the Commissioner seven days prior to starting work on-site.

(5) Oncework isinitiated, it shall proceed rapidly and steadily until completed and stabilized
in order to minimize use of temporary structures and to minimize soil erosion.

(6) Work shall not be conducted in or adjacent to watercourses and reservoirs used as public
drinking water supply sources without further coordination with the water supply utility
and Department of Health Services.

(7) All temporary structures, cofferdams, and fill shall not impede the movement of flood
flows and shall be removed at the completion of their use. The design of such temporary
structure, cofferdams and fill shall be based on this manual, where applicable.

(8) The applicant or his agent shall permanently maintain the proposed facility.
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3.8 Processfor Design of Culverts (State Design)

The following applies to projects which are not assigned to Consultant Engineers:

Drainage areas less than or equal to 81 ha (200 ac)...The State Design Section typically
designs cross culverts conveying drainage areas less than or equal to 81 ha (200 acres). Culverts
should be designed in accordance with the criteria discussed in Chapter 6 (Hydrology) and
Chapter 8 (Culverts).

Drainage ar eas between 81 ha (200 ac) and 259 ha (1 sg. mi)... Culverts conveying drainage
areas between 81 hato 259 ha (200 acresto 1 sg. mile) can be designed either in State Design or
in Hydraulics and Drainage. The methodologies used to develop the design discharges are
different from an 81 ha (200 acre) culvert crossing as discussed in Chapter 6 of this manual. If
requested, the Hydraulics and Drainage Section can assist State Design with the analysis. The
design includes an abbreviated analysis. Coordination is necessary between the Hydraulics and
Drainage Section and State Design to determine the survey requirements for the site.

Drainage areas greater or equal to 259 ha (1 sg. mi)... Culverts conveying drainage areas of
this magnitude require detailed hydraulic designs. The analysis is performed by the Hydraulics
and Drainage Section as requested. The advancement of hydraulic designs for projects assigned
to the State Design Section is outlined in Section 3.9.
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3.9 Hydraulic Design Process with Hydraulics and Drainage Performing the Design

(Structures)
39.1 Genera

The Hydraulics and Drainage Section typicaly performs the hydraulic design for structures
conveying drainage areas 259 ha (1 sq mi) or greater. A step by step flow chart and description of
the development of the hydraulic design for structures and preparation of the relevant portions of the
hydraulic permit application can be found in Appendix C.
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3.10 Drainage Guiddinesfor Resurfacing Projects

3.10.1 Genera

The Department’s drainage requirements for a resurfacing project are different from a
reconstruction project. With the understanding that every project is unique, there are typicd
guidelines that should be considered for resurfacing projects. These guidelines are outlined in this
section and are discussed below.

3.10.2 Adequate Cross Slopefor Proper Drainage

The designer should ensure that the cross dope of the proposed overlay is constructed to current
roadway design standards and consistent with the Department’s current specifications. Adequate
information should be shown on the plans to allow the proper construction of the roadway cross
dope. This may include typical sections, gutterline profiles, superelevation grade lists, etc. A
typical detail for the normal crown and superelevated section should be included on the plans.

It is recommended that pavement elevations be verified by survey prior to the final overlay to
ensure the proper cross dopes have been established. Pavement milling or bituminous wedge
courses may be required.

3.10.3 Moadificationsto the Existing Drainage System

Catch basin tops may need to be reset. If curbing is to be removed, the existing Type “C” inlets
should be converted to Type “C-L” inlets. The designer should ensure that the dope is well
established to intercept the pavement runoff. Catch basins and other pertinent drainage structures
should not be removed if they connect subdrains.

3.10.4 Drainage Computations

Detalled storm drainage computations are typically not required for resurfacing projects.
However the condition of the existing pipes should be determined by visual inspection to ensure
that they do not warrant replacement. Guidelines discussed in Chapter 4 of this manual should be
reviewed to perform culvert inspections and condition surveys. Pipes and drainage structures
should be cleaned as necessary.

3.10.5 Existing Problemsor Concerns

Existing drainage problems should be investigated, documented and addressed. The district
drainage engineer and the maintenance garage responsible for the area should be contacted to
determine if there are any areas of concern such as flooding, icing conditions, evidence of
erosion at outlets or any other drainage conditions that may be remedied under the scope of the
project.
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3.11 Permit Reqguirements

3.11.1 Generad

The Hydraulics and Drainage Section is involved in the following environmental permit
applications.

Floodplain Management Certification
Stream Channel Encroachment Permits
Water Diversion Permits

Dam Congtruction Permits

All environmental permit applications are coordinated through the Department’s Office of
Environmental Planning. The Hydraulics and Drainage Section offers technical assistance in
the review and preparation of the permits specified above. The permit submittals to ConnDEP
are performed through the OEP.

The permit applications for projects administered by the Consultant Design Section are typically
prepared by the consultant and forwarded to the Hydraulics and Drainage Section for review. For
State Design projects, the designer prepares the permits or requests that the application or portions
thereof be prepared by the Hydraulics and Drainage Section. The ConnDEP permit application
package includes instructions on preparing the various permit applications.

The intent of the permit application review by the Hydraulics and Drainage Section is to
ensure that it is consistent with ConnDEP guidelines and is in agreement with the design prior to
it being forwarded to ConnDEP. The permit process is discussed in severa ConnDOT and
ConnDEP guidelines. The designer should review and be familiar with them prior to the start of
the design. They include the following:

e Consulting Engineers Manual — Chapter 800

e Water Resources Coordination and Permit Processing Manual by ConnDOT Office of
Environmental Planning - See Chapter 4, (State Permits) and Chapter 6 (The Process) which
includes a flowchart illustrating the permit process and how it relates to the various stages of
design.

e Hydraulic Analysis Guidance (DEP-IWRD-GUI D-001) - ConnDEP publication intended as a
supplemental guideline for preparing hydraulic analyses for various permit applications.

These are good sources of information for those not familiar with the process or those in need
of a review. Early coordination with ConnDEP and familiarity with permit requirements is
stressed throughout this Drainage Manual. Typicaly, a State project cannot be advertised until
all permits are in place and certified. Therefore, submitting applications late in the design
process could substantially delay the project schedule.

3.11.2 Floodplain M anagement Certification
Floodplain Management involvement may be related to proposed work either in the floodplain

or in the floodway. The definition of both of these is discussed in the Legal Chapter of this
manual, (Chapter 2). These limits are depicted on FEMA mapping. The limits of a floodplain
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are defined by the 100-year water surface elevation of the watercourse. The limits of a floodway
are defined by a regulatory water surface elevation. A FEMA hydraulic water surface profile
analysisis used to establish the limits of the floodway.

Roadway Impacts...Floodplain Management involvement for a roadway design project is
typically attributed to work being proposed in a floodplain of a watercourse that conveys a
drainage area of 259 ha (1.0 sg. mi.) or greater. Associated impacts may include but are not
limited to fill being proposed in the floodplain, a storm drainage outlet discharging drainage into
afloodplain or any activity on aroadway that is within the regulatory limits (Zone A) as depicted
on the FEMA mapping. A hydraulic analysis is typically not required unless the amount of fill
proposed to be placed within a floodplain is substantial. The floodplain impacts should be
minimized as much as possible.

Fill within an established floodway is strongly discouraged. ConnDEP may require a hydraulic
analysis if there is concern with substantial impacts to the floodway (even if a cross culvert is not
being proposed for the project).

Structure Impacts... The Floodplain Management documentation requirements for a structure
differ from a roadway project, as there may be considerably greater impacts attributed to a new
structure spanning a watercourse. A hydraulic analysis needs to be prepared not only for the design
of the structure but also for ConnDEP to ensure that an unacceptable increase in the water surface
elevation is not created by the new structure. The proposed activities associated with the
congtruction of the structure must comply with ConnDEP regulations. The Hydraulic Anaysis
Guidance referenced in Section 3.5.2 above is conducive to understanding the requirements and
necessary steps for certification. The limits of the FEMA floodplain and floodway should be shown
on the project plansto aid in determining potential impacts.

Flood Management General Certification is available for minor activities located within the
regulated floodplain. This genera certification granted by ConnDEP can be obtained for certain
activities in lieu of an individua Flood Management permit application. The Hydraulics and
Drainage section is responsible for reviewing all requests and issuing approval. A description of the
minor activities that would qualify for general certification can be obtained from the offices of
Hydraulics and Drainage or Environmental Planning.

When seeking Flood Management Certification under the general permit, at a minimum the
following information should be provided:
¢ Reguest memorandum "Request for FM Genera Certification Approval”
Project description with a statement of hydraulics and drainage involvement
Location plan
Design plan
Copy of flood map (FEMA map panel for area of concern)
Justification of why the request qualifies under FM General Certification
Available supporting reports, computations, etc.

3.11.3 Stream Channéel Encroachment Line Permit
Stream Channel Encroachment Lines are established by the State for many flood prone rivers

and watercourses. Any activity riverward from the established lines requires a permit from
ConnDEP. A listing of regulated areas may be obtained from ConnDEP's Bureau of Water
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Management, Inland Water Resources Division. Copies of the maps are on file with the town
clerks of the respective towns, the Hydraulics and Drainage Section, and the office of
ConnDEP s Inland Water Resources Division.

Roadway Impacts...Unlike the Flood Management Certification process where involvement is
limited to the 100-year water surface elevation of the watercourse, Stream Channel Encroachment
Lines have no limit with respect to elevation. For example, should a project involve work being
performed on a travelway that is situated well above the 100 year water surface elevation of an
adjacent river, and the project falls within the limits of the SCEL, a permit will be required.

Structure Impacts...A project that includes a structure within these regulated SCEL limits
requires a hydraulic anaysis. The Stream Channel Encroachment water surface model is used
incorporating the project’'s proposed condition. Hydraulic reports used to establish the
encroachment lines are also available for review at the ConnDEP Inland Water Resources Division.
Note however that this hydraulic mode is independent from the hydraulic model used to
design the structure and from that described for Floodplain M anagement certification.

3.11.4 Water Diverson Permits

The need for a water diversion permit is addressed in the Water Resources Coordination and
Permit Processing Manual and in Section 804.07 of the Consulting Engineers Manual.

3.11.5 Dam Safety Permits

A Dam Safety Permit isrequired for any work on or affecting a dam, dike, or similar structure
subject to DEP jurisdiction. Under State regulations, these structures are broadly defined as
"barriers of any kind whatsoever which are capable of impounding or controlling the flow of
water" and, by breaking away or otherwise failing, could endanger life or property. Chapter 4 of
the Water Resources Coordination and Permit Processing Manual and Section 10.5 of this
manual discuss this permit application.
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Appendix A —Pre-submission Quality Assurance/Control Guideline

These guidelines were developed to ensure important aspects of drainage design are considered
in the project development. Prior to submitting a project to the Hydraulics and Drainage Section for
review, the designer should review these guidelines to ensure they are considered in the design.

Chapter 1 —Introduction

Documentation is an important aspect of the design or analysis of any drainage/hydraulic
facility. The mgor purpose of providing good documentation is to define the design procedure
that is used and to show how the final design and decisions were arrived at.

Consider construction and maintenance related issues when developing the drainage/hydraulic
design.

Temporary hydraulic facilities are to be designed with the same attention to detail that is used
for the primary facility.

Chapter 2—Legal Agpects

Existing and proposed drainage rights should be shown on the plans.

The course of flow beyond drainage outlets should be investigated for a sufficient distance to
ensure that other downgrade owners will not be adversely affected.

The direction of flow from the drainage outlet should be shown on the construction plans a
minimum distance of 61 m (200 ft) or shown to terminate by dissipation or entrance into a
watercourse or body of water. This will ad the Department in determining any property
impacts and right of way obligations.

If a pipe upgrade downstream of the project is necessary, then additional rights may need to be
acquired.

Any concentration of flow upon adjacent property requires an easement to discharge. Any
changes in size or location of the outlet require new drainage rights. Diversions may require
rights from al affected owners and thus should be avoided.

Ouitlets should be appropriate to present land use and adaptable to possible future uses. Avoid
any outlets where ponding will be created. Existing outlets should be reviewed carefully before
utilizing them in a new design. Outlets onto steep dopes should be avoided as they lead to
erosion problems. Extending the outlet to aflatter dopeisdesirable.

Watercourses (perennia or intermittent) should be shown and labeled on the plans. This will
define appropriate drainage rights that may be required. It will also define the design storm
event. (See Chapter 6, Hydrology.)

If Floodplain Management Certification or a Stream Channel Encroachment Line permit is
required, we recommend coordination with the ConnDEP, Inland Water Resources Division
early in the design phase to maintain the project schedule.

Diversions should be avoided as they increase the likelihood of erosion and can cause
changes to wetland characteristics.

Any disturbances to septic systems or water supply wells must be avoided. Hedlth regulations
stipulate separation distance from septic systems to drainage systems and may control drainage
system or channel locations. Maintenance chemicals splashed onto or flowing over adjacent
surfaces can affect wells.
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Chapter 3— Design Development

If a project involves work within a watercourse, the designer should coordinate with the
ConnDEP Fisheries Division early in the design phase to address fish passage concerns.

A separate drainage submission is recommended when the drainage aspects of the project
appear to be complex or the drainage facilities may involve right of way impacts.

Provide responses and justification for al review comments.

Chapter 4 — Culvert Repair, Materials, and Structural Design

Existing pipes that are to remain in use should be visualy inspected and analyzed to determine
if they are structurally and hydraulically adequate or require replacement. The condition of the
pipes should be documented accordingly.

Use existing pipes if in good condition. With regard to existing systems which are to be
discontinued, metal pipes under traveled ways in poor condition should be removed and
concrete pipe should be plugged at ends.

Use the appropriate type pipe in tidal areas.

Check strength, installation conditions and bedding requirements if the cover is over 4.6m
(15 ft.) or under 0.6m (2 ft.) for concrete pipes and any depth for metal pipe.

Parallel pipe lines must be separated at least 1/2 the pipe diameter or 1 m (3 ft.), whichever is
less.

Connections of pipe to structures should be designed with al dimensions and structural
details considered.

Chapter 5— Data Collection

A well planned data collection program leads to a more orderly and effective analysis, and a
design that is commensurate with project scope, project cost, the complexity of site
hydraulics and regulatory requirements.

Chapter 6 - Hydrology

Rational Method - This method shall be used only for drainage areas less than 81 hectare (200
acres).

Stream Gage Data - The U.S. Geological Survey maintains a network of stream gaging stations
throughout Connecticut. From long term periods of observation and through statistical analysis
of the resultant data, peak flow rates for various return frequencies can be developed. This data
shall be used wherever possible in the design of hydraulic facilities.

U.S.G.S. Regression Equations shall be used for al routine designs at sites greater than 2.59
km? (1 mi®) in tributary area unless stream gage data is available or unique watershed
characteristics, such as sgnificant detention storage dictate otherwise. Refer to Water
Resources Bulletin No. 36.
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Computer Models for Hydrograph Generation - Many watersheds exhibit characteristics
which require the use of a computer model to estimate design discharge quantities from run-
off hydrographs. Additionally, hydrograph generation models are useful in the analysis of
"before and after" conditions as related to proposed activities within a given basin. Where
use of a computer model is appropriate, the methods described in Section 6.14 shall be used.
FEMA Flood Insurance Study Discharge Rates - Discharges specified in the appropriate Flood
Insurance Study shall be used for ANALY SIS where the regulatory floodway is adopted. The
DESIGN discharge may vary from the Flood Insurance Study quantity if the results of an
independent analysis so indicate.

SCEL — Stream Channdl Encroachment Discharge Rates — Discharges specified in the
appropriate Stream Channel Encroachment study shall be used for analysis where SCEL are
established. The Design, FEMA and SCEL discharges may vary, as they are al developed
independently and may use different methods.

The hydrology for cross culverts conveying drainage areas greater than 81 ha (200 ac) should be
submitted for review and approval prior to completing the hydraulic design.

Chapter 7 - Channels

The channel design should ensure that the design flow in its flattest section is accommodated.
Flexible lining is preferred over rigid to reduce velocity and for lower maintenance and
installation cost. A closed drainage system should be used instead of steeply graded channels.
Safety requirements will often dictate the location of roadside ditches or channels.

Sharp bends and sudden grade changes should be analyzed for possible overtopping of channel
lining during high flows. A lining change may be needed at bends due to velocity increases.

At intersections of side and main channels, consider the velocity head and need for additiond
lining depth, or heavier lining, on the main channel opposite the junction.

The location and aignment of a culvert should be consistent with the flow tendency of a stream.
Inlet and outlet rechanneling should be held to a minimum.

At severe trangitions from cut to fill opes, erosion can occur where roadside swales are used,
unless short riprap channels, catch basins and pipes or paved ditches are employed to control the
flow.

Chapter 8 - Culverts

Available head should be checked by using cross sections, profiles, contour maps and a
thorough field check.

Allowable headwater elevation should be at least 0.3m (1 ft.) below the controlling elevation of
abuilding or point where overflow could run over the road or to another watershed.

Safety of the structure location must be considered in relation to pedestrian and vehicular traffic.
Culvert ends are generally preferred to endwalls.

Consider possible erosion around outlet structures from both high and low water in the stream.
Provide riprap and channel improvements or energy dissi pation where needed.

Culverts providing for the passage of area drainage from one side of the highway to the other
usually shall not be smaller than 600mm (24 in) for interstate systems and 450mm (18 in) for
other systems.
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Fish passage through culverts should be considered where appropriate. Minimum depths of
flow, low velocities and outlet pools are some methods employed.
Avoid long skew crossings under traveled ways.

Chapter 9 - Bridges

Occasionally, the waterway opening(s) for a highway-stream crossing can be provided for by
either culvert(s) or bridge(s). Estimates of costs and risks associated with each will dictate
which gtructure dternative should be sdlected. Other considerations which may influence
structure-type selection are listed in Table 9-1 and Chapter 8, Culverts.

The hydraulics of the highway-stream crossing system should be given considerable study in
choosing the preferred design from the long list of available alternatives. The selection should
be based on a collective effort of bridge, soils and foundations, highway, and hydraulic
engineers. Thisprocessisfurther outlined in Chapter 3, Design Development.

The final design selection should consider the maximum backwater allowed by the National
Food Insurance Program and Stream Channel Encroachment Lines unless exceedence of the
limit can be justified by specid hydraulic conditions.

Thefinal design should not significantly ater the flow distribution in the floodplain.

A specified clearance should be established to adlow for passage of ice and debris. For
navigation channels, a vertica clearance conforming to Federal requirements should be
established based on normally expected flows during the navigation season.

Degradation or aggradation of the river as well as contraction and local scour shall be estimated.
Appropriate positioning of the foundation, below the total scour depth, if practicable, shal be
included as part of the fina design.

Chapter 10— Storage Facilities

Preliminary approva of storage considerations should be obtained from Hydraulics and
Drainage, before the actua storage computations are performed.

Consider permanence of the storage, if already existing.

Sedimentation basins and dams should not be used on watercourses.

Sedimentation basins should be used to clarify runoff only from areas disturbed by
construction. Runoff from adjacent undisturbed areas should be channeled or piped around
the basins where possible.

Field check the need for trash racks. If used they should not completely enclose the inlet but
alow for overflow when clogged. Consider access for maintenance if used.

Chapter 11 — Storm Drainage Systems

Any existing inlet structures should be checked for capacity if they will be used in anew design.
Utility conflicts may require design changes. Keep at least 0.3m (1 ft) vertical and horizontal
clearance between drainage systems and utilities.

The most economical routing of pipes should be used. A different layout could save many
feet of pipe.
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Consider hydraulic effects of tides on a drainage system outlet. Return frequency of tides vs.
storm design frequency should be considered.

Pipes on steep grades may require energy dissipation at the outlet - check possibility of
reducing velocity through flatter grades, using rougher pipe or drop structures.

Catch basins not located precisely in alow point of the gutter profile will create ponding and
lead to icing conditions.

Intersection grading plans (contours) may be required to assure proper grading to and around
catch basins to ensure inlets are located at low points and to avoid snow melt and consequent
icing across traveled ways.

Catch basins are usually needed just upgrade from a bridge to avoid excess flow across the
bridge or into expansion joints.

Catch basins may be needed at downgrade ends of bridges where curbing is not used, to avoid
erosion down thefill dope.

Consder the effects of snow melt and refreezing at all traffic islands and superelevated sections.

A reverse cross dope should be provided for superelevated sections to contain the flow in the
shoulder and therefore not alow runoff or snow melt to sheet across the travelway.

The designer should exercise particular care that medians, shelves, and channelization islands
are drained so as not to cause icing hazards. Snow stored in these areas can melt and flow
across a traveled roadway. A subsequent freezing can lead to dangerous icing conditions
requiring constant attention by maintenance forces.

On depressed expressways, where curbing is used, flanker basins will be placed in locations
approximately 0.06m (0.2 ft) higher than the sag catch basin. These will collect debris and
provide additiona capacity if needed. Flanking inlets are not usually considered as intercepting
flow in the design computations.

Catch basins should be located a minimum of 1.5m (5 ft) from driveway returns to prevent loss
of vehicular traction.

All catch basins shdl have standard 0.6m (2 ft) sumps to collect roadway sand except at pipes
conducting watercourses or pipes 900mm (36") in diameter or larger.

At an expressway low point where curbing is not used, a 'C-L' catch basin shal be located on
the shoulder with the far edge of the catch basin at the outer edge of the shoulder. Thisinlet is
intended for collection of snow melt and rain when plowing operations prevent water from
leaving the pavement. No interception is to be calculated for thisinlet. A 300mm (12") pipe
will be used for the outlet.

For sags in the gutter profile where excess flow cannot be relieved (cut sections), use a 25-year
design frequency (50 for expressways) for the grate capacity of the inlet structure and for pipes
leading away from the inlet structure to a clear outlet.

For resdential and business areas where grading will produce small pockets not drained, lawn
drains of small pipe elbows connected to the nearest catch basins may be economical.

Where a change in size of pipe is made at a structure, the crowns of these pipes will normally be
aligned on grade.

As a preliminary rough check on hydraulic design, pipe sizes should increase consistently with
the direction of flow and added flow from branches to the system.

Hoods at catch basins should be avoided as they create higher losses than a conventiona inlet
and are a clogging concern. When hoods are used in the storm system, then the losses and
clogging potential associated with these structures must be considered when developing the
hydraulic gradeline computations.
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Drainage should be brought to a suitable outlet. The system should be shown to its outlet or to

its hydraulic control.
Compurtations should be provided to verify that the proposed drainage will not adversely impact

the existing downstream storm system.
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Appendix B — Submission Check List

State Highways and Local Roads Checklist

for Hydraulics and Drainage Design Reviews

The following is a checklist to be completed and included with all State Highways and
Local Roads projects that have hydraulics and drainage involvement. To expedite the review
process, meet project schedules, and avoid possible delays due to incomplete design
submissions, the following checklist outlines the necessary material (for each design phase) that
should be provided to the Hydraulics and Drainage Section for review. Also, approximate
review time frames with each submission are provided for the designer to consider. The
procedures and criteria of the current Consulting Engineers Manual, Bridge Design Manual, and
Drainage Manual should be followed with special attention to Sections 302, 303, 304, 403, 404,
502, 707, 711, 712, 713, 802, and 804 of the Consulting Engineers Manual; Sections 2, 5, 11,

and 13 of the Bridge Design Manual; and all the sections within the Drainage Manual.

The following checklist(s) are to be submitted for all design projects at the appropriate

design phases:

Scope Review Meeting/Permit Determination Request
Preliminary Design Checklist (Plans 35% Complete)

Drainage Design Checklist (Plans 50% Complete) — If Necessary
Semi-Final Design Checklist (Plans 60% to 70% Complete)
Final Design Checklist (Plans 85% to 90% Complete)
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Project No.

Roadway

Town
Date

Signature of Engineer

Scope Review Meeting/Permit Determination Request
Allow a 2-3 week review time.

a. Project description with a brief statement of hydraulics and drainage involvement.

[ ] Included [ IN/A
b. Request for determination of permit involvement.
[ ] Included [ IN/A
c. Location plan.
[ ] Included [ IN/A
d. Available plans, profiles, cross sections, etc...
[ ] Included [ IN/A
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Project No.

Roadway

Town
Date

Designed By

Signature of Engineer

Preliminary Design Checklist (Plans 35% Complete)

Allow a 3-4 week review time.

The Preliminary Design Submission should include the following:

a. Preliminary Design Statement

The design statement should contain a narrative for the following:

1.

2.

10.

Description of hydraulics and drainage involvement.

[ ] Included [ ] Not Included [ ] Not Applicable
A list of existing culvert or bridge crossings for tributary areas:

a.) > 81 ha (200 Acres) and < 2.59 km? (1 mi?)

b.) > 2.59 km? (1 mi?)

[ ] Included [ ] Not Included [ Not Applicable
Available fish passage information from the ConnDEP Fisheries Division.

[ ] Included [ ] Not Included [ Not Applicable
Water diversions.

[ ] Included [ ] Not Included [ Not Applicable
Justification for drainage design not consistent with the Drainage Manual criteria.
[ ] Included [ ] Not Included [ Not Applicable
List of permit requirements (ie: FPM, SCEL, DAM, CAM, etc...).

[ ] Included [ ] Not Included [ Not Applicable
Required detention designs.

[ ] Included [ ] Not Included [ Not Applicable
Any unusual designs such as pumping stations.

[ ] Included [ ] Not Included [ Not Applicable
Tidal Involvement.

[ ] Included [ ] Not Included [ Not Applicable

Investigation of existing drainage concerns and/or problems. Contact Town/City
maintenance departments for local road projects or ConnDOT Maintenance departments
and district drainage engineer for State highway projects.

[ ] Included [ ] Not Included [ Not Applicable

October 2000 ConnDOT Drainage Manual



3.B-4

Design Development

b. Plans, Profiles and available Cross Sections

1.

2.

Watercourses, perennial and intermittent should be shown and labeled.

[ ] Included [ ] Not Included [ ] Not Applicable

Special drainage provisions such as sedimentation basins and/or non standard drainage
structures.

[ ] Included [ ] Not Included [ ] Not Applicable
Approximate slope limits.

[ ] Included [ ] Not Included [ Not Applicable
Taking lines and property lines.

[ ] Included [ ] Not Included [ ] Not Applicable
Existing ground line and existing structures.

[ ] Included [ ] Not Included [ Not Applicable
Existing drainage rights from survey information.

[ ] Included [ ] Not Included [ Not Applicable

Preliminary conceptual layout of proposed drainage system including channels, ditches
and swales.

[ ] Included [_] Not Included [ ] Not Applicable
FEMA 100 year floodplain and/or SCEL shown and labeled.
[ ] Included [_] Not Included [ ] Not Applicable

c. Watershed Area Map

1.

An overview contour map (100 or 200 scale contour map or USGS 2000 scale
topographic map) for the project showing watershed areas for all cross culverts.
[ ] Included [ ] Not Included [ ] Not Applicable

d. Structures with drainage areas > 2.59 km? (1 mi?)

1.

2.

Hydrology computations determining the drainage area and design discharge.

[ ] Included [ Not Included [ Not Applicable
Preliminary hydraulic and scour computations for the structure type study alternatives
(the above hydrology computations must be approved prior to the start of the
preliminary hydraulic computations).

[ ] Included [_] Not Included [ Not Applicable

Provide justification for items Not Included. Justification should correspond to letter and number
(e.g.:al,bl., cl, etc..).
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Project No.

Roadway

Town
Date

Designed By

Signature of Engineer

Drainage Design Checklist (Plans 50% Complete)

Allow a 6-8 week review time

See Note below.

Semi-Final Design Checklist (Plans 60% to 70% Complete)

Allow a 5-6 week review time

Note: A separate, earlier drainage submission (at approximately 50% completion) may be
required if the drainage design is particularly complicated, requires significant right of way
and/or otherwise might jeopardize the schedule of the project. This checklist MUST
accompany both of these submissions.

Indicate which submission this checklist is for and include the following information:

[] Drainage Design Submission ] Semi-Final Design Submission

a. Draft Drainage Report

1.

2.

Disposition of Preliminary Design/Drainage Design Submission comments with written
responses justifying comments not incorporated.

[ ] Included [ Not Included [ Not Applicable

A condition survey of the existing drainage pipes and structures that are to remain in use
should be investigated for structural adequacy and documented. (See Section 3.6.3.)

[ ] Included [ ] Not Included [ ] Not Applicable

The condition of existing ditches that are to remain in use should be field inspected,
analyzed and results documented to verify their stability and the need for cleaning and
reshaping.

[ ] Included [ ] Not Included [ ] Not Applicable

The condition of the outlet at the existing discharge points should be investigated and
documented to ensure no erosion or sediment problems exist. If outlet protection is
required, it should be incorporated into the project and computations submitted.

[ ] Included [ ] Not Included [ ] Not Applicable

January 2001 ConnDOT Drainage Manual



3.B-6

Design Development

10.

11.

12.

13.

14.

15.

16.

17.

A condition survey report including items 2, 3, and 4 above. (See Appendix A and B,
Chapter 4)

[ ] Included [ ] Not Included [ Not Applicable

Drainage design computations should include gutter flow analysis, storm sewer design,
and hydraulic gradeline (HGL). The hydraulic gradeline should be analyzed to ensure
0.3m (1 ft) freeboard is maintained at drainage structures. This analysis should consider
all friction, entrance, junction, exit and bend losses. Designer to verify that the proposed
drainage will not adversely impact the existing downstream storm system or property
owners. (See Chapter 11, Storm Drainage Systems.)

[ ] Included [ ] Not Included [ ] Not Applicable

Drainage computations should identify structures by station and offset rather than by a
numerical identifier. If station and offset is not feasible for the computations then
include an index with the location of the structure corresponding to its numerical
identifier. The watershed map should be prepared accordingly.

[ ] Included [ ] Not Included [ Not Applicable

Existing drainage systems shall be analyzed for hydraulic adequacy to meet the
proposed conditions and, if found inadequate, an upgrade will be designed in
conformance with the criteria established in the Drainage Manual.

[ ] Included [ ] Not Included [ Not Applicable

All roadway drainage systems should be brought to a suitable outlet.

[ ] Included [ ] Not Included [ Not Applicable

If upgrading of pipes downstream of the project is necessary, then additional rights may
need to be acquired.

[ ] Included [ ] Not Included [ ] Not Applicable

The need for temporary drainage should be addressed. Temporary drainage
computations should be prepared in accordance with criteria in the Drainage Manual.
(See Section 3.6.11.)

[ ] Included [ ] Not Included [ ] Not Applicable

Proposed swales, ditches and channels should be designed in accordance with HEC-15
for discharges 1.42 m*/s (50 ft*/s) and less or HEC-11 for discharges in excess of 1.42
m?*/s (50 ft/s). (See Chapter 7, Channels.)

[ ] Included [ ] Not Included [ ] Not Applicable

Minor and small cross culvert design computations with culvert data sheet. (See
Chapter 8, Culverts.)

[ ] Included [ Not Included [ Not Applicable
Topographic mapping with watershed area delineated for each inlet and/or cross culverts
as required to perform the drainage calculations. The flow path used in the time of
concentration calculation and coefficient of imperviousness should be shown for each
area. (See Chapter 6, Hydrology.)

[ ] Included [ ] Not Included [ ] Not Applicable

Diversion identified.

[ ] Included [ ] Not Included [ ] Not Applicable

All plans, computations and reports identify the responsible engineers who prepared and
checked the work.

[ ] Included [_1 Not Included [ Not Applicable

Alternate types of drainage pipe material have been considered and documented.

[ ] Included [ Not Included [ Not Applicable
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b. Plans, Profiles and Cross Sections

1.

2.

10.

11.

The existing and proposed storm drainage shown to their outlets.

[ ] Included [ ] Not Included [ ] Not Applicable

Size and type of existing drainage pipes/structures and disposition of pipes/structures to
be abandoned.

[ ] Included [_1 Not Included [ Not Applicable

Properties affected by diversions should be shown on the plans so that proper rights can
be acquired.

[ ] Included [ ] Not Included [ ] Not Applicable

Drainage Rights and Easements.

[ ] Included [ ] Not Included [ ] Not Applicable

Outlet Protection shown on plans and details provided.

[ ] Included [ ] Not Included [ ] Not Applicable

Intersection grading plans to ensure inlets are located at the low points to alleviate
ponding/icing conditions. Top of frame elevation should be shown.

[ ] Included [ Not Included [ Not Applicable

In areas where cross culverts are being extended, replaced, or where outlet protection is
proposed a profile or cross section of the natural ground should be provided to show
how the inverts will tie into the existing topography.

[ ] Included [ Not Included [ Not Applicable

The top of frame and invert elevations for each storm drainage structure shown.
Proposed drainage structures shall be identified by station and offset on cross sections.

[ ] Included [ ] Not Included [ ] Not Applicable

Existing and proposed drainage patterns (flow arrows) of pipes, ditches, channel and
swales.

[ ] Included [_1 Not Included [ Not Applicable
Details for any special drainage structures not found in the Standard Drawings.
[ ] Included [_] Not Included [ Not Applicable

The direction of flow should be shown by arrows to 61m (200 ft.) beyond any drainage
outlet, or shown to terminate by dissipation or entrance into a watercourse or body of
water.

[ ] Included [ ] Not Included [ ] Not Applicable

C. Structures with drainage areas > 2.59 km? (1 mi?)

1.

2.

Draft hydraulic design report.

[ ] Included [ Not Included [ Not Applicable
Draft scour report when the proposed structure spans the waterway.

[ ] Included [ Not Included [ Not Applicable
Draft floodway report.

[ ] Included [ Not Included [ Not Applicable
Draft SCEL report.

[ ] Included [ Not Included [ Not Applicable
Draft scour report if required.

[ ] Included [ Not Included [ Not Applicable
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Provide justification for items Not Included. Justification should correspond to letter and number.
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Design Development 3.B-9

Project No.

Roadway

Town
Date

Designed By

Signature of Engineer

Final Design Checklist (Plans 85% to 90% Complete)
Allow a 4-5 week review time.

The Final Design Submission should include the following:

a.

Disposition of Semi-Final Design comments with written responses justifying comments
not incorporated.

[ ] Included [_] Not Included [ ] Not Applicable
Final Drainage Report and Final Plans.

[ ] Included [_] Not Included [ ] Not Applicable
Final scour report.

[ ] Included [_] Not Included [ ] Not Applicable
Final floodway analysis report.

[ ] Included [ ] Not Included [ ] Not Applicable
Final SCEL report.

[ ] Included [ ] Not Included [ ] Not Applicable
Final hydraulic design report.

[ ] Included [ ] Not Included [ ] Not Applicable

Provide justification for items Not Included. Justification should correspond to the designated

letter.
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Appendix C —In-House Development of Hydraulic Requirementsfor Crossings Conveying

aWaterway Greater Than 2.59 km? (1 mi?)
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3.C-2
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3.C-3

o
HYDRAULICS & | | \yoinyay DESIGN BRIDGE DESIGN DEP FISHERIES FEMA ENVIRGNMENTAL
PLANNING
'y
o | Prepars parmit
applications
46
Finalize Final
Structure Plam‘7
3
Subirit design g
i i
pormit gy
| State design review | Reviss permt
of madifcaton wotcaions. |
LEGEND
(] Task Description
<> Decision Block
O Sub Process/Adjoining Process
. Support Responsibilities
ConnDOT Drainage Manua

May 2002



3.C14 Design Development
Box # Task Name Owner Duration Description
1 Request permit Highway 1 day Highway design sends permit determination request to H& D and requests
determination and Design that H& D attend scoping meeting.
request H& D to attend
Scoping meeting
2 Attend scoping meeting | Engineer 1 day H& D attends scoping meeting with other units at request of Highway
design to discuss project issues and direction of structure rehab or
replacement.
3 Determineif structureis | Highway 1wk Highway Design will determine if structure will be rehab or replacement.
rehab or replacement Design
4 Rehabilitation Study Bridge Design | 4 wks Prepare Rehabilitation Study Report. Coordinate and obtain information
Report from other units as necessary.
5 Review and comment on | Engineer 1wk Provide written comments on rehabilitation report and attend review
rehabilitation study meeting.
report
6 Determine if structure Highway 1 day After completion of rehabilitation study, Highway Design will determine if
can be rehabilitated Design structure can be rehabilitated.
7 Request H& D Highway 1 day Highway design will send written request to H& D to determine the
involvement Design hydraulic involvement for the rehab project.
8 Determine hydraulic Engineer 1wk H& D will determine the extent of H& D’ s involvement for the structure
involvement rehabilitation.
9 Request preliminary Highway 1 day Highway Design sends request to perform preliminary hydraulic design to
hydraulic design Design H&D.
10 Project initiation SectionHead | 1day Receive request for preliminary hydraulic design from Highway Design.
Review request, information, schedule, funds, and assign to Engineer.
11 Request DEP Fisheries | Engineer 1 day Send request |etter to DEP Fisheries to review site location.
review
12 Sitereview DEP Fisheries | 4wks Perform site review and return any specia requirementsto H&D.
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3.C-5

Box # Task Name Owner Duration Description

13 Collect site data Engineer 15 day Collect existing data from
H&D: FEMA, H&D files, River Study, Scour, USGS, SCEL.

BS& E: Bridge inspection reports, underwater reports.

ER&R: project plans and as-built.

Soils & Foundations. search folders by town.

Contact: Towns, Maintenance (District Office or Town), Environmental
Planning, Central Surveys, DEP, USDA Natural Resource Conservation
Service, USGS.

14 FEMA study? Engineer 1 day If adetailed FEMA study exists for the Site, request backup data from
FEMA with a prepaid vendor form.

15 FEMA process FEMA 8wks Assemble and return detailed FEMA backup datato H&D.

16 Field investigation Engineer 1 day Perform field visit. Send notification to and invite other disciplines.
Complete field review form and identify survey requirements.

17 Survey request Engineer 1 day Prepare arequest for hydraulic survey and send to Highway Design.

18 Initiate survey Highway 8wks Highway Design will initiate the survey and return the completed plans and

Design cross-sectionsto H&D.

19 Develop hydrology Engineer 1wk Develop flows using information available.

20 Preliminary analysis Engineer 8wks Review information from Fisheries, Survey, and FEMA. Work with
Bridge Design on types of structures to be studied. Perform preliminary
anaysis of aternative structures, including a qualitative scour evaluation
and prepare data for the Structure Type Study. Forward datato Bridge
Design.

21 Structure Type Study Bridge Design | 3wks Bridge Design will prepare a Structure Type Study and send a copy to
H& D for review and comment.

22 Review and comment on | Engineer 1wk Prepare written comments on Structure Type Study and return to Highway

structure type study Design.

23 Send request to attend Highway 1 day Highway Design will request H& D to attend the Structure Type Study

structure type study Design Mesting.
meeting

24 Attend structure type Engineer 1 day Attend Structure Type Study Meeting with other sections for structure

study mesting sdlection.

May 2002
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3.C-6 Design Development

Box # Task Name Owner Duration Description

25 Review structure Engineer 1 day Investigate if selected structure is consistent with previous letter of

acceptability to DEP recommendation from DEP Fisheries.
Fisheries
26 Meet with DEP Fisheries | Highway 1wk If selected structure is not consistent with DEP Fisheries recommendation
to discuss dternatives Design, DEP then Highway Design will meet with DEP Fisheries and discuss mitigation
Fisheriesand measures or aternatives. May have to coordinate with H& D and make a
Engineer presentation to Fisheries with the most reasonably solution.

27 Finalize SLD plans Bridge Design | 8 wks Bridge Design prepares SLD plans for the culvert/bridge including stage
congstruction and water handling concepts and sends them to other units for
review. Structure design is 30% complete.

28 Review and comment on | Engineer 1wk Prepare written comments on the SLD plans and return to Bridge Design.

SLD plans
29 Fina structure selected | Highway 1 day Highway Design will send letter to H& D requesting they proceed with final
Design design of selected dternative. Submission should include plan, profiles,
cross sections, and available bridge plans.

30 Project advancement Section Head | 1day Received request to advance project to final design.

31 Isdternativeabridge? | Engineer 1 day If alternative is abridge then H& D will conduct a Detailed Scour
Evauation early in Final Design for use in foundation design.

32 Scour andysis Engineer 1wk Prepare detailed scour analysis and forward results to Highway Design,
Bridge Design and Soils and Foundations.

33 Channdl design Engineer 2wks If channel protection or restoration is required, perform design and develop
plans.

34 Detalled FEMA study Engineer 1 month+ | Was adetailed FEMA study performed?

required?
35 FEMA modédl Engineer 4 wks Recreate FEMA model using FEMA backup information. Compare flood

elevations to the origina FEMA flood elevations. I|mpose proposed
condition and re-run model. No increase in encroached condition flood
elevation isalowed. If thereisan increasein flood eevation, change
mode to increase conveyance, compensate for increased flood by
increasing storage, or process request for map revison. (A map revision
can take ayear or more).
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3.C-7

Box # Task Name Owner Duration Description
36 Do SCEL exist within Engineer 1 day If Stream Channel Encroachment Lines analysis data exists and the
the project area? discharge varies from the FEMA values, run another modd.
37 SCEL mode Engineer 2wks Re-run the existing and proposed model using the flows from the SCEL
report to show the changein flood elevations.
38 Design temporary Engineer 1wk Run models for al stages of construction. Work with Highway Design to
facilities develop aworkable construction sequence and size temporary work. Time
varies depending on complexity of construction.
39 Final hydraulic design Engineer 1wk H& D to provide final hydraulic design recommendations to Bridge Design.
recommendations
40 Incorporate hydraulic Bridge Design | 1wk Bridge Design incorporates final hydraulic design recommendationsin
recommendations structure design.
41 Finalize semi-fina Bridge Design | 1wk Bridge Design prepares semi-fina plans for the culvert/bridge and sends
design them to other unitsfor review. Structure design is 90% complete.
42 Review and comment on | Engineer 1wk Prepare written comments on the semi-final plans and return to Highway
semi-fina plans Design.
43 Request permit Highway 1wk Highway Design will request H& D to prepare permits.
Design
44 Prepare final hydraulic Engineer 2wks Prepare final hydraulic report including scour, design, FEMA, SCEL.
report
45 Permit hydraulics Engineer 1wk Prepare and assemble attachments and supporting documentation for
attachments permit application. Which could include attachment A-1, attachment H
Part 1 and Part 2. Forward to Highway Design who will complete permit
application and forward to Environmental Planning.
46 Permit application Environmental | 2 wks Environmental Planning will finalize and submit the permit applications to
Planning Connecticut DEP. Connecticut DEP approval usualy takes 6-12 months.
47 Finalize structure plans | Bridge Design | 8 wks Bridge Design prepares final plans for the culvert/bridge and sends them to
other unitsfor review. Structure design is 100% compl ete.
48 Review and comment on | Engineer 1 day Review find structure plansto assure they are consistent with hydraulic
final structure plans design and the permits.
49 Project revision Highway Varies If Highway Design changes any aspect of the project that has any relation
Design to the hydraulic aspects, they must forward changesto H&D.

May 2002
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3.C-8 Design Development

Box # Task Name Owner Duration Description

50 Permit revision needed? | Engineer Varies H&D will review the revision, re-run the hydraulic models, if necessary,
and determine if arevision to the permit is needed.

51A No permit revision Engineer 1 day If no revision is needed, send letter to Highway Design.

51 Permit revision Engineer 1wk If arevision to the permit is needed, prepare the hydraulic portion of the
revision to the permit and submit to Highway Design

52 Review of modification | Highway 1wk Highway Design reviews modification made by H& D and determines

Design whether to amend the permit or prepare atechnica revison. Highway

Design then prepares the full application and forwards to Environmental
Planning.

53 Revise permit Environmental | 1wk Environmental Planning reviews permit revision and submits to ConnDEP.

applications Planning
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Culvert Repair, Materials, and Structural Design 41-1

4.1 Overview
411 Introduction

There are thousands of culverts under the highways of Connecticut, many over 50 years old.
Culverts do not receive much attention, primarily because they are generally hidden from view
from the travelling public. Occasionally, however, an incident occurs that serves as a reminder
that the failure of a culvert can have serious consequences.

Over the past twenty years, most of the larger highway culverts, defined as “Quaifying
Structures’ in Section 1.4 of the ConnDOT Bridge Inspection Manua have been inspected at least
once every two years. Currently culverts that qualify are those with multiple openings measuring
over 6m (20 ft.) and single culverts measuring over 3m (10 ft.) in span. These inspections,
conducted on a wide variety of culvert types and materials, revealed numerous types of problems.
The ingpections have not only documented the problems but rated the culverts with regard to their
serviceability and structural safety. Recommendations for repair of structures are normally
determined following the review of the inspection reports and are kept in the Department’ s Bridge
Safety and Evaluation Unit. However, inspection information should supplement and not take the
place of the requirement of performing a condition survey should the culvert remain in use as part of
aconstruction project.

One of the problems associated with repair, rehabilitation, and replacement of culvertsis that
the work frequently is approached strictly as a maintenance problem without consideration of the
underlying structural or hydraulic conditions for which the deterioration originated. Moreover,
there has never been enough money to maintain culverts, properly, and, over the years, the
overall condition of culvertsin the highway system has steadily worsened.

Although there is considerable information available on the design and construction of new
culverts of many materials, there is little information in the literature on how to repair culvert
problems and even less on how to rehabilitate, strengthen, or retrofit upgrade culverts. There are
essentially no criteria for selecting the most cost-effective alternative for the work that should be
done.

412 Overview of the Problem

There are many culverts in the ConnDOT highway system that are in various dtates of
deterioration. Maintenance personnel are faced with the question of deciding whether to repair,
rehabilitate, retrofit, or replace these culverts and how to do so with available funds. Experience has
shown that it is often economically feasible to restore or upgrade culverts, and procedures have been
developed for doing such work. In order to decide which repair procedures are most appropriate, it
is necessary that a basic understanding of culvert design, construction, and maintenance and, more
importantly, how to evaluate causes and solutions to the problems.

Culverts are primarily structures that carry surface and stream water under highway pavements.
However, the same types of structures are also used to facilitate highway undercrossings by
animals, people, and occasiondly vehicles.
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4.1-2 Culvert Repair, Materials, and Structural Design

4.1.3 Construction Projectswith Existing Drainage Facilities

A condition survey should be conducted for existing drainage facilities (pipes, structures,
swales, ditches) that are to remain in use within the project limits, to ensure their condition is
adequate and replacement is not warranted. This should be performed early in the design phase so
that the proposed design includes all systems that are to be replaced. Individuas responsible for
performing the inspections must possess the minimum qualifications in accordance with the
National Bridge Inspection Standards. The approach and documentation with respect to verifying
the condition is outlined in Appendix A (Inspection Guidelines) and Appendix B (Drainage Facility
Condition Surveys Guideline). A separate report shall be prepared and submitted to the Hydraulics
and Drainage Section early in the final design phase of the project.

414 BadcCharacteristics

The structural and hydraulic design of culvertsis substantially different from that of bridges, as
are the construction, maintenance, repair, and replacement procedures. A few of the more
significant characteristics of water-carrying culverts are:

» Hydraulic — Culverts are usualy designed to operate at peak flows with a submerged inlet to
improve hydraulic efficiency. The culvert constricts the flow of the stream and may cause ponding
at the upstream or inlet end. The resulting rise in elevation of the water surface produces a head at
the inlet that increases the hydraulic capacity of the culvert. The effects of ponding and flow on
appurtenant structures, embankments, and abutting properties are important considerations in the
design of culverts.

» Structural — Culverts are buried in soil and are designed to support the dead load of soil over
the culvert as well as live loads of traffic. Either the live load or the dead load may be the most
significant load element, depending on the type of culvert, type and thickness of cover, and amount
of live load. However, live loads on culverts are generally not as significant as the dead load unless
the cover isshallow. Box culverts with shallow cover are examples of the type of installation where
live loads are important.

In most culvert designs, the soil or embankment materia surrounding the culvert plays an
important structural role. Lateral soil pressures enhance the culvert’s ability to support vertica
loads. The stability of the surrounding soil is important to the structura performance of most
culverts.

» Maintenance — Because culverts usualy constrict flow, there is an increased potential for
waterway blockage by debris and sediment, especialy for culverts subject to seasona flow.
Multiple barrel culverts are particularly susceptible to debris accumulation. Scour caused by high
outlet velocity or turbulence at the inlet end is of concern. As a result of these factors, routine
maintenance for culverts primarily involves the removal of obstructions and the repair of erosion
and scour. Other defects from westhering, loads, and age will occur and require routine
mai ntenance.

 Traffic Safety — A significant safety feature of many culverts, as compared to bridges, is the
elimination of a congtriction in the roadway. Culverts can economically be extended so that the
standard roadway cross section can be carried over the culvert. However, when the ends are located
near traffic lanes or adjacent to a shoulder, guiderail may be required to protect the traffic.
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Culvert Repair, Materials, and Structural Design 4.1-3

» Condruction — One of the most significant factors is that culverts are constructed in and
through the roadway embankment, and vehicle loads are carried by the combined strengths of the
culvert and the surrounding embankment. The trench width, bedding, compaction, and amount of
fill over the culvert are important factors that influence the ability of the culvert to carry the design
loads. Thus, the construction techniques and quality control of workmanship are critica to the
ultimate serviceability and life expectancy of culverts.

 Durabilty — Durability of materials is a significant problem in culverts and other drainage
structures. In hostile environments, corrosion and abrasion can cause deterioration of al commonly
available culvert materials. Many types of serviceability problems may occur because of scour of
streambeds and erosion of embankments adjacent to the culverts.

* Inspection — Highway bridges and culverts designated as “Qualifying Structures’ in Section
1.4 of the ConnDOT Bridge Inspection Manual must be inspected at least once every two years.
There is no mandated criteria for the length of time between inspections for culverts that are less
than 6.1 m (20 ft.) in roadway span. However, ConnDOT inspects all culverts over 1.8m (6 ft.) on
State highways. It is recognized that all other culverts may not be routinely inspected and that
problems are reported on an as-noticed basis.

415 Typesof Culverts

Although there is a very wide range of styles and designs of culvertsin service, al culverts may
be classified into two basic types: rigid and flexible. This classification is based on the primary
difference in the manner in which structural loads are carried by the culvert and the interrelationship
between the culvert structure and the surrounding soil. Rigid culverts are designed to resist bending
moment; flexible culverts are not.

Culverts are also often described by their shape, which may be circular, arch, eliptical, or box.
The box shape may be made more torsionally rigid by adding internal web walls between the top
and bottom surfaces. Culverts may aso be made with multiple barrels for additional flow capacity.
Most modern culverts are made from either corrugated metal, plastic, or reinforced concrete.
Concrete culverts may be of either precast or cast-in-place construction, which may be post-
tensioned in the field. These materials may be used to construct most of the mentioned structural

shapes.
416 General Problemswith Culverts

There is a wide variety of types of problems that occur with culverts. The problems may be
classified by serviceability and strength-related criteria. Listed below are general types of culvert

problems:

Serviceability-related problems

* Scour and erosion of streambed and embankments
Inadequate flow capacity

Corrosion and abrasion of metal culverts

Abrasion and deterioration of concrete and masonry culverts
Sedimentation and blockage by debris

Separation and/or dropoff of sections of modular culverts
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4.1-4 Culvert Repair, Materials, and Structural Design

* Inadequate length
Strength-related problems

» Cracking of rigid culverts

Undermining and loss of structural support

Loss of the invert of culverts dueto corrosion or abrasion
Over-deflection and shape deformation of flexible culverts
Stress cracking of plastic culverts

4.1.7 Need for Economical M ethods of Repair and Replacement

Many culverts are reaching the end of their design life. In many cases, these culverts have been
constructed under high fill or are under roadways that carry high volumes of traffic. Replacement
of these culverts can be very costly as well as cause severe disruption to traffic. These
circumstances require that viable methods of repair and rehabilitation be investigated.

The information provided in this chapter was obtained from FHWA-RD-94-096, Culvert
Repair Practices Manual, Volume 1, May 1995. This publication should be used asa guidein
therepair of culvertsand appurtenanceson ConnDOT facilities.
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4.2 Structural Design of Culverts

421 Introduction

Structural design of a culvert must be performed to ensure that the culvert is strong enough to
resist the loads that will be imposed upon it. The strength of a culvert depends on the strength of the
materias that are used and the shape of the culvert barrel. For example, a circular shape carries and
resists loads differently than a box shape.

422 Loads

In addition to fulfilling their hydraulic functions, culverts must also support the weight of the
embankment or fill covering the culvert and loads on the roadway. There are two generd types of
loads that must be carried by culverts. dead loads and live loads. The amount of both dead and live
load that is actually exerted on a culvert depends upon whether it is arigid or flexible materia, the
height of the embankment above the culvert, the type of material surrounding the culvert, the degree
of compaction of the materia, and whether specid types of structura members are built around the
culvert to resist and distribute soil pressures.

Dead loads on a culvert include the earth load or weight of the soil over the culvert and any
added surcharge loads such as buildings or additional earth fill placed over or adjacent to the culvert
alignment. The live loads on a culvert include the loads and forces that act upon the culvert due to
vehicular or pedestrian traffic plus an impact factor. Actual loads for specific cases are assigned by
the designer. The effect of live loads decreases as the height of cover over the culvert increases. For
single-span culverts, the effects of live load may be neglected where the depth of fill is more than
2400mm (8 ft) and exceeds the span length; for multiple span culverts, the effects may be neglected
where the depth of fill exceeds the distance, between faces of endwalls. Loading determinations
should follow the procedures set forth in AASHTO LRFD Bridge Design specifications section
12.6 with an earth load of 2000 kg/m® (125 pounds per cubic foot) if the actual weight of earth is not
known.

423 Flexible Culvert Behavior

A flexible culvert is a composite structure made up of the culvert barrel and the surrounding
soil. The barrel and the soil are both vital el ements to the structural performance of the culvert.

Flexible pipe has relatively little bending stiffness or bending strength on its own. As loads are
applied to the culvert, it attempts to deflect. In the case of a round pipe, the vertical diameter
decreases and the horizontal diameter increases, as shown in Figure 4-4.

October 2000 ConnDOT Drainage Manua



4.2-2 Culvert Repair, Materials, and Structural Design

As vertical loads are applied

a flexible culvert attempts to
defiect. The vertical diameter
decreases while the horizontal
diameter increases. Soil pressures
resist the increase in horizontal
diameter.

Figure4-4 Deflection of flexible culverts.

When good embankment material is well compacted around the culvert, the increase in
horizontal diameter of the culvert isresisted by the lateral soil pressure. With round pipe, the result
is arelatively uniform radia pressure around the pipe that creates a compressive thrust in the pipe
walls. As illudrated in Figure 4-5, the compressive thrust is approximately equa to verticd
pressure times one-half the span length (C=P X S2or C=P X R).

An arc of aflexible round pipe or other shape will be stable as long as adequate soil pressures
are achieved, and as long as the soil pressure is resisted by the compressive force C on each end
of the arc. Good quality backfill material and proper installation are critical in obtaining a stable
soil envelope around aflexible culvert.
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4.2-3

Summing the vertical forces
on half of the pipe at a time

showss that
C=PxS/2

where
C =  Compressive thrust in

the culvert wall.
P =  Sum of soil pressure

acting on the cuivert.
S =  The span or diameter.
S/2 = The radius (R).

Figure 4-5 Formulafor ring compression

In long span culverts the radius ( R ) isusually large. To prevent excessive deflection due to
dead and/or live loads, longitudinal or circumferential stiffeners are sometimes added. The
circumferentia stiffeners are usually metal ribs bolted to the outside of the culvert. Longitudinal
stiffeners are reinforced concrete, as shown in Figure 4-6. The thrust beams are added to the
The use of concrete stress-relieving dabs is
another method used to achieve longer spans or reduce minimum cover. A stress-relieving dab is
cast over the top of the backfill above the structure to distribute live loads to the adjacent soil.

structure when backfill reaches their location.

Figure 4-6 Concretethrust beam used as a longitudinal stiffener
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424 Rigid Culvert Behavior

The load carrying capacity of rigid culverts is essentialy provided by the structura strength of
the pipe itsalf and little benefit from the surrounding earth is required. When vertical loads are
applied to a rigid pipe, zones of tension and compression are created as illustrated in Figure 4-7.
With the exception of non-reinforced circular pipe, reinforcing steel is added to the tension zones to
increase the tensle strength of concrete pipe. Shear stress in the haunch area can be critical for
heavily loaded rigid pipe on hard foundations, especidly if the haunch support is inadequate.
Becauserigid pipeis stiffer than the surrounding soil, it carries a substantial portion of the load.

- Rigid Pipe
‘ ‘ Stress Zones

Tension

-
3

Compression

A

Figure4-7 Zones of tension and compression in rigid pipes

The weight of each that must be carried varies with soil characteristics and installation
conditions. The instalation conditions can have a significant influence on the loads that must be
carried by arigid culvert. There are two major classes of installation conditions: 1) trench, where
culverts are placed in natural ground or compacted fill with a controlled trench width and 2)
embankment, where culverts are placed in or covered by an embankment.

In narrow trench installations, the pipe is placed in a relatively narrow trench and covered
with backfill material. The backfill tends to settle more than the undisturbed soil beside the
trench. Friction between the backfill material and the sides of the trench tends to help support
the backfill material, reducing the load on the pipe. In effect the width of the soil column over
the pipe is decreased. This concept isillustrated in Figure 4-8.
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......

Load transfer

Figure 4-8 Trench installation. Friction on trench sidesreduces the size of the column
of fill carried by the pipe.

As the trench width increases, the effect of the friction at the sides of the trench is reduced and
dead load on the pipe is increased. The amount that the loading is increased depends on trench
width and the amount of backfill settlement, which is related to compaction. Poorly compacted soil
will settle more than well compacted soil. In atrench that is too wide, poor compaction can result
in an increase in the dead load on the pipe. Pipes placed in a shalow bedding on top of the origina
ground surface and then covered by the embankment material will have loads similar to the very
wide trench. Pipes placed in trenches in the origina ground prior to being covered by embankment
have reduced earth loads similar to those described for the narrow trench.

425 Durability

Although structural condition is a very important element in the performance of culverts,
durability problems are probably the most frequent cause of replacement. Culverts are more
likely to “wear away” than fail structurally. Durability is affected by two mechanisms: corrosion
and abrasion. Each are discussed in the following sections:

Corrosion

Corrosion is the deterioration of metals due to chemical or electrochemical reaction to the
environment. Corrosion of culvert materials may occur in many different soils and waters. These
soils and waters may contain acids, alkalis, dissolved sats, organics, industrial wastes or chemicals,
mine drainage, sanitary effluents, and dissolved or free gases. However, culvert corrosion is
generally related to water and the chemicals that have reacted to, become dissolved in, or been
transported by the water.

Certain soil and water conditions have been found to be particularly aggressive or hostile to
culverts. Extremes in acidity or akalinity are much more aggressive than more neutral conditions.
The term pH is a measure of the relative acidity or alkalinity: 7.0 is neutral, values less than 7.0 are
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acid, and values greater than 7.0 are akaine. For culvert purposes, vaues of less than 5.0 are
strongly acid and those greater than 8.5 are strongly dkaine. Acid water stems from two sources.
mineral and organic. Minera acidity comes from sulfurous wells and springs and drainage from
coal mines, with water containing dissolved sulfur and iron sulfide that may form sulfurous and
sulfuric acids. Minera acidity with a pH as strong as 2.3 has been encountered. Organic acidity,
which may be found in swampy land and barnyards, may have a pH as low as 4.0. Alkdinity in
water is caused by strong minerals and limed and fertilized fields. Acid water is more common to
wet climates and akaline water is more common to dry climates.

Along with pH, water resistivity (R) is an effective way to measure how aggressive the water’s
chemistry may be. Resistivity of low flow samples can accurately predict the potential corrosivity of
drainage runoff. Resistivity above 1500 ohm-cm are considered normal. Resistivity between 500-
1500 ohm-cm are considered below norma. Resistivity below 500 ohm-cm should be considered
aggressive.

The electrical resistivity of soil, which depends largely on the nature and amounts of dissolved
salts, adso influences the potential for corrosion. The greater the resistance the less the flow of
electrical current associated with corrosion. High moisture content and temperature lower the
resistivity and increase the potential for corrosion. The use of granular backfill around the entire
pipe will increase eectrical resistivity and reduce the potentia for galvanic corrosion.

Corrosion can attack the inside or outside of the culvert barrel. The chemicals in drainage water
can atack the materia on the interior of the culvert. Culverts subject to continuous flows or
standing water with aggressve chemicads are more likely to be damaged than those with
intermittent flows. The exterior of culverts can be attacked by chemicals in the ground water that
can originate in the soil, be introduced through contaminates in the backfill soil, or be transported by
subsurface flow.

Corrosion affects all metals and alloys, although the rates can vary widely depending both upon
the chemica and physica properties of the metal and upon the environmenta condition to which it
isexposed. When ameta corrodes, avery low voltage electrica current is established between two
parts of a metal surface that have different voltage potential. The difference in voltage potential
may be caused by dight variations in the material, changes in surface condition, or the presence of
foreign materiadls. The current removes metallic ions from one location and deposits them at
another location, causing corrosion, as shown in Figure 4-9. The chemicals present in the water
greatly influence its effectiveness as an dectrolyte.
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Electrolyte (water)

Electrons and metallic

ions deposited here
Flow of electrons
Anode o —— Cathode
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Loss of / Metal conductor -/

metallic ions

Figure 4-9 The corrosion process

Although less common than with metal pipe, corrosion can occur in concrete culverts. Metalic
corrosion can take place in the reinforcing steel when it is exposed by cracking or spalling, when the
concrete cover is inadequate, or when the concrete is porous enough to alow water to contact the
reinforcing stedl.

If sted corrodes, the corrosion products expand and may cause spaling of the concrete.
Corrosion can aso take place in the concrete itsdf. It is not, however, the same type of
electrochemical reaction that occurs in metal. Other reactions between the concrete materials and
the chemicals present in the stream flow or ground water are involved and can result in deterioration
of the concrete.

Abrasion

Abrasion is the process of wearing down or grinding away the surface material of culverts as
water laden with sand, gravel, or stones flow through a culvert. Abrasion forces increase as the
velocity of the water flowing through a culvert increases; for example, doubling the velocity of a
stream flow can cause the abrasive power to become approximately four-fold.

Often corrosion and abrasion operate together to produce far greater deterioration than would
result from either alone. Abrasion can accelerate corrosion by removing protective coatings and
allowing water-borne chemicals to come into contact with corrodible culvert materials.

426 Economic Consderations

For the design of new culverts and magjor culvert repairs, an economic analysis usualy includes
factors such as construction cost, estimated service life, maintenance cost, replacement cost, risk of
faillure, and risk of property damage. The most economica culvert is not the one with the lowest
initial cost nor the culvert with the longest service life. The importance is that short and long term
costs should be considered in both original designs and in repairs or replacements.
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427 Maintenance

It is appropriate to emphasize the need to consider maintenance needs in the design of culverts.
That is, the designs should be such that the need for maintenance and repair work is minimized
through the selection of the culvert type and the quality of the materials and construction methods
that are used. For example,

« If abrasion problems are anticipated, then the designs should minimize the potential problem
by flattening the dopes, providing stilling basins, or providing atough, abrasion-resistant invert.

* If a problem with sedimentation is expected, it may be possible to steepen dopes or sdect a
culvert shape (such as abox) that is easier to clean out with mechanized equipment.

428 Safety

Personnel safety should always be of concern during the construction, inspection, maintenance,
repair, and rehabilitation of culverts. To the maximum extent possible, the designer should identify
low flow periods for construction for certain types of structures. Inspection, maintenance, and
repair personnel should be aware of the posshbilities of poor air quality, toxic and chemical
contaminants, animals, and the potential for collapse of unstable structures.

429 Geotechnical

During design, particularly for larger culverts, 0.9m (3 ft) span or greater, the foundation
conditions should be investigated to determine such factors as allowable bearing pressure, bedding
requirements, and any condition requiring specia treatments. In addition, determinations should be
made concerning any unusua construction conditions such as groundwater, dope stability, and rock
excavation. These factors apply to the end treatments, approaches, and barrel elements. The type,
strength, dope, and bedding of soils and rocks al influence the design, construction and
maintenance/repair operations.
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4.3 Culvert Shapes

431 Genea

A wide variety of standard shapes and sizes are available for most culvert materials. Since
equivalent openings can be provided by a number of standard shapes, the selection of shape may not
be critical in terms of hydraulic performance. Shape selection is often governed by factors such as
depth of cover or limited headwater elevation. In such cases a low profile shape may be needed.
Other factors such as the potentia for clogging by debris, the need for a natura stream bottom, or
structural and hydraulic requirements may influence the selection of culvert shape. Each of the
common culvert shapes is discussed in the following paragraphs. More details are included in the
section on materials.

4.3.2 Circular Pipes

The circular shape is the most common shape manufactured for pipe culverts. It is hydraulically
and structurdly efficient under most conditions. Possible hydraulic drawbacks are that circular pipe
generaly causes some reduction in stream width during low flows. It may aso be more prone to
clogging than some other shapes due to the diminishing free surface as the pipe fills beyond the
midpoint. With very large diameter corrugated metal pipes, the flexibility of the structure dictates
that specia care be taken during backfill construction to maintain uniform curvature.

4.3.3 PipeArch and Elliptical Shapes

Pipe arch and éliptical shapes are often used instead of circular pipe when distance from
channd invert to pavement surface is limited or when a wider section is desirable for low flow
levels. These shapes may aso be prone to clogging as the depth of flow increases and the free
surface diminishes. Pipe arch and dliptical shapes are not as structuraly efficient as a circular
shape. They are normaly used in areas with limited vertical clearance and low cover conditions.

434 Arches
Arch culverts have no culvert barrel materia at the bottom and offer less of an obstruction to the
waterway than pipe arches and can be used to provide a natural stream bottom where the stream

bottom is naturaly erosion and abrasion resistant. The structure should also meet scour design
requirements.

435 Box Sections
Rectangular or sguare cross section culverts are easlly adaptable to a wide range of dte

conditions, including sites that require low profile structures. Due to the angular corners, boxes are
not as structurally and hydraulicaly efficient as other culvert shapes.
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4.3.6 MultipleBarrels

Multiple barrels are used to obtain adequate hydraulic capacity under low embankments or for
wide waterways. In some locations they may be prone to clogging as the area between the barrels
tends to catch debris and sediment. When a channel is artificially widened, multiple barrels placed
beyond the dominant channel are subject to excessive sedimentation. The span or opening length
of multiple barre culvertsincludes the distance between barrels aslong asthat distanceisless
than half the opening length of the adjacent barrels.

ConnDOT Drainage Manual October 2000



Culvert Repair, Materials, and Structural Design 44-1

4.4 Culvert Materials

441 Geneal

Culverts are primarily made with reinforced concrete, corrugated metal, and more recently, solid-
wall, profile wall, and reinforced plastic. The strength and physical characteristics of the materias
depend upon their chemistry and the interrelationship between the constituent materials. Metals and
plastic are homogeneous isotropic materials whereas concrete and masonry is a mixture or
combination of materidls. The method by which the materias are connected significantly
influences whether the strength of the materials may be utilized structuraly.

442 Concrete

Culverts may be made with either precast or cast-in-place reinforced concrete. This selection
depends on the size and complexity of the culvert design. Precast sections are uniform in size and
shape and are made in sections that can easily be transported, lifted, and installed. Cast-in-place
concrete construction is often used when ready-mix concrete is available and when the culvert
should be constructed without joints. Precast concrete culverts may be made with high strength
concrete, whereas cast-in-place concrete culverts may have specia reinforcement at critical
locations to resist high loads and stresses.

» Precast — Precast concrete pipe is manufactured in eight standard shapes. circular, arch,
horizontal eliptical, vertical dliptical, pipe arch, box sections, three-sided arch top, and flat top
sections, as shown in Table 4-1. With the exception of box culverts, concrete culvert pipe is
manufactured in up to five standard strength classifications. The higher the classification number
the higher the strength. Box culverts are designed for various depths of cover and live loads. All of
the standard shapes are manufactured in a wide range of sizes. Circular and dliptical pipes are
avallable with standard sizes as large as 3600 mm (144 inches) in diameter, with larger sizes
available as special designs. Standard box sections are also available with spans as large as 3600
mm (144 inches). Precast concrete arches on cast-in-place footings are available with spans up to
12.2 m (40 feet).

» Cadt-in-place — Reinforced culverts that are cast-in-place are typically either rectangular or
arch-shaped. the rectangular or box shape is more common and is usually constructed with multiple
cells (barrels) to accommodate longer spans. One advantage of cast-in-place construction is that the
culvert can be designed to meet the specific requirements of a site. Due to the longer construction
time of cast-in-place culverts, precast concrete or corrugated metal culverts are often selected.
However, in many areas cast-in-place culverts may be more practical.

» Shapes — By the very nature of it, reinforced concrete may be used to make virtualy any

structural shape desired. Thus, if necessary and feasible, it is possible to make amost any shaped
culvert with either precast or cast-in-place reinforced concrete.
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Table4-1 Standard concrete pipe shapes

(15t0132in)
equivalent diameter

SHAPE RANGE OF SIZES COMMON USES
CIRCULAR 300 to 400mm (12 to 180in) Culverts, storm drains, and sewers.,
reinforced
100 to 900mm (4 to36in)
non-reinfor ced
PIPE ARCH 375103300 mm

Culverts, storm drains, and sewers.
Lised where head is limited.

Span X Rise
450 to 3600 mm
(18to 144in)
equivalent diameter

Culverts, storm drains, and sewers.
Used where haad is limited.

Span X Rise
900 to 3600 mm
(36to 144in)
equivalent diameter

Used where lateral clearance is

RECTANGULAR

Span
4.2t0105m (14to 35ft)

Culverts, storm drains, and sewers.
{pox mections) Span e
@ 09t036m (3to12t) ;”Edi for wide openings with limited
a
Span Cuiverts and storm drains. For low
m 7.2t0123m (24to 41 ft) : :
FLAT TOP 3-SIDED

Culverts and storm drains. For low,
Wide waterway enclosures.

£

ARCH TOP 3-8IDED

Span
4.8t010.8 m (16to 36 ft)

ConnDOT Drainage Manua

Cubverts and starm drains. For low,
Wide waterway enclosures.
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443 Corrugated Sted

Corrugated stedl culverts are made with factory-produced corrugated sheet steel. Corrugated
pipe culverts are made with factory-produced corrugated pipe sections. Large corrugated culverts
are normaly field-assembled using structural plate products. Structura plate steel products are
available as dructural plate pipes, box culverts, or long span structures. Standard shapes for
corrugated stedl culverts are shown on Table 4-2.

» Materid — Corrugated stedl pipe is fabricated from sheets coated with zinc or duminum. It is
reasonably lightweight for shipping and comes in a large range of thicknesses and corrugations to
provide the appropriate strength. However, it requires controlled backfill for proper soil support.
Other options include various coatings and/or pavings for added protection.

» Shapes — Corrugated steel may be used for a wide variety of shapes, sizes, and lengths of
culverts. The culverts may be made from prefabricated sections that are factory produced or
assembled in the field from specidly fabricated plates. The shapes may be made from various
thicknesses of plate stock.

Pipe — Corrugated steel pipe is factory made in two basic shapes: round and pipe arch. Both
round and arch shapes are available in a wide range of standard sizes. Round pipeisavailablein
standard sizes up to 3600 mm (144 inches) in diameter. Standard sizes for pipe arch are
available in sizes up to the equivalent of 3000 mm (120 inch) diameter round pipe. Both shapes
are produced in several wall thicknesses, several corrugation sizes, as shown in Figure 4-10 and
with annular (circumferential) or helical (spiral) corrugations.

Pipes with annular corrugations have riveted, spot welded, or bolted seams. Pipes with helical
corrugations have continuously welded seams or lock seams. Corrugated steel pipe and pipe arch
are usually coated with zinc (galvanized) or aluminum. Additional protective coatings are used with
the metallic coating when there are potentia corrosion or abrasion problems.

Structural plate — Structura plate stedl pipes are field assembled from standard corrugated
gavanized stedl plates. Standard plates have corrugations with a 150mm (6-inch) pitch and a depth
of 50 mm (2 inches). Plates are manufactured in avariety of thicknesses and are pre-curved for the
size and shape of the structure to be erected. Standard plates have a nominal length of either 3 m or
3.7m (10 or 12 feet) and are produced in standard widths of 3N, 5N, 6N, 7N, and 8N, where N
equals 3 pi or 244 mm (9.6 inches). Widths are measured along the circumference of the structure.
Since the circumference of a circle equals pi times the diameter, the use of dimensions expressed in
N or pi permits easy conversion from pipe circumference of 60 pi or 20N and would normally be
assembled from four 5N plates. Structural plate pipes are available in Six basic shapes: round, pipe
arch, arch, vertical dlipse, horizonta elipse, and underpass. The standard sizes available range in
gpan from 1.5 m 6 to 7.9m (5 feet to 26 feet).

Box — Steel box sections use standard 150 by 50 mm (6 by 2 inch) corrugated galvanized stedl
plates with specid reinforcing elements applied to the areas of maximum moment or 375 by 140
mm (15 by 5 1/2 inches) corrugated plate without ribs. Steel box culverts are available with spans
that range from 3m (9 feet 8 inches) to 6.3m (20 feet 9 inches).
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Long span — Long span sted structures are assembled using conventiona 150 by 50 mm (6 by 2
inch) corrugated galvanized steel plates with longitudina or circumferentia stiffening members or
375 by 140 mm (15 by 5 %2 inch) corrugated plate without ribs. There are five standard shapes for
long span structures. horizontal dliptical, pipe arch, low profile arch, high profile arch, and pear
shape. The long span pipe arch is not commonly used. The span lengths of typical sections range
from 5.9m (19 feet 4 inches) to 12.2 m (40 feet). Longer spans are available for some shapes as
specia designs.
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Figure4-10 Common corrugated patterns (not to scale) (English only)
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Table4-2 Standard corrugated steel culvert shapes (English only)

Shape Range of Sizes Common Uses
Culverts, subdrains, sewers, service
Round 8in.—26 ft. tunneis, etc. All plates same radius.
For medium and high fills (or trenches).
-— Culverts, séwers, service tunnels,
Vertically- N\ 4-211t recovery tunneis. Plates of varying
elongated ) nominal; before | radii; shop fabrication. For appear-
(ellipse) \ / elongating ance and where backfill compaction
5% is common is only moderate.
Span x Rise
1 17 in.x 13in. Where headroom is limited. Has
Pipe-arch Rise to hydraulic advantages at low flows.
201 7 in. x Comer plate radius. 18 inches or 31
Span ———— 13 2in. inchas for structural plate.
Span x Rise
5f.8in.x
Underpass* Rise 5 9in. For pedestrians, livestock or vehicies
to (structural piate).
201t 4in. x
Spa 17#9in.
$ Span x Rise
Arch Ri'se 6ft. x 1 9 1/2in. | For low clearance large waterway
L to opening, and aesthetics (structural
Py S— 25 x 12 6in. | plate).
Horizontal Span Cuiverts, grade separations, storm
Ellipse 7—-40 1t sewers, tunnels.
b S03
Pear Span Grade separtaions, culverts, storm
25-30 ft. sewers, tunneis.
e—Span
’ CGrade separtaions, culverts, storm
High Profile Span sewers, tunnels, ammo ammunition
Arch : 20-451t magazines, earth covered storage.
SPaR et '
Low Profile Span Low-Wide waterway enclosures,
Arch Soan 20-50 ft. culverts, storm sewers.
Box Culverts Span Low-Wide waterway enclosures,
Span 10-26 1t cuiverts, storm sewers.
Specials Various For lining old structures or other

special purposes. Special fabrication.

*For equel area or clearance, the round shape is generally more economical and simpler to assemble.
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444 Corrugated Aluminum

Corrugated aluminum culverts are constructed from factory assembled corrugated aluminum
pipe or field assembled from structural plates. Structural plate duminum culverts are available
as conventional structural plate structures, box culverts, or long span structures.

» Materiad — Corrugated auminum pipe is fabricated from aluminum-aloy sheets. It is very
lightweight for shipping and handling. It has good resistance to corrosion, especialy in brackish
waters but is subject to abrasion in fast-flowing streams with a significant load of sand or rock. Itis
generaly more flexible than stedl, requires greater care in ingtalation, and is less tolerant of less-
than-normal cover.

» Shapes — Corrugated auminum may be used for awide variety of shapes, sizes, and lengths of
culverts. The culverts may be made from prefabricated sections that are factory produced or
assembled in the field from specidly fabricated plates. The shapes may be made from various
thickness of plate stock.

Pipe - Factory assembled aluminum pipe is available in two basic shapes. round and pipe arch.
Both shapes are produced with severd different wall thicknesses, severa corrugation patterns, and
with annular (circumferential) or helical (spiral) corrugations. Round aluminum pipe is available in
standard sizes up to 3000 mm (120 inches) in nomina diameter. Aluminum arch pipe is availablein
Sizes up to the equivalent of a 2400 mm (96-inch) diameter round pipe.

Structural plate - Structural plate aluminum pipes are field assembled with 228 mm (9-inch)-
pitch by 64 mm (2.5-inch)-depth corrugations. Plates are manufactured in a variety of plate
thicknesses and are pre-curved for the specific size and shape of the structure to be erected.
Plates are manufactured in lengths of SN through 18N, where N equals 3 pi or 244 mm (9.625
inches). Plate length is measured aong the circumference of the structure. Standard plates have a
net width of 1.4 m (4.5 ft.). Structura plate aluminum pipes are produced in five basic shapes.
round, pipe arch’, arch, pedestrian/animal underpass, and vehicle underpass. A wide range of
standard sizes is available for each shape. Spans as large as 7.9 m (26 feet) can be obtained for
the arch shape.

Box - The aluminum box culvert utilizes standard aluminum structural plates with aluminum
rib reinforcing added in the areas of maximum moments. Ribs are bolted to the exterior of the
aluminum shell during installation. Aluminum box culverts are suitable for shallow depths of fill
and are available with spans ranging from 2.7 m (8 feet 9 inches) to 7.7m (25 feet 5 inches).

Long Span - Long span aluminum structures are assembled using conventional 225 by 64 mm
(9- by 2.5-inch) corrugated auminum plates and auminum rib stiffeners. Long span auminum
structures are available in the same five basic shapes as stedl long spans. including horizontal
elipse, pipe arch, low profile arch, high profile arch, and pear shape. The typica sizesfor duminum
gpans are essentidly the same as the typical sizes available for steel long span structures. Spans
range from 5.9 m (19 feet 4 inches) to 12.2 m (40 feet).
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445 Plagtic

“Plagtic” pipeis as unspecified aterm asis “meta” pipe. There are many types of materias that
may be used to produce plastic pipe, and the resulting pipe will have strength and other properties
that vary accordingly. The properties of the plastic will depend primarily on the type of base resin
that is used as well as the blend (or formulation) of chemicals in the final resin material that is used
to produce the pipe. Just as with the design of concrete mixes, it is a common practice to use specid
additives with the basic resin to facilitate the production process and/or to alter the resulting
physical and chemical properties of the finished product.

In genera, plastics may be divided into two basic groups. (1) thermoplastics and (2)
thermosetting plastics. The primary difference between these classes of material is that
thermoplastics may be remelted and reshaped whereas thermosetting plastic cannot be remelted.
Thus, the strength and other properties of thermoplastics will depend on the ambient temperature,
and thermosetting plastics will retain their strength properties under a wide range of temperatures.
The strength of these plastics will depend more on the types of resins that are used than on whether
they are thermoplastics or thermosetting plastics.

Although both types of plastic may be used for culvert and drainage products, they are
usually constructed from thermoplastic-type materials, which are less expensive and more
easily used to manufacture. Two of the most popular types of material that are used are
polyvinyl chloride (PVC) and polyethylene (PE). Thermosetting type resins are commonly used
for pipe that must handle fluids at high temperatures.

Plastic drainage products may also be classified according to whether they are made just of
plastic or whether the plastic is reinforced with fibers, typically glass fibers. The latter may be
caled “fiberglass’ pipe. Since glass fibers have a filament strength of over 2067 n/mm?
(300,000 psi), pipe products that are made with long continuous glass fibers will have greater
strength properties over unreinforced plastic pipe.

» Polyvinyl Chloride (PVC) - Polyvinyl Chloride piping is made only from compounds that do
not contain plasticizers and minimal quantities of other ingredients It has been labeled asrigid PVC
in the United States to distinguish it from flexible or plasticized PV Cs from which such items as
laboratory tubing, luggage, and upholstery are made. This pipe exhibits good long-term strength
with high stiffness. It isfor this reason that PV C has become an important materia for both pressure
and nonpressure pipe applications. There is a much broader range of PVC fittings, vaves, and
appurtenances available than in any other plastic. The pipe is manufactured in both solid wall and
profile wall in sizes up to 1200 mm (48 inches).

» Polyethylene (PE) - Polyethylene is perhaps the most well known of the plastics in the
polyolefin group. These are plastics that are formed by the polymerization of straight chain
hydrocarbons that are known as olefins. They include ethylene, propylene, and butylene. PE
piping is tough and flexible, even at subfreezing temperatures. PE pipe has good abrasion
resistance and is available in solid wall and profile wall with diameters up to 2400 mm (96
inches). It is often used to dipline deteriorating pipes.

446 Other Materials
* Masonry - Stone and brick are durable, low maintenance materials. Prior to the 1920's, both

were used frequently in raillroad and road construction projects because they were readily
available from rock cuts or local brickyards. Although stone and brick are seldom used for
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constructing culvert barrels, stone is used occasionally for this purpose in locations that have
very acid runoff. The most common use of stone is for headwalls where a rustic or scenic
appearance is desired. Brick is frequently used in the construction of manholes and inlets in
storm drainage systems, because it may easily be built up without the need for formwork.

» Vitrified Clay Pipe - Vitrified clay pipe is manufactured from clays and shales that are the
mineral aggregates remaining after the weathering process of nature. This weathering process
leaches out the soluble and reactive minerals from the rock and soil, leaving an inert material.
This chemically inert material is then burned in kilns at 1000-2100 degrees Fahrenheit at which
"vitrification" occurs and the clay particles become fused into an inert chemically stable
compound.

Vitrified clay pipe is resistant to internal and external attack from acids, alkalies, gases, and
solvents. It is resistant to abrasion and scour and will not corrode.

» Cast Iron - Cast iron is iron in which carbon has been dissolved. It is generally no longer
used for culvert construction. It has poor tensile strength and is brittle and susceptible to
cracking. The shapes are cast and are bulky in comparison to steel. Cast iron does, however,
exhibit good corrosion resistance.

44.7 Coatingsfor Culvert Materials

A variety of types of coatings may be used either singularly or in a combination of layers to
protect culverts from chemical and/or abrasion attack. The type(s) of coatings will depend upon
the type of culvert material and the types of deterioration or distress they incur. The necessity for
protective coatings depends upon a number of factors, including:

Chemistry and acidity (pH) of the adjacent soil

Chemistry and acidity (pH) of the water passing through the culvert

Particle size and velocity of the solid material being transported through the culvert
Environmental effects including freezing and thawing

» Coatings for metal culverts - Corrugated stedl culverts are protected with metallic
coatings of zinc (galvanized) or aluminum. Protective coatings for metal culverts also include
bituminous coatings, bituminous paving, fiber-bonded bituminous coatings, polymer, concrete
paving, and concrete coatings. Additional protective coatings are used with the metalic coating
when there are serious corrosion or abrasion problems.

Bituminous - This is the most common materiad used to protect corrugated steel pipe against
corrosion. This procedure can aso increase the resistance of metal pipe to acidic conditions if the
coating is properly applied and it remains in place. Careful handling during transportation, storage,
and installation is required to avoid damage to the coating. Bituminous coatings can also be
damaged by abrasion. Field repairs should be made when bare metal has been exposed. Inert fibers
may be embedded in the zinc coating to improve the adherence to metallic-coated bituminous
materiad pipe. It should be noted that the durability of bituminous coatings is dependent on strict
adherence by the fabricator to proper coating procedures.

Polymer - There are severa types of polymer coatings that may be applied for corrosion
and/or abrasion protection. The term polymer generally refers to a variety of types of plastic that
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may be used either plain "neat” or as a matrix for binding aggregates together, much the same as
portland cement or asphaltic cement are used to make those respective types of concrete. Plain
plastic coatings, often epoxies, may be applied directly to the metal or to other surface coatings.
Culverts may also be coated with a polymer concrete, which is a mixture of plastic and
aggregate. There have also been recent developments for coating metal culverts with fiberglass,
which are (for these types of applications) short glass fibers held in a resin matrix. However, the
10 mil thick PVC and polyolefin plastic coatings that may be used to coat metal culverts do not
provide increased resistance to abrasion, although polyethylene will to some extent.

Concrete/mortar - Metal culverts may be coated with a Portland Cement mortar or concrete
for corrosion and abrasion resistance. Concrete of good quality is resistant to many corrosive
agents. When the effluent has a pH of 5.0 or less, protective measures are generally required.
One problem with using this type of coating is getting a good bond or connection between the
metal pipe and the mortar or concrete lining.

Galvanizing - Galvanizing refers to the process of coating steel with a layer of zinc. Bare,
uncoated, galvanized sted pipe generdly performs well when the pH of the soil immediately
adjacent to the pipe and the pH of the flow that the pipe will carry are between 6 and 10 and when
the electrica resdtivity of the soil is 2,000 ohm-cm or greater. Bare galvanized stedl pipe should not
be used in salt or brackish environments.

Aluminum coating Type 2 - Steel may also be coated with aluminum for corrosion protection.
Aluminum generaly performs adequately when the pH of the soil immediately adjacent to the
pipe and the pH of the flow that the culvert will carry are between 5 and 9, and when the
electrical resistivity of the flow and the minimum electrical resistivity of the soil is 1500 ohm-cm
or greater. When backfilled with a clean, granular, well-drained soil, aluminum coated pipe has
shown excellent resistance to corrosion, except when exposed to seawater and tidal flow.
Aluminum coatings may not perform well in very acid or heavy metal (copper, iron, etc.)
environments. If the pH is between 6.0 and 8.0, aluminum coated Type 2 is acceptable with
resistivity of 100 ohm-cm or greater.

Type 1 aluminum coatings are inappropriate for drainage applications.

» Coatings for concrete culverts - Concrete culverts are rarely coated when they are
constructed. However, when they are installed in particularly aggressive chemical environments,
they may be coated with epoxy resins or specia high density, low porosity concrete materials
that have a high resistance to chemicals and chemical attack.

» Invert protection - The inverts of corrugated metal culverts are frequently paved to extend
the life of the culvert by protecting the invert against corrosion and abrasion. The paving also
smoothes the inside of the culvert, which improves the hydraulic capacity of such culverts.

Bituminous paving - Paving of CMP inverts with bituminous materials has been a common
practice for many years. The bituminous coating is usualy at least 3 mm (1/8-inch) thick over
the inner crest of the corrugations. Generally only the lower quadrant of the pipe interior is
paved. Fiber binding is sometimes used to improve the adherence of bituminous material to the
metallic-coated pipe. Although bituminous paving has been widely used, it has been found that
the coating may deteriorate and spal off after a number of years, particularly in some
environments. After the coating starts to deteriorate, corrosion of the culvert will begin.
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Concrete paving - The invert of culverts may aso be paved with plain or reinforced Portland
Cement concrete. For both new and repair situations this type of paving would normally be
applied after the culvert is installed. Although this would normally be done only for corrugated
metal pipe culverts, it is occasionaly used for precast concrete culverts, to provide additional
thickness to resist abrasion and/or corrosion. Metal culvert sections may also be factory
produced with a complete concrete lining.
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4.5 Culvert Construction

451 Genea

There are two major classes of culvert installations, based upon the conditions that influence
loads: 1) trenched, where culverts are placed in natural ground or compacted fill with a
controlled trench width and 2) embankments, where culverts are usually placed in natural ground
but are covered by a constructed embankment. A third method of installation for placing culverts
is boring and jacking, used where deep installations are necessary or where conventional open
excavation is not practical.

. Trenched

Trench installations are made in relatively narrow excavations on a carefully prepared bedding
to distribute the load and the culvert is covered with earth backfill that extends to the ground
surface. The trench load theory is based on the following assumptions:

» Earth loads on the pipe develop as the backfill settles.

» The resulting earth load on the pipe is equal to the weight of the material above the top of
the pipe minus the shearing (frictional) forces on the side of the trench.

» Cohesion is negligible because, with cohesive soils, considerable time must elapse before
effective cohesion between the backfill material and the sides of the trench can develop,
and with cohesionless soils, would never develop. The assumption of no cohesion yields
the maximum probable load on the pipe.

» For arigid pipe, the side fills may be relatively compressible and the pipe will carry alarge
portion of the load over the entire width of the trench.

» For rigid pipe, active lateral pressure is neglected, which, in effect, increases the required
pipe strength. (However, it should be taken into, account if investigations and experience
indicate such pressure is significant.

For flexible culverts, a well-compacted soil envelope of adequate width is needed to develop
the lateral pressures required to maintain the shape of the culvert. The width is a function of the
strength of the surrounding in-situ soil and the size of the pipe.

The backfill load ultimately transmitted to the pipe is a function of the trench width. With rigid
culvert placement, the determination of the backfill load is based on the trench width and a pipe
strength is selected to withstand that load. If the actual trench width exceeds the width assumed
in design, the load on the culvert will be greater than estimated and structural distress may
result.
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Figure 4-13 illustrates the load carried by arigid culvert installed in anorma trench installation.
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Figure 4-13 Trench installation

Figure 4-14 illustrates the increased load on the rigid culvert if the width of the trenchis
increased.
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Figure 4-14 Widetrench installation

If an excessively wide trench is excavated or if the sides are sloped back, the culvert can be
installed in a narrow subtrench excavated at the bottom of the wider trench, as shown in Figure

4-15, to avoid an increase in the backfill load.
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NN\ g\// /7

Figure 4-15 Subtrench installation in a wide trench

* Bedding - A stable and uniform foundation is necessary for the satisfactory performance
of any culvert. Once a stable and uniform foundation is provided, the bedding should be prepared
in accordance with the plans and specifications.

The bedding preparation is critical to both structural performance and service life. An
important function of the bedding is to provide uniform support along the barrel of each pipe
section. The bed should be placed to uniform grade and line to ensure good vertical aignment
and to avoid excessive stresses at joints. The bed material should be free of rock formations,
protruding stones, frozen lumps, roots, and other foreign matter that may cause unequal
settlement. When a corrugated metal culvert is being placed, the corrugations should be firmly
seated in the foundation material.

Transverse or circumferential cracksin rigid pipe may be caused by poor bedding. Cracks can
occur across the bottom of the pipe (broken belly) when the pipe is only supported at the ends of
each section. This is generally the result of poor installation practices such as not providing
indentions (bell holes) in hard foundation material for the ends of bell and spigot-type pipe or not
providing a sufficient depth of suitable bedding material. Cracks may occur across the top of
pipe (broken back) when settlement occurs and rocks or other areas of hard foundation material
near the midpoint of a pipe section are not adequately covered with suitable bedding material.
Transverse cracking isillustrated in Figure 4-16.

The bedding distributes the load reaction around the lower periphery of the pipe. The required
supporting strength of the pipe is directly related to this load distribution. Pipe set on a flat
foundation without bedding results in high load, concentration at the bottom of the pipe and is
likely to result in shear cracking of the pipe at the five o'clock and seven o'clock locations.
Figure 4-17 illustrates how the distribution of the bedding over increasing percentages of the
outside diameter can increase the supporting strength of the culvert. Any time a pipe isinstalled
on a flat-bottom foundation, it is essential that the bedding material be uniformly compacted
under the haunches of the culvert.
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Properly prepared bedding evenly distributes |oads.
Improperly prepared bedding may result in stress concentrations.
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Figure4-16 Transverseor circumferential cracks

»  Backfilling - The backfill is made up of two areas that may require different material and
separate compaction criteria. The first area extends from the bedding to approximately 300 mm
(12 inches) above the culvert. The second area includes the remaining fill.

The load-carrying capacity of an installed culvert depends largely on the initia backfilling
around the culvert. Since proper compaction of backfill material is so important, material and
density criteriais often included in the bedding requirements.

For trench installations, where space is limited, tamping by pneumatic or mechanical impact
tampers is usually the most effective means of compaction. Impact tampers are most effective for
clay soils while granular soils are consolidated best by vibration. Backfill material should be
placed in layers not exceeding 150 mm (6 inches) deep, deposited alternately on opposite sides
of the culvert.
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Figure4-17 Correlation of bedding and supporting strength for rigid pipe
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« Embankments

Culverts placed in an embankment are usually bedded in natural ground and are overlaid by a
constructed embankment. The required supporting strength of a buried pipe is determined by the
total load that is imposed upon the pipe. The magnitude of the load is influenced by the
uniformity and stability of the support soil, as well as conditions around and over the pipe.
However, the load-carrying capability of rigid culverts is essentially carried by the structural
strength of the pipe itself since rigid pipe is stiffer than the surrounding soil. A well-compacted
soil envelope is required to develop the lateral pressures necessary to maintain the shape of
flexible culverts.

Embankment installations can be divided into three groups. positive projection, negative
projection, and induced trench. The essential features of these types of installations are shown in
Figure 4-18. Refer to ConnDOT Standard Sheets and Standard Specifications for trench and
embankment pipe installation.

Top of embankment Top of embankment Top of embankment
RTINS NTTANTT TR TR

Compressible

-/~ Natural ground [~ material
Natural ground ,/§ | /

S—

\

RS

‘7 . L A |
Positive projection induced trench

Negative projection

Figure4-18 Essential features of varioustypes of ingallation

Positive projection pipe isinstalled with the top of the pipe projecting above the surface of the
natural ground, or compacted fill, and then covered with earth fill. Negative projection pipe in
installed in relatively shallow trenches so that the top of the pipe is below the level of the natural
ground or compacted fill. It is then covered with earth fill to the required depth. The induced
trench pipe is usually installed as positive projection. However, when the fill has been placed to a
depth of at least one pipe diameter over the proposed top of the pipe, a trench is excavated over
the pipe and backfilled with a more compressible material.
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» Bored, Augured or Jacked

The process of tunneling and jacking pipe culverts is used where deep instalations are
necessary or where conventional open excavation and backfill methods may not be practical.

The usua procedure in jacking pipe is to equip the leading edge with a cutter, or shoe, to
protect the pipe. As succeeding lengths of pipe are added between the lead pipe and the jacks,
and the pipe is jacked forward, soil is excavated and removed through the pipe. Materia is
trimmed so that the bore size dlightly exceeds the outside diameter of the pipe and excavation
does not precede the jacking operation more than is necessary. Such a procedure usually results
in minimum disturbance to the natural soils adjacent to the pipe. A minimum 36" diameter is
usually required for conventional jacking operations. A typical installation for jacking Pipe is
shown in Figure 4-19.
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Figure 4-19 Typical jacking installation

A lubricant, such as a bentonite durry, is sometimes pumped into the space between the
tunnel bore and the outside of the pipe to reduce the frictional resistance. After the jacked pipe
has reached its final position, grout is frequently pumped into the same space to, ensure
continuous bearing with the surrounding soil.

Two types of loads are imposed upon concrete pipe installed by the jacking method: the axial
load due to the jacking pressures applied during installation; and the earth loading due to the
overburden, with some possible influence from live loadings, which generally become effective
only after installation is completed.
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There are several advantages to jacking pipe:

Traffic is not interrupted on the overlying roadway.

Depth of the installation is not a concern.

Cutting and patching of the pavement can be avoided.
Minimum disturbance to the natural soilsis experienced.

L oads on the pipe are less than loads in trenched installations.

The disadvantages are:

» Expensive equipment and skilled operators are required.
* There must be adequate room within the right-of-way to construct the jacking pit.

More detailed information can be found in the Concrete Pipe Handbook and Design Data 13.
Jacking Concrete Pipe, both from the American Concrete Pipe Association.

* Tunneling

Tunneling techniques may be appropriate where a drainage structure must pass through an
embankment or under a roadway or railway when open cutting is found to be too costly or too
disruptive. Steel tunnel liner plates can be used to support an underground excavation. The design
criteria set forth in AASHTO LRFD Bridge Design Specifications section 12.13 must be followed.
Tunnd liner plates can also be used in the relining of existing structures when accessis limited.

452 Culvert Installation Methods

The performance of culverts and their appurtenances is dependent on practices during
installation. Items that require particular attention during design and construction of new culverts
and repairs include:

* Backfillsand Fills

Suitable backfill material and adequate compaction are of critical importance. A
well-compacted soil envelope is needed to develop the lateral pressures required to maintain the
shape of flexible culverts. Well-compacted backfill is also important to the performance of rigid
culverts to prevent such things as settlement of the roadway and movement of water along the
barrel. The design must specify material type and degree of compaction. Care should be taken
that the backfill material does not contribute to corrosion of the culvert.

* Trench Width

Trench width can significantly affect the earth loads on rigid culverts. It is, therefore,
important that trench widths be specified on the plans and that the specified width for rigid pipe
not be exceeded without authorization from the design engineer. For flexible culverts a
minimum trench width backfilled with premium backfill material is required to provide adequate
side support. A narrower width of premium backfill for flexible pipe should not be provided
without authorization from the design engineer.
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* Foundationsand Bedding

A foundation capable of providing uniform and stable support is important for both flexible
and rigid culverts. Establishing a suitable foundation requires removal and replacement of any
hard spots or soft spots. Bedding is needed to level out any irregularities in the foundation and to
ensure uniform support. When using flexible culverts, bedding should be shaped to a sufficient
width to permit compaction of the remainder of the backfill, and enough loose material should be
placed on top of the bedding to fill the corrugations. When using rigid culverts, the bedding
should conform to the bedding conditions specified in the plans and should be shaped to alow
compaction and to provide clearance for the bell ends on bell and spigot-type rigid pipes.
Adequate support is critical in rigid pipe installations, or shear stress may become a problem.
The necessary details, when different from ConnDOT Standard Sheets, should be provided to the
Soils and Foundations Section for approval.

e Construction Loads

Culverts are generally designed for the loads they must carry after construction is completed.
Construction loads may exceed design loads. These heavy loads can cause damage if
construction equipment crosses over the culvert installation before adequate fill has been placed
or moves too close to the trench walls, creating unbalanced loadings. Additional protective fill or
other measures may be needed for equipment crossing points.

e Camber

In high fills the center of the embankment may settle more than the areas under the
embankment side slopes. In such cases it may be necessary to camber the foundation dlightly, as
shown in Figure 4-20. This should be accomplished by using aflat grade on the upstream half of
the culvert and a steeper grade on the downstream half of the culvert. The initial grades should
not cause water to pond or pocket. The method and dimensions for cambering should be
coordinated with the Soils and Foundations Section.

* Materials
During congtruction, the materias delivered must be exactly as specified. Inadequate thickness,

size, or quality of material can lead to maintenance problems or falure. During installation the
materials must be handled properly to prevent defects and loss of intended shape, size, or quality.
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Cambered pipe . -

Final grade after settlement

Figure4-20 Camber allowsfor settlement of a culvert under a high fill
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4.6 ConnDOT Culvert Material Requir ements

46.1 Introduction

Conduits used to pass drainage under the highway or through the highway embankment shall be
of the type which provides the necessary capacity at the lowest overall cost.

4.6.2 Reinforced Concrete Pipe (RCP)

Reinforced concrete pipe (RCP) should be considered for usein all locations except those subject
to sat water and unstable foundations. This material has been used with great success on all
highways since the inception of the Department. RCP, like all conduit materials, islimited to height
of overfill and live loads, especidly during construction. RCP shall meet the load-strength criteria
as shown in the AASHTO LRFD Bridge Design Specifications, Section 12.10. Strength
computations should be performed if the cover is over 15 feet or under 2 feet. 1t may be desirable to
consider other than standard bedding in order to arrive at the most economical ingtalation. If other
bedding classes are used, details will have to be included in the plans. A unit weight of 2000 kg/m®
(125 Ibg/cf) shall be used to determine the loading if the actual earth load is not known. When RCP
isto be jacked through an embankment a specia pipeisrequired andisusualy ClassV.

46.3 Corrugated Metal Pipe (CMP)

There are three types of metal pipe which are normally considered, they are auminum, coated
gavanized steel and aluminum coated steel. CMP shall meet the load strength criteria as shown in
AASHTO LRFD Bridge design specifications, section 12.7. Strength computations should be
performed for CMP at any cover.

e Aluminum pipes are predominantly used in salt water environments.

e Aluminum coated steel pipe has shown great success in durability compared to other types of
coated galvanized stedl pipe.

» Coated galvanized steel will normally be coated with a polymeric coating unless asphalt coating
is specified. If asphalt coating is used it will be produced with a 40% paved invert in
accordance with our specifications. Corrugated metal pipe will normally be specified for
conduitsinstalled essentialy parald to cut or fill dopeswith cross dopes of 1:4 or greater. This
pipe will normally be used where the foundation conditions are unstable. In such instances the
culverts areinstalled with a camber, as specified by the Soils and Foundation unit or responsible
consulting engineer, in anticipation of foundation settlement.

* A new type of corrugation (spiral rib) is available in both steel and aluminum. This corrugation
provides alower Mannings "n" value.
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4.6.4 Corrugated Structural Plate Pipe (CSPP)

Structural plate pipes are manufactured from corrugated steel plates with 150mm X 50 mm (6 in
X 2 in) corrugations or corrugated aluminum plates with 228mm X 64mm (9 X 2 %2 inches)
corrugations which are bolted together at the Site. These pipes are available starting at a diameter of
1500mm (60 in) and are able to tolerate higher heights of fill and aso provide satisfactory results at
locations of unstable foundations. Steel structural plates are to be coated with asphalt in accordance
with the specifications.

4.6.5 Corrugated Polyethylene Pipe (CPP)
Corrugated polyethylene pipe is a product which has been used in the past as underdrain pipein
the smaller sizes. However, larger sizes of high density polyethylene pipe (HDPE) are available for

storm drainage systems and culverts. This materia can be considered for use in a salt water
environment. Guidelinesfor the use of this product are found in Appendix C.

4.6.6 Polyvinyl Chloride (PVC)
Polyvinyl chloride plastic pipe (PVC) isaproduct for storm drainage systems and culverts which

can aso be considered for use in a salt water environment. The height of fill requirements for this
product shall conform to the same requirements as for the use of HDPE.

4.6.7 Special Connections

Specially designed concrete junction boxes may be needed to connect larger pipes which will not
fit into standard catch basins or manholes. If pipes are large enough, they can accommodate riser
structures with "tees' for access or inlets. Elbows, tees and wyes may be considered for unusual
Stuations but access must be available for debris removal.
4.6.8 Railroad Crossings

Conduits placed under railroad road-beds shall be designed to conform to the pertinent provisions
of the current American Railway Engineering Association (AREA) Specifications and shall also
conform to any applicable pipeline occupancy specifications for the type of conduit designed.
46.9 Airports

Materias to be considered for airport drainage shall comply with the current “Standards for
Specifying Construction of Airports.”
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Appendix A Culvert Inspection Guideline

Routine I nspection:

The inspection of the culverts and appurtenant features should follow the rating guideline
outlined in Section Nos. 6.7.8 and 6.7.9 of the ConnDOT Bridge Inspection Manual (ConnDOT
BIM). These ratings should be assigned and documented for existing culverts to remain in use, with
recommendations provided. The procedure outlined in the ConnDOT BIM shall be used as the
format for the inspection. A report documenting the results of the culvert inspection shall be
provided. Two hard copies of this document and one disk containing the pertinent NBIS data in
electronic format shall be provided.

Approach Roadway and Embankment:

Inspect the roadway for settlement due to culvert flattening, for evidence that the roadway
has been patched or otherwise built-up, for cracks running parald to the culvert centerline
and for signs of erosion or failure of the embankment dope over the culvert. Look for signs
of sink holes over the culvert that may be due to “piping” of the fill material through jointsin
the culvert.

Evauate the approach roadway for alignment, clearances, adequate shoulder profile, and
safety features such as guide rails. These observations will not affect the condition code of
the culvert, but should be included in the inspection report.
Inspect the approach embankments for erosion protection such as slope paving or vegetation.
Note the overall adequacy of this protection and note any vegetation near the culvert where
root systems may damage the culvert.

Waterway:

Note any observed changes in stream/culvert horizontal or vertical alignment that might
affect the hydraulic adequacy of the culvert or cause scour.

Note any significant changes in the ground cover or land use within the tributary watershed
that might change the volume of water the culvert must pass.

Note whether or not the stream bed fluctuates between high and low flow volumes.
Document any changes in the amount, type or location of any channgl erosion and stream bed
aggredation/degradation.

Document any observable high water mark relative to the culvert barrd.

Measure and document the volumetric flow rate and velocity of the water flow upstream,
downstream and through the culvert (if possible).
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Document any debris buildup or other obstructions in the waterway upstream, downstream,
or within the culvert and any effects the obstruction may have upon the hydraulic adequacy.
Note any maintenance requirements for post inspection follow up.

Culvert Barre and End Treatments

Check the culvert headwall, wingwalls, cutoff walls, and dope protection for any deficiencies
or deterioration, undermining, scour, piping, tipping, settlement or dopefailure.

Check the culvert barrel for deformations, settlement (either a smooth slope over the length
of the culvert or an abrupt change at a joint), leaking or distressed joints and other
deficiencies or signs of deterioration. Check for evidence that lateral earth pressure is
causing bulging, flattening, peaking, diding or rotation in the barrel or barrel components as
outlined in the ConnDOT BIM, Appendix 6.5 and Appendix 6.7.

Document any debris or sediment build-up within the barrel.

Verify the minimum required measurements of the culvert as outlined in ConnDOT BIM,
Appendix 6.5. Dimensions should be taken at the inlet, outlet, mid-length and at 8 m (26 ft.)
intervals (maximum) as applicable, if access to the interior of the culvert is possible.
Locations of sagging, bulging, flattening or peaking should also be measured.

Check the barrel footings for scour and undermining (typicaly found in culverts that pass the
natura stream bed through the culvert) and around the inlet and outlet of closed barrel
sections.

Probe all areas of scour, undermining and joint mortar loss and note the average depth at each
location and maximum depth overal.

Check to seeif the culvert barrel has separated from the headwalls or cutoff walls.

Check to make sure headwalls and wingwalls are adequately retaining the embankment
materia and protecting it against erosion.

- Where practical, the floors of metal pipe culverts should be sounded with a metal rod in an
attempt to locate voids due to undermining.

Special Note About Corrugated Metal Culverts:
Culverts with mitered ends (ends cut to match the embankment sope) and ends of skewed
culverts (where the end is cut paralld to the centerline of the roadway) have reduced strength
in these areas and have increased susceptibility to buckling. Therefore, even minor
deformations are significant.

Projections of culvert ends beyond the embankment lead to increased probability of erosion
and piping around the culvert barrel.
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Aprons, Energy Dissipatersand Flumes:

Check the apron, which reduces erosion at the inlet and outlet (typicaly a concrete dab or
riprap), for deterioration, missing stones, undermining of sab, movement of stones due to
scour and deterioration of the joint between the apron dab and headwall.

Check the energy dissipators, which reduce outflow velocity and downstream erosion
(typicdly riprap or concrete basin), for missng stones, movement of stones, scour,
undermining, deterioration and overal effectiveness.

Check the flumes (typicaly concrete, bituminous material or riprap) for deterioration,
erosion, debris and signs of water bypass.

Documentation Required for a Routine I nspection:

Document all observed deficiencies and deteriorations. Dimensions of deficient or damaged
areas should include length, width, height, depth of material loss, orientation and location
relative to afixed, easily identifiable point.

Estimate and record the depth of fill and pavement over the culvert.

Draw a site plan that shows the orientation of all the culvert elements relative to the roadway.
Sketch and dimension the boundaries of the waterway for the length necessary to show the
alignment with the culvert (30 m (100 ft.) minimum). The sketch shal include both the inlet
and outlet sides of the culvert, and dimension the typical width, depth, estimated velocity and
direction of flow of the waterway, as well as al mgor changes in waterway cross section. All
obstructions, deficiencies, changes in land use, changes in topography, sediment buildup,
erosion, etc., shall be noted on the sketch (see Figure A-5-1 in ConnDOT BIM, Appendix 6.5
for an example sketch).

Particular care shall be given to documenting any increase in quantity or size of
deteriorations, erosion, sediment buildup, changes in waterway centerline, etc., that have
changed since the last inspection. If the condition rating has changed since the last
ingpection, a photograph and detailed explanation of why the rating has changed shall be
included in the report.

Document any recent construction activity in the area that may affect the water flow through
the culvert (i.e. changes in drainage area, land use, topography, etc.)

Photographs taken shall include, but not be limited to the following:

- View of the roadway above the culvert, taken from each roadway approach toward the
culvert.

- View looking at the culvert inlet and outlet taken from the waterway centerline or edge
upstream and downstream of the culvert. The distance at which these photographs are
taken shal be the distance sufficient to provide an overdl view of the culvert and
waterway at the culvert.
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- View looking upstream from the culvert inlet and downstream from the culvert outlet.
- Typica views of all major components where deficiencies, erosion, sediment buildup,
obstructions, etc., were noted. Include detailed photographs as necessary.

(Note: Pictures taken of the roadway from the approaches and detail photos of deficiencies,
erosion, deterioration, etc., may be omitted if photos from previous inspections adequately
reflect the current condition. However, all photos taken of the waterway approaches and
culvert openings should be updated during each inspection so that laterd movement and
changesin aignment over time can be documented.)

In-Depth I nspections:

In addition to the requirements for routine inspections, al exposed surfaces of concrete
culverts should be tapped with a hammer to locate delaminations.

Documentation of In-Depth Inspection:
Same requirements as for routine inspection.
Report Review

Cross reference the inspection report, inspection field notes and photographs to ensure they
are mutually supportive of their documentation.

The inspection reviewer should determine if a pattern of deterioration or progressive
deterioration is taking place. Progression will be determined by comparing present and past
inspection reports.

Specia attention shall be given to field note documentation indicating changes in the culvert
shape, the presence of scour, piping or other problem that may warrant further investigation.

Culverts are usualy designed to use the vertical and horizonta earth pressures to maintain
their stability and increase their live load capacity. Therefore, any change in the “As-Built”
condition of the soil surrounding the culvert (addition or remova) should be noted and
possibly analyzed for effects on the stability and capacity of the culvert.

Changes in drainage area, land use and topography that increase the depth or velocity of flow
within the waterway should be assessed in terms of how they may effect the long term
waterway stability (i.e. lateral movement, aggredation, degradation, etc.) and hydraulic
adequacy of the culvert.

M aintenance Concerns

By the nature of their construction, culverts constrict the flow of water in the waterway. This
congtriction increases the potential for waterway blockage with debris and sediment, and
increases the probability of scour around the culvert especialy if high outlet velocities or
turbulent flow conditions adjacent to the inlet are encountered. Therefore, any blockages
noted should be removed as soon as possible (during the inspection if possible).
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Culverts typicaly have steep approach embankments, as well as large, abrupt drop-offs at the
culvert crossings. Headwalls and wingwalls may be exposed to traffic presenting collision
hazards to passable vehicles. Routine maintenance should include safety considerations (i.e.
guiderails) aswell as structural and hydraulic considerations.

The addition of cut-off walls should be considered where “piping” or seepage around the
outside of the culvert structureis found or suspected.

Severely deteriorated culverts may be reviewed for repair by relining the culvert barrel.
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Appendix B Drainage Facility Condition Surveys Guideline

Existing drainage facilities including pipes, catch basins, manholes, junction chambers,
sedimentation/gross particle separators, cross culverts and ditches/swales which are scheduled to
remain in use as part of the project should be inspected to verify their genera condition early in
the design process. A condition survey must be conducted for drainage systems that already
have a service life of 10 years or more. Available previous condition reports should be reviewed
prior to inspection to identify critical areas that need special attention.

Visua inspection should be performed to verify the existing drainage facilities condition by
referencing the AASHTO Highway Drainage Guidelines Volume X1V, CULVERT INSPECTION
MANUAL (FHWA-IP-86-2), CULVERT REPAIR PRACTICES MANUAL Volume I (FHWA-
RD-94-096), CULVERT REPAIR PRACTICES MANUAL, Volume Il (FHWA-RD-95-089), and
the Department’ s Bridge Inspection Manua. The ingpection should be conducted in conformance
with the Department’s confined space program. Where siltation build-up hampers inspection, the
drainage systems should be cleaned and visudly inspected prior to recommending a video
ingpection. Normally video inspection of pipes should only be done if there is an indication that
there may be evidence of distress such as roadway settlement, pavement patches, roadway build-up
or embankment failure.

The condition survey should be documented in a report that includes the time and date of
inspection; plans with sketches and measurements; itemized listing of the drainage facilities
location and condition; and photographic evidence of drainage facility/roadway
section/embankment side slope erosion or failure. The report should also include expected
service life and recommendations considering life cycle analysis; and specific recommendations
on how the identified deficient drainage facilities can be remedied to avoid potential problems
during construction. A copy of the report should also be provided in electronic format.

The designer should consult with the Drainage Engineer of the appropriate Departmental District
for past problems, site conditions and proposed future improvements.

The following key elements where appropriate should be identified as part of the condition
survey:

Structures

Siltation, debris
Crack, spall, settlement, etc.

Pipe/ Culvert

Corrosion, abrasion of pipes and bolt
Water leakage

Joint, seam defect and misalignment
Cracking

Visble waterline

Deformation of pipe cross section
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Pipe material (concrete, steel, masonry stone, plastic, etc.)
Siltation, debris

Inlet / Outlet

Erosion

Siltation, debris

Condition of inverts (buried)

Piping

Condition of culvert ends/ headwalls/ wingwalls
Undermining

Scouring

Ouitlet protection (type, limits and condition)
Waterway condition

Roadway / Embankment Slope

Settlement
Cracking
Patching

Frequent overlays
Erosion
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Form 1: STORM SEWER SY STEM — PIPES BETWEEN DRAINAGE STRUCTURES

Station, Offset: Project No.

Type: Route No.
Size: Date
Length :

Condition Rating * Condition
(09 Good Fair Poor N/A
Siltation, Debris 1 OO O
Visible Waterline 1 OO O
Water Leakage D D D
Alignment
Joints
Concrete
Shape
Horizontal Diameter
Seams
Corrosion and Rust

* - See Tables B-1 and B-2 for ratings. These tables may be used for various pipe materials (where
appropriate).

OO
OOt

Remarks/Findings.

Recommendations:
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FORM 2: STORM SEWER SYSTEM — DRAINAGE STRUCTURES

Station, Offset: Project No.
Type: Route No.
Date
Condition

Good Fair Poor N/A

Cover D D D D
Grate L1 O O O
Top NN
Crack, Spall, Settlement 1 O O O
Siltation, Debris (1 [ [ [

Remarks/Findings.

Recommendations:
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FORM 3: STORM SEWER SYSTEM — INLET/OUTLET FACILITIES TO/FROM CHANNEL,
DITCHES, ETC...

Station, Offset: Project No.
Type: Route No.
Outlet Protection (type and limits): Date
Condition
Good Fair Poor N/A
Erosion D D D
Inverts D D D |:|
Piping D D D |:|
Siltation, Debris L O O O
Culvert Ends D D D D
Wingwalls |:| D D |:|
Headwalls 1 O O O
Undermining 1 1 0 [
Scour 0 O O O
Waterway Adequacy (] [ [ L[]
Outlet Protection (] [ [ L[]

Remarks/Findings.

Recommendations:
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RATING GUIDELINES FOR ROUND CORRUGATED METAL PIPE BARRELS

Table B-1
RATING CONDITION RATING CONDITION
9 New condition 4 Shape marginal significant  distortion
throughout length of pipe, lower third may
8 Shape: good, smoath curvature in barrel be kinked

- Horizontd: within 10 percent of design
Seams and joints tight, no openings
Metd:
- Aluminum: superficial
dlight pitting
- Sted: superficial rust, no pitting

corrosion,

Shape: generally good, top half of pipe
smooth but minor flattening of bottom
- Horizontal diameter: within 10 percent
of design
Seams or joints minor cracking at afew bolt
holes, minor joint or seam openings, potential
for backfill infiltration
Metd:
- Aluminum: moderate corrosion, no
attack of core dloy
- Sted: moderate rust, dight pitting

Shape: fair, top haf has smooth curvature
but bottom half has flattened significantly
- Horizontal diameter: within 10 percent
of design
Seams or joints minor cracking at bolt is
prevaent in one seam in lower half of pipe.
Evidence of backfill infiltration through
seams or joints
Metd:
- Aluminum: significant corrosion,
minor attack of core aloy
- Sed: fairly heavy rust, moderate
pitting

Shape: generally fair, significant distortion
at isolated locations in top half and extreme
flattening of invert
- Horizontal diameter: 10 percent to 15
percent greater than design
Seams or joints moderate cracking at bolt
holes a ong one seam near bottom of pipe,
deflection of pipe caused by backfill
infiltration through seams or joints
Metd:
- Aluminum: significant corrosion,
moderate attack of core alloy
- Sted: scattered heavy rust, deep pitting

- Horizontal diameter: 10 percent to 15
percent greater than design
Seams or joints moderate cracking at bolt
holes on one seam near top of pipe, deflection
caused by loss of backfill through open joints
Metd:
- Aluminum: extensive corrosion,
sgnificant attack of core aloy
- Sed: extensive heavy rust, deep
pitting

Shape: poor with extreme deflection at
isolated locations, flattening of crown,
crown radius 20 to 30 feet
- Horizontal diameter: in excess of 15
percent greater than design
Seams 3in. long cracks at bolt holes on one
seam
Metd:
- Aluminum: extensive corrosion, attack
of core aloy, scattered perforations
- Sed: extensive heavy rust, deep
pitting, scattered perforations

Shape: critical, extreme distortion and
deflection throughout pipe, flattening of
crown, crown radius over 30 feet
- Horizontal diameter: More than 20
percent greater than design
Seams. Plate cracked from bolt to bolt on
one seam
Metd:
- Aluminum: extensive perforations due
to corrosion
- Sed: extensive perforations due to
rust

Shape: partidly collapsed with crownin
reverse curve

Seams failed

Road: closed to traffic

Pipe totaly faled
Road: closed to traffic
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4.B-7

RATING GUIDELINES FOR REINFORCED CONCRETE PIPE BARRELS

TableB-2
RATING CONDITION RATING CONDITION
9 New condition 4 Alignment: margina; significant
settlement and misalignment of pipe;
8 Alignment: good, no settlement or evidence of piping; end sections
misalignment dislocated about to drop off
Joints tight, with no defects apparent Joints differential movement and
Concrete: no cracking, spalling, or Separation of joints, significant
scaling present; surface in good infiltration or exfiltration at joints
condition Concrete: cracks open more than 0.12
in. with efflorescence and spalling at
7 Alignment: generally good; minor numerous locations; spalls have
misalignment at joints; no settlement exposed rebars which are heavily
Joints minor openings, possible corroded; extensive surface scaling on
infiltration/exfiltration invert greater than 0.5 in.
Concrete: minor hairline cracking at
isolated locations; dight spalling or 3 Alignment: poor with significant
scaling present on invert ponding of water due to sagging or
misalignment of pipe; end section
6 Alignment: fair, minor misalignment drop off has occurred
and settlement at isolated locations Joints significant openings,
Joints minor backfill infiltration due didocated joints in severa locations
to dight opening at joints; minor exposing fill materia; infiltration or
cracking or spalling at joints allowing exfiltration causing misalignment of
exfiltration pipe and settlement or depressionsin
Concrete: extensive hairline cracks, roadway
some with minor delaminations or Concrete: extensive cracking;
gpalling; invert scaling less than 0.25 gpalling, and minor dabbing; invert
in. deep or small spalls present scaling has exposed reinforcing steel
5 Alignment: generaly fair, minor 2 Alignment: critica; culvert not
misalignment or settlement functioning due to alignment
throughout pipe; possible piping problems throughout
Joints open and alowing backfill to Concrete: severe dabbing has
infiltrate; significant cracking or joint occurred in culvert wall, invert
spaling concrete completely deteriorated in
Concrete: cracking open greater than isolated locations
0.12 in. with moderate delamination
and moderate spalling exposing 1 Culvert: partialy collapsed
reinforcing steel at isolated locations, Road: closed to traffic
large areas of invert with surface
scaling or spalls greater than 0.25in. 0 Culvert: total failure of culvert and fill
deep Road: closed to traffic
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Appendix C High Density Polyethylene Pipe (HDPE) Guiddine

HDPE is available in 300mm (12 in), 375mm (15 in), 450mm (18 in), 600mm (24 in), 750mm
(30in), 900mm (36 in), 1050mm (42 in), 1200mm (48 in) diameters.

Advantages of HDPE:

HDPE is lightweight; easy to handle; hydraulically efficient; easy to cut; unaffected by brackish
water, chemicals, and corrosive eements found in soils; produced in 6m (20 ft.) lengths;, and is
somewhat flexible, thus permitting smooth curvilinear installation.

Design Considerations:

Only HDPE smooth interior (Type Sor Type D) shall be utilized. Thistype is hydraulically
efficient and reportedly easier to install, since it ismore rigid than the corrugated interior version.

Designers must recognize that a buried plastic pipe is a composite structure made up of aplastic
ring and the soil envelope, and that both materials play a vita part in the structural integrity of the
plastic pipe. In contrast, a buried reinforced concrete element is less influenced by the soil
envelope.

e The successful performance of HDPE depends upon proper bedding, backfill and care in
installation.

e Theinitia cost should not be the only basis for culvert material selection. The most economical
culvert is one which hasthe lowest total annual cost over the design life of the structure.

e HDPE can easly be damaged during excavation activities for items such as underground
utilities. Although field repairs can be accomplished using repair couplers available from the
manufacturer, the designer needs to assess the overall risk of damage associated with other
excavation activities before HDPE is sel ected.

e Minimum cover shall be established by the engineer based on an evaluation of specific site
conditions. In the absence of pipe strength calculations, the minimum cover above the pipe
shall be at least 0.9m (3 ft) or one pipe diameter (whichever is larger). The minimum cover
should be maintained before allowing vehicles or heavy construction equipment to traverse the
pipe trench.

e Maximum cover should be limited to 2.5m (8 ft) (measured to top of pipe).

e Pipe strength calculations in accordance with AASHTO Standard Specification for Highways
and Bridges, Section 18 (ASD) or AASHTO LRFD Bridge Design Specifications Section 12
arerequired for the following installations:

Installations subject to vehicle loads

Fills greater than 2.5m (8 ft) (measured to top of pipe)
Fillslessthan 0.9m (3 ft) (measured to top of pipe)
Adverse soil conditions

High water table

agrwbdE

e Because HDPE pipe is relatively lightweight, buoyancy forces, especidly at the culvert inlet,
may be a concern. Anchorage in the form of a headwall, dope paving or other stabilization
methods may be necessary.
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e HDPE is susceptible to fire damage, especialy at outfall locations. Therefore, fire damage may
result due to an adjacent grassfire. Overall, thelikelihood of damageis considered low.

e Since proper bedding and backfill are vital to a successful installation, diligent construction and
inspection is needed.

e Ingtalation shall conform to Section 6.5.1 of the Department’ s Standard Specifications.

e The design or congtruction engineer may elect to specify a Type |l bedding installation when
native backfill material isjudged to be inadequate for use.

e Vibratory compaction of backfill can cause HDPE to shift and therefore appropriate measures
and monitoring during installation are necessary. Normally, visua inspections are adequate to
confirm the installation is acceptable. However, amandrel test may be requested by the engineer
when it is necessary to confirm the acceptability of an installation.

e When specifying HDPE pipe, designers must consider loads from construction vehicles as well
asthose experienced during construction staging oper ations.

Applications:
e The use of HDPE can be considered in the following locations:

Temporary ingtallations

Areas remote from the traveled portions of pavements

Medians

Parking lots, (where vehicular traffic islight to moderate and truck traffic islight)
Longitudina installations on local and collector routes within the shoulder areas
Slopedrains

Areas with little or no underground utility involvement

Where parallel underground utility work is not likely in the foreseeable future

(Where paralel underground utility work is likely, the designer must be aware that it is
possible to disrupt the supporting soil envelope adjacent to the pipe, which in turn can
compromise the structural integrity of the pipe/soil system)

N OA~WNE
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5.1 Overview
5.1.1 Introduction

The purpose of this chapter is to outline the types of data that are normally required for drainage
anaysis and design, possible sources, and other aspects of data collection.

It is necessary to identify the types of data that will be required prior to conducting an
engineering analysis. The effort necessary for data collection and compilation should be tailored to
the importance of the project. Not al of the data discussed in this chapter will be needed for every
project. A well planned data collection program leads to a more orderly and effective analysis, and
a design that is commensurate with project scope, project cost, the complexity of site hydraulics,
and regulatory requirements.

Data collection for a specific project must be tailored to site conditions, scope of the engineering
anaysis, unique project requirements, and regulatory requirements.

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

» watershed characterigtics including specific soil types

* stream reach data (especially in the vicinity of the facility)

» other physical datain the genera vicinity of the facility such as utilities, easements, headwater
elevation control, etc.

* hydrologic and meteorologic data (stream flow and rainfall data related to maximum or
historical peak aswell aslow flow discharges and hydrographs applicable to the site)

* 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 and environmental regulations

» aurficia geology

Watershed, stream reach and site characteristic data can be obtained from a field reconnaissance
of the ste. Examination of available maps and aeria photographs is also an excedlent means of
defining physical characteristics of the watershed.

5.1.2 Drainage Reconnaissance

Make a complete field drainage reconnaissance of the site and its contributing watershed as part
of the hydraulic analysis and design. Requirements for small drainage facilities are less extensive
than those for mgjor facilities such as bridges. However, the purpose of each evauation is to
provide an accurate picture of the conditions within the zone of hydraulic influence of the facility.

The following are the data that can be obtained or verified:

» contributing drainage area characteristics including land use

* stream reach data - cross sections and thalweg profile
* existing structures
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e 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

* drift/debris characteristics

» general ecologica information about the drainage area and adjacent lands

* highwater elevations including the date of occurrence

Much of the data can only 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 al required information should the designer proceed with the
design of the hydraulic facility. All pertinent data and facts gathered through the evaluation shall be
documented.

5.1.3 Sourcesof Data

Much of the data and information necessary for the design of highway drainage facilities may be
obtained from some combination of the sources listed in Appendix A of this chapter. While the
various government agencies and offices referred to in Appendix A are avallable to answer
questions or direct the designer to other sources of information, it is the responsbility of the
designer to independently research and collect the available data.
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5.2 Watershed Characteristics

521 Area

The size of the contributing drainage area expressed in hectares (acres) or square kilometers
(square miles) is determined from some or al of the following:

 Direct field surveys with conventional surveying instruments

» Use of USGS topographic maps together with field checks to determine any changes in the
contributing drainage area

» Topographic maps or other survey data may be available in the Department’s Central Surveys
office

» Aerid maps or aeria photographs of the State are available from the ConnDEP and the
Department’ s Bureau of Policy and Planning

» Mapping prepared by the municipality or regional agency

» Atlas of the Public Water Supply Sources and Drainage Basins of Connecticut (DEP Bulletin
No. 4), June 1982

In determining the size of the contributing watershed, 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 flood waters are
naturally diverted out of the basin before reaching the site. Diversion to or from the watershed in
question should be specifically documented in the hydrology section of the hydraulic or drainage
design report.

522 Sopes

Determine the dope of the stream, the average dope of the watershed (basin sope), and land
dope. Hydrologic and hydraulic procedures in other chapters of this manual are dependent on these
dopes.

523 Land Use

» Define and document the present and expected future land use (where practicable),
particularly the location, degree of anticipated urbanization and data source

* Information on existing use and future urbanization trends may be obtained from aerial
photographs

e Zoning maps and master plans, USGS maps and municipa planning agencies provide land
use data

» Specific information about particular tracts of land can often be obtained from owners,
developers, redltors and loca resdents

» Existing land use data for small watersheds can best be determined or verified from a field
investigation

Field surveys can be used to update information on maps and aeria photographs, especialy in
basins that have experienced changes in development since the maps or photos were prepared.
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5.2.4 Streams, Rivers, Ponds, L akes and Wetlands

At al streams, rivers, ponds, lakes and wetlands that will affect, or may be affected by, the
proposed structure or construction, the following data should be secured. This is important in
determining the expected hydrology and may be needed for regulatory permits.

» OQutline of the boundary (perimeter) of the water body for the ordinary highwater

» Elevation of normal as wel as highwater for various frequencies. (See Chapter 6,
Hydrology.)

» Detailed description of any natural spillway, manmade spillway, or outlet works, including

dimensions, elevations and operational characteristics

Detailed description of any emergency spillway works including dimensions and elevations

Description of adjustable gates, soil and water control devices

Profile along the top of any dam and atypical cross section of the dam

The use of the water resource (fish, recreation, power, irrigation, municipal or industrial water

supply, €tc.)

» The existing conditions of the stream, river, pond, lake or wetlands with respect to turbidity
and silt.

* Riparian ownership(s) aswell as any water rights

5.25 Environmental Consderations

The need for environrmental data stems from the need to investigate and mitigate possible
impacts due to specific design configurations. Information necessary to define the need for
mitigation measures for fish passage should be coordinated with Conn D.E.P. Fisheries Unit and/or
U.S. Fish and Wildlife.

526 Geological Considerations

All watersheds in the State of Connecticut have had the soils classified by the U.S. Department
of Agriculture Natural Resources Conservation Service (NRCS), formerly Soil Conservation
Service (SCS). The soils surveys are prepared for the counties within the State and can be obtained
from the abutting states. These surveys indicate the types of soil and the areas where they are
found. From these plans, soil groups can be devel oped which can then be used for:

» Determining runoff coefficients used with the Rational method. (See Chapter 6, Hydrology.)
» Determining curve numbers for use in computer models such as HEC-1 and NRCS methods.
(See Chapter 6, Hydrology.)

The regiona regression equations (see Chapter 6, Hydrology) require that the percentage of
coarse-grained dtratified drift within the watershed be determined. This information is available
from the Hydraulics and Drainage Section. Include copies of overlays for U.S.G.S. 1:24000 scale
quadrangle maps. The USGSisaso aprimary source of data related to surficial geology.
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5.3 Site Characterisics

5.3.1 Introduction

A complete understanding of the physical nature of the natura channel or stream reach is of
prime importance to a good hydraulic design. 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 which might effect the facility design. The stream may be classified as:

rural or urban

improved or unimproved

narrow or wide

rapid or duggish flow

stable, trangitional, or unstable

sinuous, straight, braided, dluvia, or incised

Geomorphologica data are important in the analysis of channel stability and scour. Types of
needed data are:

sediment transport and related data

stability of form over time (braided, meandering, etc.)
scour history/evidence of scour

bed and bank materia identification

5.3.2 Roughness Coefficients

Roughness coefficients, ordinarily in the form of Manning's "n" values, shall be estimated for the
entire flood limits of the stream. Report No. FHWA-TS-84-204, "Guide for Selecting Manning's
Roughness Coefficients for Natura Channels and Flood Plains” should be consulted for
determining the appropriate "n" vaues. It is advisable to take till pictures of the flood plain to
document the "n" values selected.

5.3.3 Stream Profile

Obtain stream bed profile data to determine the average dope and to encompass any proposed
construction.  These data should extend sufficiently upstream and downstream. Limits will be
established by the hydraulic engineer. Identification of "headcuts' which could migrate to the site
under consideration is particularly important.

534 Stream Cross-Sections
Stream cross-section data shall be obtained that will represent the typical conditions at the
structure Site as well as other locations where stage-discharge and related calculations will be

necessary. The location and extent of cross-sections will be determined by the hydraulic engineer.
See Chapter 9, Bridges, for additional guidance in determining the location of stream cross sections.
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535 Existing Structures

Secure the location, size, description, condition, observed flood stages, and channel section
relative to existing structures on the stream reach and near the Site in order to determine their capaci-
ty and effect on the stream flow. Investigate structures, downstream or upstream within the area of
influence, which may cause backwater or retard stream flow. Note the manner in which existing
structures have been functioning with regard to such things as scour, overtopping, debris and ice
passage, fish passage, etc. For bridges, include span lengths, type of piers, and substructure orienta
tion which usualy can be obtained from existing structure plans. Other necessary culvert data
includes size, inlet and outlet geometry, dope, end treatment, culvert material, and flow line profile.
Photographs and highwater 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.

5.3.6 AcceptableFlood Levels

Improvements, property use, and other developments adjacent to the proposed site both upstream
and downstream may determine acceptable flood levels. Note incipient inundation elevations of
these improvements or fixtures. In the absence of upstream development, acceptable flood levels
may be based on freeboard requirements to the highway itself. In these instances, the presence of
downstream development becomes particularly important as it relates to potential overflow points
along the road grade.

5.3.7 Flood History

The history of past floods is a valuable tool for sizing structures. Historical flood data is also
utilized in the development of flood hazard evaluation studies. Information may be obtained from
newspaper accounts, local residents, flood marks or other postive evidence of the height of
historical floods. Evauate changes in channel and watershed conditions since the occurrence of the
flood in relating historica floods to present conditions. (See Chapter 6 — Appendix E — Magjor
Flood Events in Connecticut since 1927).

Recorded flood data may be available from agencies such as U.S. Army Corps of Engineers,
U.S.G.S,, ConnDEP, NRCS, and ConnDOT.

5.3.8 Deébrisandlce

Investigate the potential quantity and size of debris, ice, etc. available for transport by a stream
during flood events. The effect of backwater from debris and ice jams on recorded flood heights
should be considered when using stream flow records.

5.3.9 Scour Potential

Scour potentiad is an important consideration relative to the stability of the structure over time.
Scour potential is a function of a combination of the stability of the natural materias at the facility
site, tractive shear force exerted by the stream, sediment transport characteristics of the stream and
relative floodplain/channel conveyance characteristics. Data on natural materials may be obtained
from the Department or by tests at the site.
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Collect enough bed and bank material samples for classifying channe type, stability and
gradations. A geotechnica study will be required to determine the substrata if scour studies are
needed. Also, these data are needed to determine the presence of bed forms so that a reliable
Manning's “n” and bed form scour can be estimated.

5.3.10 ControlsAffecting Design

Many controls will affect the final design of drainage structures. These include alowable
headwater level, allowable flood level, alowable velocities, and resulting scour and other site
specific consderations. Data and information related to such controls can be obtained from Federal,
State and loca regulatory agencies, and site investigations to determine what natural or man-made
controls should be considered in the design. In addition, there may be downstream and upstream
controls which should be documented.

5.3.11 Downstream Control

Any ponds or reservoirs, along with their spillway elevations and design levels of operaion, shall
be noted. Also, channel constrictions or points of abrupt grade changes should be identified. 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.

5.3.12 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. Obtain capacities and operation designs for these features. The
NRCS, Corps of Engineers, Bureau of Reclamation, consulting engineers and other reservoir
sponsors often have complete reports concerning the operation and design of proposed or existing
conservation and/or flood control reservoirs.

The redirection of flood waters can significantly affect the hydraulic performance of a site. Some
actions that redirect flows are debris jams, mud flows and highways or railroads.

5.3.13 Survey Requirements

Complete and accurate survey information is necessary to develop a design that will best serve
the requirements of a Ste. The amount of survey data gathered shall be commensurate with the
importance of the proposed structure and the expected flood hazard.

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 available in many
locations. A supplementa field survey may be required to provide data in areas obscured on the
aeria photos (underwater, under trees, etc.).
Data collection shall be as complete as possible during the initiad survey in order to avoid repeat
vigts. 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. Coordination between the project
engineer and surveyor before the initial field work is begun will help insure the acquisition of
sufficient, but not excessive survey data.
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5.3.14 Fidd Review

Field reviews shall be made in order for the designer 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. Vidt the project site before any detailed
drainage/hydraulic design is undertaken. Factors that most often need to be confirmed by field
inspection are:

* identification of apparent environmental concerns

» 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

» adequacy or suitability of existing and proposed drainage outlets

Before making the field vidt, determine what kind of equipment is needed and, most
importantly, the critical items at the site. Take photographs. As a minimum, looking upstream and
downstream from the site as well as along the contemplated highway centerline in both directions.
Details of the stream bed and banks should aso be photographed along with structures in the
vicinity both upstream and downstream. Take close up photographs complete with ascale or grid to
facilitate estimates of the stream bed gradation.
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5.4 Data Evaluation

54.1 Objective

Once the needed data have been collected, the next step isto 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. Anayze the data 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.

5.4.2 Evaluation

Experience, knowledge, and judgment are important parts of data evaluation. It isin this phase
that reliable data is separated from that which is less reliable and historical data is combined with
that obtained from measurements. The designer shall evaluate data for consistency and identify any
changes from established patterns. The designer must review previous studies, old plans, etc., for
types and sources of data, how the data was used and any indications of accuracy and reiability.
Historicd data shall be reviewed to determine whether significant changes have occurred in the
watershed and whether the data can be used. Data acquired from the publications of established
sources such as the USGS can usually be considered as valid and accurate.

Basic data, such as streamflow data derived from non-published sources, shall be evaluated and
summarized before use. Maps, aeria photographs, and land use studies shall be compared with one
another and with the results of the field survey. Any inconsistencies shall be 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 evauation of data.

543 Sengtivity

Often sengitivity studies are useful in evaluating data and the importance of specific dataitems to
the final design. They consst of conducting a design with a range of values for specific dataitems.
The effect on the final design can then be established. This is useful in determining what specific
data items have magjor effects on the final design and the importance of possible data errors. Time
and effort can then be spent on the more senditive data items making sure these data are as accurate
aspossible. This does not mean that inaccurate data are accepted for less senditive data items, but it
allows prioritization of the data collection process given alimited budget and time allocation.

The results of this type of data evaluation will provide a reliable description of the site with the
limited time and 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.
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Appendix A - Sour ces Of Data

ConnDOT

Hydraulics and Drainage Section
» Hydraulic Reports
» Stream Channel Encroachment Line
Maps
Reports
Federal Emergency Management Agency
F.I.S Reports
F.I.S. Maps
NRCS County Soil Maps
Metropolitan District Commission Contour Maps 1:240
U.S.G.S. Quadrangle Maps 1:24000
Scour Evaluation Reports (Leve 11 Studies)
Coarse Grained Stratified Draft Maps
Recent Project Information
Comparative Scour Reports
U.S.G.S. Bridge and Channel Assessment Reports
Database for al bridges over water

Bridge Safety Unit
* Bridge Inspection Reports
* Bridge repair and maintenance information

Soils & Foundation Unit
» Boring Reports

Engineering Records & Reproductions
* Project Plans & Reports

Environmental Planning
* Aeria Photographs

Centra Surveys
* Photogrammetric Mapping

ConnDEP
» Federal Emergency Management Agency
F.I.S. Reports
F.I.S. Maps
» Stream Channel Encroachment Line
Maps
Reports

* Aeria Photographs
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Data Collection

* U.S.G.S. Quadrangle Maps 1:24000
* Information on dams regulated by the DEP

University of Connecticut
* Map and Geographic Information Center (MAGIC)

On-linelibrary of digital geospatia data
http://magic.lib.uconn.edu/

USDA Natura Resources Consarvation Services

» County Soil Reports
 Hydrologic Reports

 Hydraulic Reports

» Watershed Flood Control Reports

U.S. Geological Survey
» Gage Station Data

» Hydrologic Reports
* Flood Analysis
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6.1 Hydrologic Design Practice

6.1.1 Introduction

Following is a summary of practices which should be followed for hydrologic andysis. For a
more detailed discussion refer to the publication, Highway Drainage Guidelines, published by the
American Association of State Highway and Transportation Officials. Some of the recommended
methods have been developed in the English system. When the agency responsible provides a
metric conversion, this manual will be updated.

6.1.2 Surveys

Since hydrologic considerations can influence the selection of a highway corridor and the
aternate routes within the corridor, studies and investigations, including consideration of the
environmental and ecological impact of the project, should be undertaken. Also specia studies and
investigations may be required at sengtive locations. The magnitude and complexity of these
studies should be commensurate with the importance and magnitude of the project and problems
encountered. Typical data to be included in such surveys or studies are: topographic maps, aerial
photographs, streamflow records, historical highwater elevations, flood discharges and locations of
hydraulic features such as reservoirs, water projects and designated or regulatory floodplain aress.

6.1.3 Flood Hazards

When not clearly identified on NFIP maps and FIS studies, a hydrologic analysis is a
prerequisite to identifying flood hazard areas and determining those locations at which construction
and maintenance will be unusually expensive or hazardous.

6.1.4 Coordination

Since many levels of government plan, design and construct highways and water resource
projects which might have an affect on each other, interagency coordination is desirable and often
necessary. In addition, agencies can share data and experiences within project areas to assist in the
completion of accurate hydrologic analysis.

6.1.5 Documentation

Experience indicates that the design of highway drainage facilities should be adequately
documented. Frequently, it is necessary to refer to plans, specifications, and anayses, long after the
actual construction has been completed. Thus it is necessary to fully document the results of all
hydrologic analysis.

The following items shall be included in the documentation file (see Chapter 1, Section 1.6).
The intent is not to limit data to only those items listed, but rather to establish a minimum
requirement consistent with the design procedures as outlined in this chapter. If circumstances are
such that the hydrology is prepared other than the normal procedures or is governed by factors other
than hydrologic factors, a narrative summary detailing the design basis shall appear with the other
data.
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The following items used in the design or analysis shall be included in the documentation file:

* contributing watershed area sSize and identification of source (map name, etc.)

» design frequency and decision for selection

* hydrologic discharge and hydrograph estimating method and findings

» flood frequency curves to include design, 100-year flood, discharge hydrograph and any
historical floods

» expected level of development in upstream watershed over the anticipated life of the facility
(include sources of and basis for these development projections)

» Appendix D of this chapter provides aformat for the Hydrologic Design Report

6.1.6 Evaluation Of Runoff Factors

For dl hydrologic analysis, the following factors should be evauated and included when they
will have a significant effect on the final results.

» drainage basin characterigtics including: size, shape, dope, land use, geology, soil type,
surface infiltration and storage

» dream channd characteristics including: geometry and configuration, natural and artificial
controls, channel modification, aggradation - degradation and possibilities for ice and debristo
be a significant problem

* flood plain characteristics

* meteorological characteristics

6.1.7 Flood History

All hydrologic analyses should consider the flood history of the area and the effect of these
historica floods on existing and proposed structures. The flood history should include the historical
floods and the flood history of any existing structures. Appendix E has mapping showing major
floods in Connecticut since 1927. USGS water resources data should aso be referenced for floods
of record and stream flow records.

6.1.8 Hydrologic Method

Many hydrologic methods are available. The methods to be used and the circumstances for their
use are listed below. If possible the results should be compared to a gage station which has a
watershed with similar characteristics.
6.1.9 Design Discharge

The design discharge is based on an independent hydrologic analyss as outlined in the approved
methods below. This discharge may be different from the FEMA or SCEL discharge. However, in

all cases where these discharges have been established, the hydraulic analysis shall aso include
these discharges.

ConnDOT Drainage Manual October 2000



Hydrology 6.1-3

6.1.10 Approved Methods
The following hydrologic methods are acceptable for use with conditions as noted.

Rational Method - This method shall be used only for drainage areas less than 81 ha (200
acres).

Stream Gage Data - The U.S. Geological Survey maintains a network of stream gaging
stations throughout Connecticut. From long term periods of observation and through
statistical analysis of the resultant data, peak flow rates for various return frequencies can be
developed. Thisdatashall be used wherever possible in the design of hydraulic facilities.
U.S.G.S. Regression Equations (L.A. Weiss) shal be used for al routine designs at sites
greater than 2.59 km?* (1 mi®) in tributary area unless stream gage data is available or unique
watershed characteristics, such as significant detention storage dictate otherwise.

Computer Models for Hydrograph Generation - Many watersheds exhibit characteristics
which require the use of a computer model to estimate design discharge quantities from run-
off hydrographs. Additionaly, hydrograph generation models are useful in the analysis of
"before and after” conditions as related to proposed activities within a given basin. Where
use of a computer model isindicated, the methods described in Section 6.14 shall be used.
FEMA Hood Insurance Study Discharge Rates - Discharges specified in the appropriate
flood insurance study shall be used for ANALY SIS where the regulatory floodway is
adopted or where FEMA has established discharge for a watercourse. The DESIGN
discharge may vary from the flood insurance study quantity if the results of an independent
analysis so indicate.

SCEL — Stream Channel Encroachment Discharge Rates — Discharges specified in the
appropriate stream channel encroachment study shall be used for analysis where SCEL are
established. The design, FEMA and SCEL discharges may vary, as they are dl developed
independently and use different methods.

Tidal Hydrology — The maximum discharge associated with astronomical tides or storm
surges at a tidal crossing can be determined using either Neill's procedure, the orifice
equation or Chang's procedure as outlined in HEC-18. Alternately, the discharge can be
determined using one of severa unsteady flow models as discussed in Chapter 9, Section
9.4.5. Theleve of effort and accuracy of these methods varies greatly. The selected method
will depend on site conditions and should be commensurate with the scope and cost of the
project. Coordination with the Hydraulics and Drainage Section is recommended. See aso
Section 6.1.14.

6.1.11 Design Frequency

Design frequencies are sdected commensurate with the facilities cost, amount of traffic, potential
flood hazard to property, expected level of service, and budgetary congraints as well as the
magnitude and risk associated with damages from larger flood events. (See Appendix A)
6.1.12 Economics

Hydrologic analysis should include the determination of several design flood frequencies for use

in the hydraulic design. These frequencies are used to size different drainage facilities so as to
allow for an optimum design, which considers both risk of damage and construction cost.
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Consideration should be given to what frequency flood was used to design other structures dong a
highway corridor.

6.1.13 Review Frequency

All proposed culverts and bridges conveying watercourses designed using the designated return
frequency shall be checked using aflood of greater magnitude.

6.1.14 Tidal Conditions

Unlike inland rivers where the design discharge is fixed by runoff and is virtualy unaffected by
the waterway provided, the size of the waterway opening of a tidal structure can modify the tidal
regime and the associated tidal discharges.

Extreme events associated with riverine floods and tida storm surges should be used to
determine the hydraulic adequacy of a bridge. These events would have a return period based on
the structure classifications as defined in the culvert and bridge chapters, Chapters 8 and 9, Sections
8.3 and 9.3. Difficulty arises in determining whether the storm surge, flood or the combination of
the storm surge and flood should be considered controlling.

When inland flood discharges are small in relationship to the magnitude of the storm surge and
are the result of the same event, then the flood discharge can be added to the discharge associated
with the design tidal flow, or the volume of the runoff hydrograph can be added to the volume of the
tida prism. If the inland flood and the storm surge may result from different storm events, then a
joint probability approach may be warranted to determine the magnitude of the design discharge.

In some cases there may be a lag time between the storm surge discharge and the stream flow
discharge at the highway crossing. For this case, stream flow-routing methods such as the NRCS
TR-20, USACOE HEC-1 or HEC-HMS model can be used to estimate the timing of the flood
hydrograph derived from runoff of the watershed(s) draining into the sound or estuary.

The sdlection of the method to use to combine flood and tida surge flows is a matter of
judgement and must consider the characteristics of the site and the storm events.
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6.2 Overview
6.2.1 Introduction

The analysis of the peak rate of runoff, volume of runoff and time distribution of flow is
fundamental to the design of drainage facilities. Errorsin the estimates will result in a structure that
is either undersized and causes more drainage problems or oversized and costs more than
necessary. On the other hand, it must be redized that any hydrologic anaysis is only an
approximation. The relationship between the amount of precipitation on a drainage basin and the
amount of runoff from the basin is complex and too little data are available on the factors
influencing the rura and urban rainfall-runoff relationship to expect exact solutions.

6.2.2 Dé€finition

Hydrology is generdly defined as a science deding with the properties, distribution and
circulation of water on and under the earth and in the atmosphere. For the purpose of this manual,
hydrology will dedl with estimating flood magnitudes as the result of precipitation. In the design of
highway drainage structures, floods are usually considered in terms of peak runoff or discharge in
cubic meters per second, m/s (cubic feet per second, cfs) and hydrographs as discharge per time.
For structures which are designed to control volume of runoff, like detention storage facilities, or
where flood routing through culverts is used, then the entire discharge hydrograph will be of
interest.

6.2.3 FactorsAffecting Floods

In the hydrologic analysis for a drainage structure, it must be recognized that there are many
variable factors that affect floods. Some of the factors which need to be recognized and considered
on anindividua ste by Ste basis are such things as:

rainfall amount and storm distribution

drainage area size, shape and orientation

ground cover and soil type

dopes of terrain and stream(s)

antecedent moisture condition

basin storage potentia (overbank, ponds, wetlands, reservoirs, channel, etc.)
watershed devel opment potential

type of precipitation (rain, snow, hail, or combinations thereof)

6.2.4 Sources Of Information
The type and source of information available for hydrologic analysis will vary from dite to site

and it is the responsibility of the designer to determine what information is available and applicable
to aparticular analysis.
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Suggested data sources for materia related to hydrologic studies or analyses are as follows:

1. ConnDOT, Hydraulics and Drainage Section (FEMA studies, SCEL reports, design reports,
scour evaluation reports)

ConnDEP, Inland Water Resources Division (FEMA studies, SCEL reports, Flood Control
Project Information)

Municipaity in which the project is proposed.

U.S. Geological Survey (stream gage data, floods of record)

Regiona Planning Agencies

U.SD.A., Natura Resources Conservation Service (Design reports)

U.S. Army Corps of Engineers (Flood Control Projects)

N

Nogbkw
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6.3 Symbols And Definitions

To provide consistency within this chapter as well as throughout this manua the following
symbols will be used. These symbols were selected because of their wide use in hydrologic

publications.
Table6-1 Symbols And Definitions

Symbol Definition Units
A Drainage area ha, kn? (acres, mi®)
BDF Basin devel opment factor -
C Runoff coefficient -
C Freguency factor -
CN NRCS-runoff curve number -
C, C,  Physiographic coefficients -
d Timeinterval h
DH Difference in elevation m (ft)
I Rainfal intensity mm/h (in/hr)
A Percentage of impervious area %
la Initial abstraction from totd rainfall mm (in)
K Frequency factor for a particular return period and skew -
L Lag h
I Length of mainstream to furthest divide m (ft)
Lea Length along main channel to a point opposite the watershed centroid km (mi)
M Rank of aflood within along record -
n Manning roughness coefficient -
N Number of years of flood record years
NRCS Natura Resources Conservation Service (formerly Soil Conservation Service) -
P Accumulated rainfall mm (in)
Q Rate of runoff m’/s (cfs)
o} Storm runoff during atime interval mm (in)
R Hydraulic radius m (ft)
RC Regression constant -
RQ Equivalent rural peak runoff rate m’/s (cfs)
SorY Ground slope m/m, m/km (ft/ft, ft/mi) or %
S Potential maximum retention storage mm (in)
SL Main channel dope m/m (ft/ft)
S Standard deviation of the logarithms of the peak annua floods -
ST Basin storage factor %
Ts Time base of unit hydrograph h
tcor Tc  Time of concentration minor h
TL Lagtime h
T, Snyder's duration of excessrainfall h
uQ Urban peak runoff rate m’/s (cfs)
\% Veocity m/s (ft/s)
X Logarithm of the annual peak -
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6.4 Hydrologic Analysis Procedur e Flowchart

The hydrologic analysis procedure flowchart shows the steps needed for the hydrologic analysis
and the designs that will use the hydrologic estimates.

Office ingpection or review of Site
v

Site data acquisition — Chapter 5
A\

Field inspection of site - Chapter 5
v

Obtain available hydrologic data— Chapter 5
v

Select hydrologic procedure(s) — Chapter 6
v

Determine design recurrence interval — Chapter 6

v
Hydrograph Estimate flood frequency Peak discharges
Storm water design < relationships p | Stormwater design
Chapter 6 Chapter 6 Chapter 6
v v
Storage design Bridge & culvert design
Chapter 10 Chapters8 and 9
M v
gEantneerl ;j eson Storm drain design
P Chapter 11
v
Culvert design > Field check results «— M
Chapter 8
v
Compare to regulatory values
Resolve differences
v

Document results - Chapter 1, Section 1.6
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6.5 Concept Definitions

Following are discussions of concepts which will be important in a hydrologic analysis. These
concepts will be used throughout the remainder of this chapter in dealing with different aspects of
hydrologic studies.

Antecedent Moisture Conditions - Antecedent moisture conditions are the soil moisture conditions
of the watershed at the beginning of a storm. These conditions affect the volume of runoff
generated by a particular storm event.

Depression Storage - Depression storage is the natural depressions within a watershed which store
runoff. Generally, after the depression storage isfilled, runoff from these low areas will commence.

Frequency - Frequency is the number of times a flood of a given magnitude can be expected to
occur on an average over a stated period of time. Frequency anaysis is then the estimation of peak
discharges for various recurrence intervals. Another way to express frequency is with probability.
Probability analysis seeks to define the flood flow with a probability of being equaled or exceeded
inany year.

Hydraulic Roughness - Hydraulic roughness is a composite of the physical characteristics which
influence the flow of water across the earth's surface, whether the conditions are natura or
channelized. It affects both the time response of a watershed and drainage channel as well as the
channel storage characteristics.

Hydrograph - The hydrograph is a graph of the time distribution of runoff from awatershed.
Hyetographs - The hyetograph is a graph of the time distribution of rainfal over awatershed.

Infiltration - Infiltration is a complex process of alowing runoff to penetrate the ground surface and
flow through the upper soil surface. The infiltration curve is a graph of the time distribution at
which this occurs.

Interception - Storage of rainfall on foliage and other intercepting surfaces during arainfal event is
called interception storage.

Lag Time - Thelag timeis defined as the time from the centroid of the excessrainfall to the pesk of
the hydrograph.

Peak Discharge - The peak discharge, sometimes called peak flow, is the maximum rate of flow of
water passing a given point as a result of a rainfal event or the maximum discharge on a runoff

hydrograph.

Rainfall Excess - The rainfal excess is the water available to runoff after interception, depression
storage and infiltration have been satisfied.

Stage - The stage of ariver isthe elevation of the water surface above some elevation datum.
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Time Of Concentration - The time of concentration is the time it takes the drop of water falling on
the hydraulically most remote point in the watershed to travel through the watershed to the point of
anayss.

Unit Hydrograph - A unit hydrograph is the direct runoff hydrograph resulting from arainfal event
which has a specific tempora and spatia distribution, which lasts for a specific duration and has
unit volume (or results from a unit depth of rainfall). The ordinates of the unit hydrograph are such
that the volume of direct runoff represented by the area under the hydrograph is equal to one
millimeter (inch) of runoff from the drainage area. When a unit hydrograph is shown with units of
m®/s (cfs), it is implied that the ordinates are m*/s per millimeter (cfs per inch) of direct runoff.
References - For a more complete discussion of these concepts and others related to hydrologic
analysis, the reader is referred to — "Highway Hydrology” Federal Highway Administration
Hydraulic Design Series No. 2, Second Edition, (FHWA-NHI-02-001, October 2002) and
Guiddines for Hydrology - Volume Il Highway Drainage Guidelines, prepared by the Task Force
On Hydrology and Hydraulics, AASHTO Highway Subcommittee on Design.
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6.6 Design Frequency

6.6.1 Overview

Since it is not economically feasible to design a structure for the maximum runoff a watershed is
capable of producing, a design frequency must be established. The frequency with which a given
flood can be expected to occur is the reciprocal of the probability or chance that the flood will be
equaled or exceeded in a given year. If a flood has a 20 percent chance of being equaled or
exceeded each year, over along period of time, the flood will be equaled or exceeded on an average
of once every five years. This is caled the return period or recurrence interval (RI). Thus the
exceedence probability equals 100/RI.

The engineer must recognize that flood discharges for larger watercourses and rivers where the
100 year frequency must be used are the result of statistical analysis. When considering the 100
year flood discharges, for example, it is often misconstrued as a flood which happens once in a
hundred years. In redlity, it has a one percent chance of occurring in any one year. However, it can
occur severd times in any one year, asit did in Connecticut during 1955 and the midwest in 1993.
The 100 year flood can occur more than once during a 100 year period as is evident in Connecticut
where the floods of 1938, 1955, 1982 and 1984 al exceeded the 100 year flood in some areas of the
state.  As future flood data is evaluated it can change the dtatistical discharge when added to the
satistica analysis dependent on the length of records considered. This usualy will result in
increasing the discharge. However, discharges can also be decreased if flood control structures are
implemented asis the case on the Connecticut, Quinebaug, Shetucket, Naugatuck and other rivers.

6.6.2 Frequency Table

Appendix A presents design frequencies to be used by the Department for the various
drainage/hydraulic facilities.

6.6.3 Rainfall vs. Flood Frequency

Drainage systems and structures are designed based on a chosen flood frequency. However,
certain hydrologic procedures use rainfal and rainfal frequency as the basic input. Thus it is
commonly assumed that the 10-year rainfall will produce the 10-year flood. Depending on
antecedent soil moisture conditions, and other hydrologic parameters, there may or may not be a
direct relationship between rainfall and flood frequency.

6.6.4 Rainfall Curves
Rainfal data are available for many geographic areas. From these data, rainfal intensity-
duration curves have been devel oped for the commonly used design frequencies. Appendix B at the

end of this chapter contains the table recommended for use. Additionally, total rainfall-duration-
frequency relationships are presented for use with hydrologic models. (Table B-1)
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6.6.5 Dischar ge Deter mination

Estimating peak discharges of various recurrence intervas is one of the most common
engineering challenges faced by drainage facility designers. The problem can be divided into two
general categories.

» Gaged dtes - the dteis a or near a gaging station and the streamflow record is of sufficient
length to be used to provide statistical estimates of peak discharges.
» Ungaged sites - the Site is not near a gaging station and no streamflow record is available.

This chapter will address hydrologic procedures that can be used for both categories.
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6.7 Hydrologic Procedure Selection

6.7.1 Overview

Streamflow measurements for determining a flood frequency relationship at a site are usualy
unavailable; in such cases, it is accepted practice to estimate peak runoff rates and hydrographs
using statistical or empirica methods. In genera results from using several methods should be
compared and evaluated, not averaged. The Department practice shall be to use the discharge that
best reflects loca project conditions with the reasons documented. The use for each procedure is
outlined with each hydrologic procedure given below.

6.7.2 Peak Flow RatesOr Hydrographs

A consideration of peak runoff rates for design conditions is generally adequate for conveyance
systems such as storm drains or open channels. However, if the design must include flood routing
(e.g., storage basins or complex conveyance networks), a flood hydrograph is usually required. The
development of runoff hydrographs (typically more complex than estimating peak runoff rates) is
usually accomplished using computer programs.

6.7.3 Hydrologic Procedures

The methods or procedures in the ensuing text are recommended for hydrologic studies
performed in conjunction with the design of transportation facilities. In addition to the procedures
noted, numerous proprietary software packages are available for hydrologic design. The hydraulic
engineer should obtain approva from the Hydraulics and Drainage Section for the use of programs
not specifically listed prior to their application in Department designs. The designer is referred to
the Federal Highway Administration document entitled Hydraulic Design Series No. 2, "Highway
Hydrology," Second Edition (FHWA-NHI-02-001, October 2002) for more detailed information on
hydrologic methods.  Additionally, computer program documentation, detailed application
instructions, and related manuals must be referenced for background information.

All hydrologic studies shall be documented in accordance with the "Hydrologic Design
Report Format” and all design discharge values for all bridges and culverts conveying
watercourses shall be approved by the Department's Hydraulics and Drainage Section prior to
the start of hydraulic design activities. (See Appendix D for report format).
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6.8 Calibration

6.8.1 Definition

Calibration is a process of varying the parameters or coefficients of a hydrologic method so that
it will estimate peak discharges and hydrographs consistent with local rainfall and streamflow data.

Figure 6-1 is an illustration of a hydrograph resulting from flow data as compared to a
hydrograph resulting from using a non-calibrated and calibrated hydrologic procedure. It can be
seen that the cdibrated hydrograph, athough not exactly duplicating the hydrograph from
streamflow data, is a much better representation of the streamflow hydrograph than the non-
calibrated hydrograph.

6.8.2 Hydrologic Accuracy

The accuracy of the hydrologic estimates will have a mgor affect on the design of drainage or
flood control facilities. Although it might be argued that one hydrologic procedure is more accurate
than another, practice has shown that al of the methods discussed in this chapter can, if calibrated,
produce acceptable results consistent with observed or measured events. What should be
emphasized is the need to calibrate the method for local conditions. This calibration process can
result in much more accurate and consistent estimates of peak flows and hydrographs.

— Streamflow data
==== Calibrated procedure
----- Non-calibrated procedure

Flow (m®/s)

Time (h)

Figure6-1 Calibrated Hydrograph
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6.8.3 Calibration Process
The calibration process can vary depending on the data or information available for alocal area

1. If streamflow data are available for an area, the hydrologic procedures can be caibrated to
these data. The process would involve generating peak discharges and hydrographs for
different input conditions (e.g., dope, area, antecedent soil moisture conditions) and
comparing these results to the gaged data. Changes in the model would then be made to
improve the estimated values as compared to the measured values.

2. After changing the variables or parameters in the hydrologic procedure the results should be
checked against another similar gaged stream or another portion of the streamflow data that
were not used for cdibration.

3. If some local agency has developed procedures or equations for an area based on streamflow
data, genera hydrologic procedures can be calibrated to these local procedures. In this way
the general hydrologic procedures can be used for a greater range of conditions (e.g, land uses,
size, dope).

4. The calibration process should only be undertaken by personnd highly qualified in hydrologic
procedures and design.

5. Should it be necessary to use unreasonable values for variables in order for the model to
produce reasonable results, then the model should be considered suspect and its use carefully
considered (e.g., having to use terrain variables that are obvioudy dissimilar to the geographic
areain order to calibrate to measured discharges or hydrographs).
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6.9 Rational M ethod

6.9.1 Introduction

The rational method is recommended for estimating the design storm peak runoff for areas as
large as 81 ha (200 ac). This method, while first introduced in 1889, is ill used in many
engineering offices in the United States. Even though it has frequently come under criticism for its
simplistic approach, no other drainage design method has received such widespread use.

6.9.2 Application
Some precautions should be considered when applying the rational method.

* The first step in applying the rational method is to obtain a good topographic map and define
the boundaries of the drainage area in question. A field inspection of the area should also be
made to determine if the natural drainage divides have been altered.

* In determining the runoff coefficient C value for the drainage area, thought should be given to
future changes in land use that might occur during the service life of the proposed facility that
could result in an inadequate drainage system.

* The charts, graphs and tables included in this section are not intended to replace reasonable and
prudent engineering judgment which should permeate each step in the design process.

6.9.3 Characteristics
Characteristics of the rational method which limit its use to 81 ha (200 ac) include:

(2) The rate of runoff resulting from any rainfal intensity is a maximum when the rainfall
intensity lasts as long or longer than the time of concentration. That is, the entire drainage
area does not contribute to the peak discharge until the time of concentration has elapsed.

This assumption limits the size of the drainage basin that can be evaluated by the rational
method. For large drainage areas, the time of concentration can be so large that constant rainfall
intensities for such long periods do not occur and shorter more intense rainfalls can produce larger
peak flows. For this reason, the rational method is inappropriate for watersheds greater than about
81 ha (200 ac).

(2) The frequency of peak discharges is the same as that of the rainfall intensity for the given
time of concentration.

Frequencies of peak discharges depend on rainfall frequencies, antecedent moisture conditionsin
the watershed, and the response characteristics of the drainage system. For small and largely
impervious areas, rainfal frequency is the dominant factor. For larger drainage basins, the response
characteristics control. For drainage areas with few impervious surfaces (less urban development),
antecedent moisture conditions usually govern, especialy for rainfall events with a return period of
10 yearsor less.

(3) Thefraction of rainfall that becomes runoff (C) isindependent of rainfall intensity or volume.
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The assumption is reasonable for impervious areas, such as streets, rooftops and parking
lots. For pervious areas, the fraction of runoff varies with rainfall intensity and the accumulated
volume of rainfal. Thus, the art necessary for application of the rational method involves the
selection of a coefficient that is appropriate for the storm, soil and land use conditions. Many
guidelines and tables have been established, but seldom, if ever, have they been supported with
empirical evidence.

(4) The peak rate of runoff is sufficient information for the design.

Modern drainage practice often includes detention of urban storm runoff to reduce the peak rate
of runoff downstream. With only the peak rate of runoff, the rationa method severely limits the
evaluation of design alternatives available in urban and in some instances, rural drainage design.

6.9.4 Equation

The rational formula estimates the peak rate of runoff at any location in awatershed as afunction
of the drainage area, runoff coefficient and mean rainfall intensity for a duration equal to the time of
concentration (the time required for water to flow from the most remote point of the basin to the
location being analyzed). Therational formulais expressed asfollows:

Q =0.00278 CIA (Q=CIA) (6.2)

where Q = maximum rate of runoff, m¥/s (ft*/s)

runoff coefficient representing aratio of runoff to rainfall

average rainfal intensity for aduration equa to the time of concentration, for a
selected return period, mm/h (in/h)

= drainage areatributary to the design location, ha (acres)

6.9.5 Infrequent Storm
The runoff coefficients given in Tables 6-3 through 6-5 are applicable for storms of 2-year to
10-year frequencies. Less frequent, higher intensity storms will require modification of the runoff
coefficient because infiltration and other losses have a proportionaly smaller effect on runoff
(Wright-McLaughlin 1969). The adjustment of the rational method for use with magjor storms can
be made by multiplying the right side of the rational formula by a frequency factor C;. The rationa
formula now becomes:
Q =0.00278 CC{l A (Q=CCiA) (6.2)

Cs values arelisted in Table 6-2. The product of C; times C shall not exceed 1.0.
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Table6-2 Frequency FactorsFor Rational Formula

Recurrence Interval (years) C
25 11
50 1.2
100 1.25

6.9.6 Procedures

The results of using the rational formula to estimate peak discharges are very sendtive to the
parameters that are used. The designer must use good engineering judgment in estimating values
that are used in the method. Following is a discussion of the different variables used in the rational
method.

Time Of Concentration

The time of concentration is the time required for water to flow from the hydraulically most
remote point of the drainage area to the point under investigation. Use of the rationa formula
reguires the time of concentration (t;) for each design point within the drainage basin. The duration
of rainfall is then set equa to the time of concentration and is used to estimate the design average
rainfal intensity (1).

Appendix C (Travel Time Estimation) at the end of this chapter describes the method based on
the NRCS Technical Release No. 55 (2nd Edition). This method shall be used for the rational
method. Note: under certain circumstances, where tributary areas are very small or completely
paved, the computed time of concentration would be very short. For design purposes the minimum
time of concentration for paved areas shall be 5 minutes and 10 minutes for grassed aress.

Common Errors

Two common errors should be avoided when calculating t.. First, in some cases runoff from a
portion of the drainage area which is highly impervious may result in a greater peak discharge than
would occur if the entire area were considered. In these cases, adjustments can be made to the
drainage area by disregarding those areas where flow time is too dow to add to the peak discharge.
Sometimes it is necessary to estimate severa different times of concentration to determine the
design flow that is critical for a particular application.

Second, when designing a drainage system, the overland flow path is not necessarily
perpendicular to the contours shown on available mapping. Often the land will be graded and
swales will intercept the natural contour and conduct the water to the streets which reduces the time
of concentration.

Rainfall Intensity
Therainfal intensity (1) isthe average rainfall rate mm/h (in/h) for a duration equal to the time of

concentration for a selected return period. Once a particular return period has been selected for
design and a time of concentration calculated for the drainage area, the rainfal intensity can be
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determined from Rainfall-Intensity-Duration curves. The rainfal intensity can be determined from
rainfall-intensity-duration Table B-2 which can be found in Appendix B.

Runoff Coefficient

The runoff coefficient C is the variable of the rational method least susceptible to precise
determination and requires judgment and understanding on the part of the designer. While
engineering judgment will always be required in the selection of runoff coefficients, a typica
coefficient represents the integrated effects of many drainage basin parameters, the following
discussion considers only the effects of soil groups, land use and average land Sope.

Methods for determining the runoff coefficient are presented based on hydrologic soil groups
and land dope (Table 6-3), land use (Table 6-4) and a composite coefficient for complex watersheds
(Table 6-5).

Table 6-3 gives the recommended coefficient C of runoff for pervious surfaces by selected
hydrologic soil groupings and slope ranges. From this table the C values for non-urban areas such
as forest land, agricultural land, and open space can be determined. Soil properties influence the
relationship between runoff and rainfall since soils have differing rates of infiltration. Infiltration is
the movement of water through the soil surface into the soil. Based on infiltration rates, the NRCS
has divided soils into four hydrologic soil groups asfollows:

Group A Soils having a low runoff potential due to high infiltration rates. These soils consist
primarily of deep, well drained sands and gravels.

Group B Soils having a moderately low runoff potential due to moderate infiltration rates. These
soils consist primarily of moderately deep to deep, moderately well to well drained soils
with moderately fine to moderately coarse textures.

Group C Soils having a moderately high runoff potential due to dow infiltration rates. These soils
consist primarily of soils in which a layer exists near the surface that impedes the
downward movement of water or soils with moderately fine to fine texture.

Group D Soils having a high runoff potential due to very dow infiltration rates. These soils consist
primarily of clays with high swelling potential, soils with permanently high water tables,
soils with a claypan or clay layer a or near the surface and shalow soils over nearly
impervious parent material.

The NRCS has developed detailed soil surveys for al counties within Connecticut. From these
documents, the designer can determine the nature and relative percentages of the soils within a
given watershed. It isimportant to note that the level of effort required in the determination of soil
types is commensurate with the size of the watershed and the design objectives. Normally, in the
computation of discharge quantities for gutter flow analysis and related storm drainage design, a
detailed evauation of soil types is not necessary, as contributing areas adjoining highways are
usualy relatively small. However, in the design of cross culverts, channels or interceptor ditches the
determination of soil types will provide valuable assistance to the design engineer in the evaluation
of the runoff potential from a particular watershed.

The second factor for consideration in the determination of a runoff coefficient island use. As
unimproved areas are devel oped, the potentia for increased runoff becomes grester due to the loss
of vegetative cover, the reduction in retention by surface depressions and the increase in impervious
surface area. Table 6-4 lists recommended ranges for the runoff coefficient value classified with
respect to the genera character of the tributary area. The potential for future watershed
development should be considered by the designer.
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The fina element to be factored into the determination of runoff coefficients is the land slope.
As the dope of the drainage basin increases, the selected C value should aso increase. This is
caused by the fact that as the dope of the drainage area increases, the velocity of overland and
channel flow will increase alowing less opportunity for water to infiltrate the ground surface. Thus,
more of the rainfall will become runoff from the drainage area.

In summary, it should be reiterated that in assigning a value to the runoff coefficient for use in
the rational method, the engineer must rely heavily on experience and judgement.

Table 6-3 Recommended Coefficient Of Runoff For Pervious Surfaces By
Selected Hydrologic Soil Groupings And Slope Ranges

Slope A B C D

Flat 0.04-0.09 0.07-0.12 0.11-0.16 0.15-0.20
(0- 1%)

Average 0.09-0.14 0.12-0.17 0.16-0.21 0.20-0.25
(2- 6%)

Steep 0.13-0.18 0.18-0.24 0.23-0.31 0.28-0.38
(Over 6%)

Source:  Storm Drainage Design Manual, Erie and Niagara Counties Regiona Planning Board.

Table 6-4 Recommended Coefficient Of Runoff Values For Various Selected L and Uses

Description of Area Runoff Coefficients
Business: Downtown areas 0.70-0.95
Neighborhood areas 0.50-0.70
Residential: Single-family areas 0.30-0.50
Multi units, detached 0.40-0.60
Multi units, attached 0.60-0.75
Suburban 0.25-0.40
Residentia (0.5 ha (1.2 ac) lots or more) 0.30-0.45
Apartment dwelling areas 0.50-0.70
Industrial: Light areas 0.50-0.80
Heavy areas 0.60-0.90
Parks, cemeteries 0.10-0.25
Playgrounds 0.20-0.40
Railroad yard areas 0.20-0.40
Unimproved areas 0.10-0.30
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Table6-5 Coefficients For Composite Runoff Analysis

Surface Runoff Coefficients
Street: Asphalt 0.70-0.95
Concrete 0.80-0.95
Drives and walks 0.75-0.85
Roofs 0.75-0.95
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6.10 Analysis Of Stream Gage Data

6.10.1 Introduction

Many gaging stations exist throughout the State where data can be obtained and used for
hydrologic studies. If a project is located near one of these gages and the gaging record is of
sufficient length in time, a frequency analysis may be made according to the following discussion.
The most important aspect of applicable station recordsis the series of annual peak discharges. Itis
possible to apply a frequency analysis to that data for the derivation of flood-frequency curves.
Such curves can then be used in several different ways.

« If the subject site is at or very near the gaging site and on the same stream and watershed, the
discharge for a specific frequency from the flood-frequency curve can be used directly.

« If the facility site is located on the gaged stream but not at the gaging site, transferring the
known frequency discharge may be possible. (See Section 6.11)

« If the flood-frequency curve is from one of a group of severa gaging stations comprising a
hydrologic region, then regiona regression relations may be derived. Regiona regression
relations are usually furnished by established hydrologic agencies and the designer will not be
involved in their development. The Connecticut office of the USGS has developed regression
equations for rural watersheds in Connecticut. (See Section 6.12.)

Two methods of estimating flood frequency curves from stream gage data are provided in this
manual. The first method is a graphical procedure based on the Gumbel method. The second, a
statistical method, which makes use of the Log Pearson Type |11 frequency distribution.

6.10.2 Application

The designer shall use the stream gage anaysis findings for design when there is sufficient years
of measured or synthesized stream gage record. The most current stream gage data shall be used for
frequency analysis. The data should be obtained directly from the Connecticut office of the USGS.
The preferred method for analyzing stream gage data is the Log Pearson Type 111 method with the
Gumbel graphical method being used primarily as a check to insure errors are not made —
particularly with the frequency estimates of larger floods. Where series discrepancies 20% +/- are
encountered in the findings between the two methods, special studies may be required. These
gpecia studies shall consist of such things as comparison with regression equations, application of
other flood-frequency methods, and the collection and analysis of historical data. Ouitliers shall be
placed into perspective using the procedure found in Water Resources Council Bulletin 17B.

6.10.3 Graphical Method Procedure

In order to develop frequency-discharge information from stream gage data, arecord of 10 years
or moreis required. Gage stations with records which include controlled watershed runoff should be
avoided since the natural response to flood events may not have been recorded. The following steps
may then be taken to devel op aflood-frequency curve representing the data.

Step 1 The peak discharges for each water year are listed in chronological order. A water year
extends from October 1 through September 30.

October 2000 ConnDOT Drainage Manual



6.10-2 Hydrology

Step 2 After the discharges have been listed, they are then numbered in order of their magnitude;
that is, the highest discharge for a particular gaging station is assigned the number 1, then
next highest 2 and so on. The numbering system will indicate the relative distribution of
floods during a given period of years.

Step 3 The probability of exceedence, aso called the plotting position, for each annual peak flow is
computed using the formula:

plotting position = M/(N+1) (6.3)

Where: N = number of years of record
M = rank of agiven flood beginning with 1

Thereciprocal of the plotting position, (N + 1)/M, isthe recurrence interval in years.

The recurrence interval vs. discharge for each year is plotted on commercialy available log-
probability paper, with the recurrence interval or plotting position as the x-axis and the
magnitude of the associated discharge as the y-axis log scale. The data plots shown on the
graph illustrate the frequency distribution of the floods for a given station.

Step 5 If Gumbel paper is used the points should theoreticaly tend to fal in a straight line. This
specia paper has been devel oped so that sample datawill plot asastraight lineif the data are
distributed according to the formula:

FQ)=¢" (6.4)
Where, x =e%Q-P (6.5)
o =1.281/S (6.6)
p =Q°-0450S 6.7)
Q =meanflow
Q' = mean peak

S =sandard deviation

This paper is not available commercialy, but most USGS offices have prepared forms of the
paper on which the horizontal scale has been transformed by the double-logarithmic
transform of Equation 6.4.

Step 6 The recurrence interval and corresponding discharge is believed reliable up to a point where
the points fal appreciably out of line. Vaues read beyond this point are less reiable.
Extrapolation beyond the limits of the plotted pointsis not recommended.

Step 7 This frequency curve applies only to the point on the stream at which the gage is located.
The use of the flood frequency curve is as follows. enter with the desired frequency or RI
and read up to the geometric mean line, then move across to the discharge scale for the
design discharge. The reverse procedure is used when a discharge is known and information
on frequency is desired.
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Step 8 Flood frequency curves can also be plotted with stream stage rather than discharge as the
ordinate. This is somewhat more convenient when checking high water elevations at a
bridge site.

The analysis of gaged data permits an estimate of the peak discharge for the desired return
period at a particular site. A best fit line can be drawn through the data points by eye, and
the peak flow corresponding to the desired return period could be extracted from the curve.
Thisis a very subjective method and each designer may derive different estimates from the
same data set.  Experience has shown that statistical frequency distributions may be more
representative of naturally occurring floods and can be reliable when used for prediction.
Although severd different distributions are used for frequency analysis, experience has
shown the log-Pearson Type |11 distribution to be one of the most useful. The log-Pearson 111
distribution and the process of fitting it to a particular data sample are described in detail in
Water Resources Council Bulletin 17B, "Guidelines for Determining Flood Fow
Frequency," 1981. The following abbreviated procedure is taken from that publication.

In the course of preparing a frequency anaysis for a particular watershed, the designer will
undoubtedly encounter situations where further adjustments to the data are necessary. Specia
handling of outliers, historical data, incomplete data, and zero flow years is covered in detal in
Bulletin 17B.

The computer system HYDRAIN provides the Log Pearson 111 flood frequency analysis. The
analysis follows the Bulletin 17B guidelines for the calculation of a log-Pearson frequency curve
based on the mean, standard deviation and skewness of the logarithms of the recorded annua peak
flows.

6.10.4 Statistical Method Procedure
The log-Pearson Type |11 distribution is the recommended statistical method. This method is

defined by three standard statistical parameters. the mean, standard deviation and coefficient of
skew. These parameters are determined from the data sample, which normally consists of the peak
annual flows for a period of record. Formulas for the computation of these parameters are given
below:

Q=ZX)/N (mean of logs) (6.8)
Where: N = number of observations and X isthe logarithm of the annual peak.
The standard deviation of logsis:

St ={[ZX*- =X)*/N]/ [N - 1]}* 6.9)
The coefficient of skew of logsis:

G = [N’ EX}) - INEX)(EXY) +2(2X)’] / [N(N - (N - 2)S,7] (6.10)

Using these three parameters, the magnitude of the flood of the desired frequency can be determined
from the equation.
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log Q = Q.+ KS;. (6.11)

Where: log Q
Q
K

the logarithm of the flood magnitude.

the mean of the logarithms of the peak annual floods.

afreguency factor for a particular return period and coefficient of skew (Values
of K for different coefficients of skew and return periods are given in WRC
Bulletin 17B).

S = thestandard deviation of the logarithms of the peak annual flood.

If a flood frequency curve is necessary, then by computing severa values of Q for different
return periods, the log-Pearson fit to the data can be plotted on standard log probability paper. If the
skew of the sample data happens to be equal to zero, the plot of the log-Pearson fit to the data will
beastraight line. If the skew is negative the plot will be a curve with a downward concavity. If the
skew is positive, the plot will be a curve with upward concavity.

6.10.5 Skew

There are two alternative methods for determining the value of the skew coefficient to be used in
calculating the log-Pearson curve fit. The vaue of skew that is calculated directly from the gage
data using the above formulais called the station skew. This value may not be a true representation
of the actual skew of the data if the period of record is short or if there are extreme events in the
period of record. WRC Bulletin 17B contains a map of generalized skew coefficients of the
logarithms of annual maximum streamflows throughout the United States and average skew
coefficients by one degree quadrangles over most of the country.

Often, the station skew and the generalized skew can be combined to provide a better estimate for a
given sample of flood data. Bulletin 17B outlines a procedure for combining the station skew and
the generaized skew to provide aweighted skew.
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6.11 Transferring Gaged Data

6.11.1 Procedure

Gaged data can be transferred up or downstream on the gaged stream only. If the drainage area
for the location of concern is > 75% and < 125% of the drainage area at the gage, then the gaged
data can be transferred with equation 6.12.

6.11.2 Transfer Equation

The following equation shall be used to transfer gage data:

0.048 y—
0. /A _ AL08%/A )-1]

(English only)
Q, /A, Az[(0.894 / A,0-048 )1

(6.12)
Qi and A represent the discharge rate and watershed area at one point in the watershed and Q-
and A, represent the rate and area at the gage or known outlet which remain constant while Q; and

A are varied.

Q = discharge in cubic feet per second
A = drainage area in square miles

Source: Adopted from Mockus, V., SCS National Engineering Handbook, Section 4, Hydrology,
1972
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Ix = 24-hour rainfal, ininches. (See Figures 6.2 —6.6)
3) Apply the appropriate equation for the desired return frequency (See Table 6.6.)

4) Check degree of development in the watershed and adjust for urbanization, if required (Section
6.13).

6.12.3 Calibration

The results obtained from the application of USGS regression equations can be calibrated to
stream gage information when the ungaged stream has watershed characteristics (drainage area,
length, dope, coarse-grained dtratified drift, urbanization, etc.) which are smilar to a gaged
watershed. A step by step calibration procedure is outlined below.

1. Compute the frequency-discharges at the site of interest using the USGS regression equations
(Section 6.12).

2. Check USGS gage records to determine if a gaged watershed has similar characteristics
(drainage area, length, dope, etc.) to the ungaged watershed. Table 3 of the publication
entitled “Evaluation and Design of a Streamflow-Data Network for Connecticut” by L.A.
Weiss, 1983 (see reference list), provides a listing of the basin characteristics for the gages
used in the development of the regression equations. However, since considerable time has
elapsed since the completion of the regression study, the USGS must be consulted regarding
the most current streamflow information. If homogeneity of the watersheds is determined,
obtain the necessary streamflow data. If discharge-frequency information has not been
developed from the streamflow data, see Section 6.10.

3. Compute the frequency-discharges at the gage using the USGS regression equations.

4. Compare the computed discharges (Step 3) to the discharges determined from actual gage
records (Step2). An adjustment factor for a given storm frequency can be determined as the
ratio of the computed discharge (Step 3) to the gage discharge (Step 2).

5. Multiply the frequency-discharges for the site (Step 1) by the corresponding adjustment factor
as determined in Step 4. The resulting discharges represent the adjusted or calibrated
discharges for the site based on a comparative gaged watershed.

6. The determination of similarity between watersheds and the use of the unadjusted or adjusted
discharges requires considerable judgement of the engineer and should be clearly documented
in the hydrologic report.

6.12.4 500 Year Flood

Use Frequency-Discharge Curve using a straight line approximation plotted on Log-Probability
paper.
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Standard Error of Estimate

7.6(A)°(1,)?

Q2= L
_ & yo17(gy 1)°2
( ﬁ) (%A, +1)
+/- 36.7% (6.13)
Qoo |_6-6(A) “(1y)”
(7) 0.22 (% + 1) 0.19
s,
+/- 39.2% (6.14)
o il-z(A) ")
(7) 0.23 (% + 1)0.2
Js)
+- 42.2% (6.15)
Q. ZAN M)
(7)0.26 (% +1 0.2
Js.) T
+/- 44.2% (6.16)
Qo 2|_8-7(A)' (l100)"
(7) 0.27 (% + 1)0.22
s,
+/- 46.8% (6.17)

Table6-6 USGS Regression Equations For Connecticut
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6.13 USGS Regresson Equations— Adjustment for Basin Urbanization

6.13.1 Introduction

The United States Geological Survey has developed three sets of regression equations to estimate
flood discharges for ungaged urban sites for various recurrence intervals. Two sets of equations are
based on seven independent parameters and the third is based upon three independent parameters.
The three parameter estimating equations, listed in Table 6.6, are recommended for use where
applicable in the evaluation of urban peak discharges for ungaged sites with drainage areas between
1 and 100 square miles. For complete information regarding background data and research related
to the development of these equations, the reader is referred to the publication entitled "Food
Characteristics of Urban Watersheds in the United States, U.S. Geological Survey Paper 2207,"
dated 1983.

The Basin Development Factor (BDF) has been identified by the USGS as the most important
indicator of urbanization for use in the estimating equations. This factor, which provides a measure
of the efficiency of the drainage systems within an urbanizing watershed, is determined as explained
below. (See FHWA publication entitled "Highway Hydrology,” HDS-2, Second Edition, October
2002.)

6.13.2 Characteristics

The basin is first divided into three sections as shown in Figure 6.7. Each section contains
approximately a third of the drainage area of the watershed. Travel time is given consideration
when drawing these boundaries so that the travel distances along two or more streams within a
particular third are about equa. This does not mean that the travel distances of al three subareas are
equd; only that within a particular subareathe travel distances are approximately equal.

Within each section of the basin, four aspects of the drainage system are evaluated and assigned a
code, asfollows:

1) Channd Improvements - If channel improvements such as straightening, enlarging,
deepening and/or clearing are prevalent for the main drainage channel and principal
tributaries (those that drain directly into the main channdl), then a code of one (1) is
assigned. Any one, or al of these improvements would qualify for a code of one (1). To be
considered prevaent, at least 50 percent of the main drainage channel and principal
tributaries must be improved to some extent over natura conditions. If channel
improvements are not prevalent, a code of zero (0) should be assigned.

2) Channd Linings - If more than 50 percent of the main drainage channel and principal
tributaries have been lined with an impervious material, such as concrete, then a code of one
(1) isassigned. If lessthan 50 percent of these channels are lined, then a code of zero (0) is
assigned. The presence of channd linings would probably indicate the presence of channel
improvements as well. Therefore, this is an added factor and indicates a more highly
developed drainage system.

3) Storm Drains - Storm drains are defined as enclosed drainage structures (usualy pipes),
frequently used on the secondary tributaries where the drainage is received directly from
streets or parking lots. Quite often these drains empty into the main tributaries and channel
which are either open channels, or in some basins may be enclosed as pipes or box culverts.
When more than 50 percent of the secondary tributaries within a section consists of storm
drains, then a code of one (1) isassigned. If lessthan 50 percent of the secondary tributaries
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consist of storm drains, then a code of zero (0) is assigned. It should be noted that if more
than 50 percent of the main drainage channels and principa tributaries are enclosed, then the
aspects of channel improvements and channel linings would also be assigned a code of one
D).

4) Curb and Gutter Streets - If more than 50 percent of a subarea is urbanized (covered by
residential, commercia and/or industrial development), and if more than 50 percent of the
streets and highways in the subarea are constructed with curbs and gutters, then a code of
one (1) should be assigned. Otherwise, a code of zero (0) isassigned. Frequently, drainage
from curb and gutter streets will empty into storm drains.

The above guidelines for determining the various drainage system codes are not intended to be
precise measurements. A certain amount of subjectivity is involved. It is recommended that field
checking be performed to obtain the best estimate. The basin development factor (BDF) is
computed as the sum of the assigned codes (SEE BDF caculation sheet Table 6-7). With three
subareas per basin, and four drainage aspects to which codes are assigned in each subarea, the
maximum value for afully developed drainage system would be 12.

Conversdly, if the drainage system has not been devel oped, then a BDF of zero (0) would resullt.

The BDF is a simple index to estimate for an existing urban basin. The 50 percent guideline is
usualy not difficult to evaluate because many urban areas tend to use the same design criteria
throughout, and therefore the drainage aspects are similar throughout. Also, the BDF is convenient
to use for projecting future development. Projections of full development, or intermediate stages of
development, can usually be obtained from city engineers.

ConnDOT Drainage Manual October 2000
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Equations
USGS Three Parameter Estimating Equations
Standard error %
UQ,-13.2A°*(13- BDF) **RQ;"
+/- 43 (6.18)
UQ,—9.51A>**(13— BDF) **RQ}"
+/- 41 (6.19)
UQ,.—8.68A"*(13— BDF) **RQy™
+/- 43 (6.20)
UQ,, = 8.04A°>*(13— BDF) **RQ3*
+/- 44 (6.22)
UQ = 7.70A>"(13- BDF) %% RQl%gz
+/- 46 (6.22)
UuQ,, = 7.47A>*° (13- BDF) **RQ%%
+/- 52 (6.23)
Where:
UQr = thepeak discharge of recurrenceinterval, r, for an urbanized condition in cfs
A = thedrainage areain square miles
BDF = theBasn Development Factor
RQr = thepesak discharge of recurrenceinterva, r, for rural conditions
Table 6-6
October 2000 ConnDOT Drainage Manual
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f/ N

-_—
ouTLeT ® —_
{a) Long, narrow basin (b} Fan- shaped basin
S [}
/ ) T~ [ Mage Dwvide —
@ @ PRIV’ 0 ¢ Ctmmuns ¢ ¢ E——
. WoDLE N N

THIRD UPPER

THIRD

AN

OUTLET
(c) Short, wide basin

Schematic of typica drainage basin shapes and subdivision into basin thirds.
Note that stream-channel distances within any given third of a basin in the
examples are approximately equal, but between basin thirds the distances are
not equal, to compensate for relative basin width of the thirds.

Figure6-7 Subdivision of Watershedsfor Deter mination of Basin Development Factor
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Table6-7 BASIN DEVELOPMENT FACTOR CALCULATION SHEET

Basin Characterigtic Upper Third Middle Third Lower Third

Channel Improvements

Channdl Linings

Storm Drains or Storm
Saewers

Curb and Guitter Streets
Sub Totals

+ + = BDF
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6.14 Computer Programsfor Hydrologic M oddling

6.14.1 Introduction HEC-1 and TR-20

The "HEC-1" or “HEC-HMS’ computer program was developed by the U.S. Army Corps of
Engineers, Hydrologic Engineering Center to simulate flood hydrology in complex river basins. The
program entitled "Technica Release 20, Computer Program for Project Formulation, Hydrology",
(TR20), was written by the Hydrology Branch of the Soil Conservation Service, (SCS), now NRCS,
for use in the hydrologic evauation of flood events for water resource projects. Both are single
event models designed to estimate direct surface runoff resulting from synthetic or natural
rainstorms.

6.14.2 Application
These computer programs are recommended for use under the following circumstances:

1) The watershed under study is ungaged and significant reservoir or valey storage is present,
thereby preventing the use of regional regression equations.

2) A stormwater detention design or study is to be undertaken and reservoir routing computations
arerequired.

3) The designer must construct a model to smulate an actual storm event and sufficient data is
available to facilitate calibration of the results. (May be desirable or necessary in circumstances
which involve litigation).

4) Pre/post development peak discharge rates must be determined in order to document the effects
of aproposed activity.

5) A dam breach analysisisrequired.

6) May be used on any watershed, as is limited by individua computer program, and is
recommended when watershed exceeds the limits established by other methods.

In addition to the circumstances noted above, the Department may require the use of these or
smilar programs for various site specific reasons.

Due to the complex nature of these programs, it is not intended that this chapter provide the user
with comprehensive guidelines for program application. Rather, the ensuing text will provide a
brief overview of program capabilities and recommendations for report documentation.

6.14.3 Description

Program Descriptions and Modeling Recommendations

The Hydrologic Modding System HEC-HMS is designed to simulate the precipitation-runoff
processes of dendritic watershed systems. It supercedes HEC-1 and provides a smilar variety of
options but represents a significant advancement in terms of both computer science and hydrologic
engineering. In addition to unit hydrograph and hydrologic routing options, capabilities include a
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6.14-2 Hydrology

linear quasi-distributed runoff transform (ModClark) for use with gridded precipitation, continuous
simulation with either a one-layer or more complex five-layer soil moisture method, and a versatile
parameter estimation option.

HEC-1 This computer program smulates a) rainfall and/or snowmelt runoff from subbasins
within a watershed, b) flow through stream reaches, c) flows from urban aress, d) flow diversions,
and e) flow through reservoirs including a breached dam condition with a varying (degrading)
fallure section. Effectively, there is no limitation related to basin size as the program is suitable for
use in the analyss of watersheds which vary in size from small urban catchments to large, multi-
basin river systems. In order to transform rainfall values to runoff, a unit hydrograph or kinematic
wave approach is employed. The unit hydrograph, which is most commonly used, is the method
recommended by the Department unless it can be demonstrated by the designer that basin
characterigtics require the use of the kinematic wave method.

Point rainfall amounts for synthetic storms shall be those quantities presented in Table B-1 of
Appendix B of this chapter for the appropriate duration and return frequency. The model shall be
constructed such that multiple flood analyses are generated and to include as a minimum the 2, 10,
25, 50, 100 and 500 year events. In studies which involve large dams, the 1/2 Probable Maximum
Food (PMF) or Probable Maximum Food (PMF) may aso be required as directed by the
Department of Environmental Protection. The computer model shall be calibrated to a gage if
possible.

Times of concentration and travel times for use in the HEC-1 program shall be developed using
the methodology described in Appendix C of this chapter.

TR-20 Technica Release N0.20 is a computer program which computes direct runoff from a
rainstorm, generates flood hydrographs from surface runoff, and routes flow through channel
reaches or reservoirs. Output data includes peak discharges with related times of occurrence and
water surface elevations at designated cross sections or structures.  With the exception of the
channel routing routine (Modified Att-Kin Method), TR-20 is based upon the methodologies
contained in the NRCS (formerly SCS) Nationa Engineering Handbook, Section 4, Hydrology,
commonly referred to as NEH 4.

Based on the assumption that rainfall depth is uniformly distributed throughout the watershed,
the areal limitations for subcatchment or overall basin size range from approximately 0.25 knt (0.1
mi?) to 1035 km? (400 mi?).

As required with the HEC-1 program, the hydraulic engineer shall utilize the rainfall data
presented in Table B-1 of Appendix B of this chapter as input for the desired storm event. The
rainfall distribution for all watersheds in Connecticut shal be the 24 hour "Type III" storm as
recommended by the NRCS, and Appendix C methodologies shall be used for time of concentration
and travel time computations.

All hydrologic studies performed utilizing TR-20 for watersheds greater than 2.59 sguare
kilometers (one square mile) shall include multiple flood analyses to include the 2, 10, 25, 50, 100
and 500 year events, except where dam studies require the analysis of probable maximum floods.

The computer model shall be calibrated to a gage station if possible.

TR-55 Urban Hydrology for Small Watersheds, Version 2.0. This Rainfall Runoff Model was
developed by the US Soil Conservation Service, now known as the Natural Resources Conservation
Service (NRCYS). TR-55 presents simplified procedures to calculate storm runoff volume, peak rate
of discharge, hydrographs, and storage volumes required for flood water reservoirs. These
procedures are applicable in small watersheds, especidly urbanizing watersheds, in the United
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States. The primary functions of the program are for peak runoff computations using the Graphical
Peak Discharge Method, the Tubular Peak Discharge Method and Temporary Storage. Support
functions include the computation of the runoff curve number (CN), the Time of concentration (Tc)
and travel time through a subarea (Tt). Limits:. NRCS type distributions, 24-hour duration rainfall,
10 subwatersheds, minimum 0.1 hour and maximum 10-hour time of concentration.

6.14.4 Schematic

A watershed schematic representing the physical subbasin elements and their interrelationships
shall be constructed for al cases in which a computer program is used to develop a hydrologic
model.

6.14.5 Documentation

Input Data Documentation

All input parameters used in hydrologic computer models shall be fully documented for inclusion
in a hydrologic design report. The designer must submit, as appropriate, watershed mapping which
indicates overall basin limits and subbasin divides, T and T; computations including flow paths for
the various elements, curve number determinations, soil type determinations based on appropriate
mapping, cover types or zoning information, stage/storage/discharge relationships for reservoir
routing, structure routing, channel routing data and any other pertinent data.
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6.15 Hydrology for Temporary Facilities

6.15.1 Introduction

Temporary hydraulic facilities include, among other things, al channels, culverts, bridges or
channel constrictions such as cofferdams which are required for stage construction, haul roads,
channel relocations, culvert installations, bridge construction, temporary roads, or detours. They are
to be designed in the same level of carethat is used for the primary facility.

These designs are to be included in the plans for the project. Appendix F of this chapter
provides a procedure to determine the temporary design flood frequency based on the percent
design risk and rating selection factors. Section 9.6.12 of Chapter 9, Bridges, discusses the
hydraulic design of temporary facilities.

6.15.2 Detours And Temporary Roadways

Drainage systems for these are to be designed for a 2-year frequency if the roadway is required
for ayear or less and a 5-year frequency if required for longer than a year. All other temporary
hydraulic facilities connected with these roads are to be designed for frequencies as determined by
using Section 6.15.4.

6.15.3 Haul Roads

Hydraulic facilities for haul roads which cross or encroach into a watercourse are to be designed
for afrequency as determined by using a Design Risk of 50% in step 3 of Appendix F. Asageneral
rule, to avoid excess upstream flooding, the profile of the road should connect the tops of the
channel embankments and the road designed to be overtopped by those events which exceed the
design discharge. Sufficient cover must be provided over the temporary conduit to insure structural
integrity. The structural analysis of the conduit isto be included with the design.

The plan is to include a warning to the contractor that this road is expected to be under water
during certain rainfall events for undetermined lengths of time.

6.15.4 Other Hydraulic Facilities
The selection of a design flood frequency for the remaining temporary hydraulic facilities
involves consideration of severa factors. These factors are rated considering their severity as 1, 2,

or 3 for low, medium or high conditions. Appendix F provides a step by step procedure for
determining the design flood frequency.
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6.16 Average Daily and Spring Flows

For gaged streams where the gage is within reasonable proximity to the project site, average
daily and spring flows will be determined by review of the available gage records.

For ungaged streams the average daily and spring flows will be computed by the following
equations.

Average Daily Flow:
Qan(cms) = [A (km?)]** * 0.0208 ( Qap(cfs) = [A (sm)]*®* 1.87) (6.24)

Average Spring Flow:
Qas(cms) = [A (km?)]*%8 * 0.04 ( Qas(cfs) = [A (sm)]*%8 * 3.62) (6.25)
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Appendix A - Design Frequencies

Design frequencies for hydraulic facilities related to transportation projects shall be as follows:

ITEM DESIGN FREQUENCY
Curb inlet/storm drainage system 10 year (Note 1) also Chapter 11, Storm Drainage
Systems
Channelg/ditches
(Not conducting a watercourse) 10 year (Note 6) aso Chapter 7, Channels
- Watercourse channels 50 year (minimum) also Chapter 7, Channels
(Note 2)
- Culverts
Watershed area < 2.59 km? (1 mi?) 50 year (Notes 3,4,5) also Chapter 8, Culverts
Watershed area > 2.59 km (1 mi?) 100 year (Notes 3,4) also Chapter 8, Culverts
Bridges 100 year (Notes 3,4) Also see Chapter 9, Bridges
Detention facilities See Storage Chapter 10, Storage Facilities
Pumping Stations 50 year - Expressways

25 year - Other roads

NOTES:

1. Depressed expressways will be analyzed for a fifty (50) year frequency and all other depressed
roads for a twenty-five (25) year frequency. The floods from these storms will not be allowed
to close the facility to traffic.

Depressed Expressways or Roadways are defined as sag vertical curves where water is
removed only through a storm system. This does not apply to a sag vertical curve in a fill
section where the water would escape over berms and curbs and down an embankment. The
procedure is to design the drainage inlets and storm system for a 10 year frequency and then to
impose the higher frequency storm on the inlets and storm system. If the higher frequency
storm closes the facility to traffic then additional inlets and/or larger pipes will be required.

2. All watercourse channels shall be analyzed for the 2, 25, 50 and 100 year storms at a minimum.
All perennia watercourse channels shall incorporate an inner channel to concentrate the 2 year
design frequency and low flows. Certain activities, such as the congtruction of channel
segments contiguous to flood improvement projects or channel construction adjacent to areas
that must be protected from flooding could require a higher frequency for design. (See Chapter
7, Channels))

3. All culvert/bridge designs generated using the designated frequencies shall be checked using a
flood of greater magnitude to ensure that there are no unexpected flood hazards. For watershed
> 2.59 kn? (1 mi?) the 500 year flooding event will also be evaluated. For “critical activities” as
defined in the Flood Management Regulations for State agencies (Section 25-68b-25-68h, CGYS)
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and for certain extremely large structures, the design storm frequency shall be the 500 year
event. For watersheds <2.59 km? (1 mi®) which convey a watercourse the 100 year flooding
event will be evaluated. (See Chapter 9, Bridges.)

4. Rating curves shal be developed to document the performance of the proposed facility over a
full range of storm events including the highway overtopping discharge or frequency where
practical.

5. If the cross culverts with watershed areas <2.59 kmv* (1 mi®) that do not convey a watercourse a
25 year frequency shall be used. (Also see Chapter 8, Culverts.)

6. The design frequency used for the design of bridges or culverts shall be used for any channel
improvements associated with the design.
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Appendix C - Time Of Concentration

6.C.1 Introduction

Travel time (Ty) is the time it takes runoff to travel from one location to another in a watershed
(subreach) and is a component of time of concentration (Tc), which is the time for runoff to travel
from the hydraulicaly most distant point of the watershed to a point of interest within the
watershed. T.iscomputed by summing all the travel times for consecutive components of the
drainage conveyance system.

Following is a discussion of procedures and equations for calculating time of concentration and
travel time.

6.C.2 Time Of Concentration

Thetime of concentration, which isdenoted as T, ,is defined as the time required for a particle of
runoff to flow from the hydraulically most distant point in the watershed to the outlet or design
point. Factorsthat affect the time of concentration are the length of flow, the dope of the flow path,
and the roughness of the flow path. For flow at the upper reaches of a watershed, rainfall
characteristics, most notably the intensity, may a so influence the velocity of the runoff.

The time of concentration equals the sum of the travel times on each segment of the principal
flow path, accordingly, it is useful to describe the segments of flow paths. Sheet flow occursin the
upper reaches of awatershed. Such flow occurs over short distances and at shallow depths prior to
the point where topography and surface characteristics cause the flow to concentrate in rills and
swales. The depth of such flow is usually 20 to 30mm (3/4 into 1 in) or less. Concentrated flow is
runoff that occurs in rills and swales and has depths on the order to 40 to 100 mm (1.5 in to 4 in).
Part of the principal flow path may include pipes or small streams. The travel time through these
segments would be computed separately. Velocities in open channels are usualy determined
assuming bank-full depths.

The following equation represents the time of concentration which is the sum of the travel times
(T¢) vauesfor the various consecutive flow segments:

Tc = th_ + th + ... Ttm (6C1)
Where T, = timeof concentration, h
m = number of flow segments
Tim = trave time segment, h
6.C.3 Trave Time, T;
Water moves through a watershed as sheet flow, shallow concentrated flow, open channel flow,

or some combination of these. The type that occurs is a function of the conveyance system and is
best determined by field inspection.
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6.C.4 Shect-Flow Trave Time, T,

Sheet flow is a shallow mass of runoff on a plane surface with the depth uniform across the
doping surface. Typically flow depths will not exceed 30mm (1 in). Such flow occurs over
relatively short distances, rarely more than about 91.4m (300 ft), but most likely lessthan 46m
(150 ft). Sheet flow rates are commonly estimated using the NRCS TR-55 (1986) variation of the
kinematic wave equation:

0.091(nL)®*® 0.007(nL)%®
T QBT (- 000U, 6ca
Where T; = trave time h
n = Manning s roughness coefficient (values of n can be obtained from Table C.1)
L = flow length, m (ft)
S = dopeof the hydraulic grade line (land dope), m/m (ft/ft)
P, = 2year, 24 hour rainfal depth, mm (in) (See Table B-1.)

TR-55 recommends an upper limit of L=91.4m (300 ft) for using Equation 6.C.2, although others
have suggested that 91.4m (300 ft) is too long of a flow length for Connecticut so engineering
judgement should be used when selecting the flow length.

Travel timeistheratio of flow length to flow velocity:

T, =L/(3600V) (6.C.3)
Whee T, = trave time h
L = flow length, m (ft)
V = averagevelocity, m/s (ft/s)
3600 = converson factor from secondsto hours.
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n Surface Description
0.011 Smooth asphalt
0.012 Smooth concrete

0.05 Fallow (no residue)
Cultivated soils
0.06 | Residue cover = 20%
0.17 | Resdue cover >20%
0.13 Range (natural)

Grass
0.15 Short grass prairie
0.24 Dense grasses
041 Bermuda grass
Woods**

0.40 Light underbrush
0.80 Dense underbrush

Table C-1 Mannings' s Roughness Coefficient (n) for Overland Sheet Flow*
*  Vdues obtained from NRCS TR-55 (1986) and McCuen (1989).

** When selecting n for woody underbrush, consider cover to a height of about 25mm (1in).
Thisisthe only part of the plant cover that will obstruct sheet flow.

6.C.5 Shallow Concentrated Flow Travel Time
After a maximum of 91.4 m (300 ft), sheet flow usualy becomes shallow concentrated flow.

The average velocity for this flow can be determined from equations 6.C.4 and 6.C.5, in which
average velocity is a function of watercourse dope and type of channel.

Unpaved V =49178(9%° (V= 16.1345()>) (6.C.4)
Paved V =6.1961(5% (V= 20.3284(5)™) (6.C.5)
Where: V = average velocity, m/s (ft/s)

s = dope of hydraulic grade line (watercourse dope), m/m (ft/ft)

These two equations are based on the solution of Manning's equation with different assumptions
for n (Manning's roughness coefficient) and r (hydraulic radius, m (ft)). For unpaved areas, n is
0.05andris0.12 m (0.4 ft); for paved areas, nis0.025 and r is0.06 m (0.2 ft).

After determining average velocity, use equation 6.C.3 to estimate travel time, T, for the shallow
concentrated flow segment.
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6.C.6 Open Channed Flow Travel Time

Open channels are assumed to begin where surveyed cross section information has been
obtained, where channels are visible on aerial photographs, or where blue lines (indicating streams)
appear on United States Geological Survey (USGS) quadrangle sheets. Manning's equation or
water surface profile information can be used to estimate average flow velocity. Average flow
velocity is usualy determined for bank-full elevation but may change with respect to stream reach.

Manning's equation is
V=(0*s?%mn (V=497 5"?)mn) (6.C.6)

where: V
r

average velocity, m/s (ft/s)
hydraulic radius, m (ft) (equal to apy)
cross sectional flow area, n?* (ft?)
wetted perimeter, m (ft)
dope of the hydraulic grade line (watercourse slope), m/m (ft/ft)
Manning's roughness coefficient (see Appendix A of Chapter 8, Culverts and Table
7-1 of Chapter 7, Channels)
After average velocity is computed using equation 6.C.6, T; for the channel segment can be
estimated using equation 6.C.3.

a
Pw
S
n

6.C.7 Reservoir Or LakeFlow Trave Time

Sometimesit is necessary to compute a T; for awatershed having arelatively large body of water
in the flow path. In such cases, T; is computed to the upstream end of the lake or reservoir, and for
the body of water the travel time is computed using the equation:

V= (@Dm)> (6.C.7)
Where:V,, = thewave velocity across the water, m/s (ft/s)

g = 981m/s(322ft)

Dm = mean depth of lake or reservoir, m (ft)

Generdly, V,, will be high 2.44 - 9.14 m/s (8-30 ft/s).

One must not overlook the fact that equation 6.C.7 only provides for estimating travel time
across the lake and for the inflow hydrograph to the lake's outlet. It does not account for the travel
time involved with the passage of the inflow hydrograph through spillway storage and the reservoir
or lake outlet. This time is generaly much longer and is added to the travel time across the lake.
The travel time through lake storage and its outlet can be determined by the storage routing
procedures in the Storage Chapter. Equation 6.C.7 can be used for swamps with much open water,
but where the vegetation or debris is relatively thick (less than about 25% open water), Manning's
equation is more appropriate. For additional discussion of equation 6.C.7 see King's Handbook of
Hydraulics, fourth edition, page 8-50, or Elementary Mechanics of Fluids, by Hunter Rouse, John
Wiley and Sons, Inc., 1946, page 142.

After wave velocity is computed using equation 6.C.7, T; for the reservoir or lake can be
estimated using equation 6.C.3.
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6.C.8 Limitations

* Manning's kinematic solution should not be used for sheet flow longer than 91.4 m (300 ft).
Equation 6.C.2 was developed for use with the four standard rainfal intensity-duration
relationships.

* In watersheds with storm drains, carefully identify the appropriate hydraulic flow path to
estimate T.. Storm drains generally handle only a small portion of a large event. The rest of
the peak flow travels by streets, lawns, and so on, to the outlet. Consult a standard hydraulics
textbook to determine average velocity in pipes for either pressure or nonpressure flow.

* A culvert or bridge can act as a reservoir outlet if there is significant storage behind it.
Detailed storage routing procedures should be used to determine the outflow through the
culvert.
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Time of Concentration Worksheet (Page 1 of 3)

Project No. By Date

Location Checked Date

Circleone:  Present Developed
Circleone:  metric units English units

NOTES: Space for as many as two segments per flow type can be used for each worksheet.
Must include a map showing travel time flow paths.

Sheet flow (Applicable to T, Segment

only) ID

1  Surface description
(Table6.C.1)

2 Manning' s roughness
coeff., n
(Table6.C.1)

3 Fow length, L m (ft)
(See Section 6.C.4)

4  Two-yr 24-hr rainfal, P, mm (in)
(Table B-1)

5 Landdope s m/m (ft/ft)

6 Travel Time, Ty h + =
(Equation 6.C.2)

Shallow concentrated flow Segment

ID

7  Surface description
(paved or unpaved)

8 Fow length, L m (ft)

9 Watercourse dope, s m/m (ft/ft)

10 Averagevelocity, V m/s (ft/s)
(Equation 6.C.4 or 6.C.5)

11 Travel Time, Ty h + =
(Equation 6.C.3)
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Time of Concentration Worksheet (Page 2 of 3)

Channel flow Segment
ID

12 Crosssectiona flow area, a  n? (ft?)

13 Wetted perimeter, pw m (ft)

14 Hydraulicradius, r=alp,  m(ft)

15 Channe dope, s m/m (ft/ft)

16 Manning'sroughness
coeff., n(Table7-1 &
Append. A, Ch. 8)

17 Average velocity, v m/s (ft/s)
(Equation 6.C.6)

18 How length, L m (ft)

19 Travd Time, T; h + =
(Equation 6.C.3)

Channd Section ID Channd Section ID
Schematic Schematic
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Time of Concentration Worksheet (Page 3 of 3)
Reservior or lake flow Segment
ID

20 Mean depth of lake or m (ft)

reservoir, Dpy,
21 Wave vdocity acrossthe m/s (ft/s)

water, Vy
22 Trave time, T; h +

(Equation 6.C.3)

Total Tc=(add T in steps 6, 11, 19, and 22)
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Appendix D —Hydrologic Design Report For mat

6.D.1 Introduction

Hydrologic studies for al watersheds greater than 81 ha (200 acres) shall be documented using
the following report formats. For smaller areas, the degree of report documentation shall be
commensurate with the complexity of the associated hydraulic design.

6.D0.2 Submittal

Preliminary hydrologic studies should be completed as early as possible during the design phase
of aproject. Studies completed should initially be documented in accordance with the report format
and submitted for review by the Hydraulics and Drainage Section. Following this review, and upon
incorporation of recommended revisions as necessary, the hydrologic study shall be completed and
the design can start.

6.D.3 Hydrologic Design Report
Thefollowing shal be included in the draft and final reports:

1. Narative to include stream name, general basin description, location of study Ste,
hydrol ogic design method used, design frequency, etc.

2.  Watershed area map showing overall basin boundary and subarea delineations. The scale
and overall size of this map shall be as required for the watershed under study; the map
may accompany the report as a separate item.

3. Completelisting of al input data with supporting computations and materials.

4. Tabulation of regresson equation results or copy of computer model printout, as
applicable. Computer printouts shal include complete input data and the resultant,
unabbreviated outpuit.

5. Hood frequency curves.

6. Information regarding the flood of record with associated high water marks, if available.
Describe any unique circumstances which caused or contributed to the flood of record,
such as an upstream dam break, high tailwater condition downstream, or debris blockage at
thesite.

7. Brief narrative summary of study results.

8. A copy of the computer disk(s).

9. The signature with Connecticut seal and professional engineer number of the approved
hydraulic engineer who prepared or supervised the preparation of the report. The report

shal aso include the names identifying the responsible engineers who prepared and
checked the work.
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Appendix E —Major Flood Eventsin Connecticut Since 1927

FigureE-1 November 1927 Flood
FigureE-2 March 1936 Flood
FigureE-3 September 1938 Flood
FigureE-4 January 1949 Flood
FigureE-5 August 1955 Flood
FigureE-6 October 1955 Flood
FigureE-7 January 1978 Flood
FigureE-8 January 1979 Flood
FigureE-9 June 1982 Flood
Figure E-10 June 1984 Flood

Figure E-11 June 1992 Flood

Note:

These maps were developed from various sources of hydrologic data and are intended to provide a
general overview of magor flood events experienced in Connecticut. They are based on limited
information and should be used as a tool to determine the magnitude of flood experienced in a
particular region in the State.

It is strongly recommended that more current and detailed information be collected when studying a
specific ste aong a stream reach.  Stream flow data and floods of records are available through the
USGS Water Resources Division.

Rainfall and/or gauge data identifying a flood event specific to a site may not be consistent with the

genera information presented in the flood maps. It is the more detailed, site specific information
that should be used in lieu of the general information provided herein.
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Appendix F —Hydrology for Temporary Facilities

Step 1. Determine Impact Ratings

The following selection factors are rated considering their severity as 1, 2, or 3 for low,
medium or high conditions.

Potential Loss of Life - If inhabited structures, permanent or temporary, can be inundated or are
in the path of aflood wave caused by an embankment failure, then this item will have a multiple of
15 applied. If no possibility of the above exists, then loss of life will be the same as the severity
used for the A.D.T.

Property Damages - Private and public structures (houses, commercial, or manufacturing);
appurtenances such as sewage treatment and water supply; utility structures either above or below
ground, are to have a multiple of 10 applied. Active cropland, parking lots, recreational areas are to
have amultiple of 5 applied. All other areas shall use the severity determined by site conditions.

Traffic Interruption - Includes consideration for emergency supplies and rescue; delays;
alternate routes; busses; etc. Short duration flooding of alow volume roadway might be acceptable.
If the duration of flooding is long (more than a day), and there is a nearby good quality aternate
route, then the flooding of a higher volume highway might also be acceptable. The severity of this
component is determined by the detour length multiplied by the average daily traffic projected for
bi-directional travel.

Detour Length - The length in kilometers (miles) of an emergency detour by other roads should
the temporary facility fail.

Height Above Streambed - The difference in elevation in meters (feet) between the traveled
roadway and the bed of the waterway.

Drainage Area - Thetotal area contributing runoff to the temporary facility, in km? (mi?).

Average Daily Traffic - The average amount of vehicles traveling bi-directional through the area
in a24-h period.

RATING SELECTION

Factor Rating

1 2 3
Lossof Life See Instructions
Property Damage See Ingtructions
Traffic Interruptions <2000 2000-4000 > 4000
Detour Length, km (mi) <8(<5H) 8-16 (5-10) >16 (> 10)
Height Above Streambed, m (ft) <3 (< 10) 3-6 (10-20) >6(>20)
Drainage Area, km? (mi?) <26(<1) 2.6-26.0 (1-10) >26.0 (> 10)
Rura ADT <400 400-1500 > 1500
Suburban ADT <750 750-1500 > 1500
Urban ADT < 1500 1500-3000 > 3000
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IMPACT RATING TABLE

Loss of Life Rating (See Instructions)=
Property Damage Rating (See Instructions) =
Traffic Interruption Rating =

Detour Length Rating =

Height Above Streambed Rating =

Drainage Area Rating =

Average Daily Traffic Rating =

Total Impact Rating = (sum of the above) =

Step 2: Determinerisk percentage Step 3: Determine Temporary Design Frequency

DESIGN RISK VS. IMPACT RATING DESIGN FREQUENCY (YEAR)
100 g 50 -
7] 73 P s Prd
I; g 0 2 Year / //
0] o 0 3Ye;a/ ]
a ‘ a 5 Year 1 |
o \\\ a 2 /// AT lovear f—1
4 Z
o \ 5 / // A 25 Year
10870 20 30 40 50 00369121518212427303336
TOTAL IMPACT RATING ANTICIPATED TIME OF USE IN MONTHS
(for temporary facility)
Per cent Design Risk = Design Frequency = years

Step 4:  Determine Temporary Design Discharge

A. If sufficient discharges have been developed either by the designer or a Flood Insurance Study,
then the Temporary Design Discharge should be taken either directly or from afrequency curve
plot of the data, based on the design frequency determined in Step 3. Enter the Temporary

Design Discharge below. If Discharge — Frequency information is unavailable, proceed to Step
4B.

Temporary Design Discharge = m/s ( cfs)
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B. Useonly when Discharge — Frequency information is unavailable

(1) Determine Multiplier Ratio

Year Multiplier Year Multiplier
20 0.8 10.0 19

3.0 12 25.0 2.7

50 14

(2) Compute the Temporary Design Discharge from the following equations

Multiplier x 0.27 (Qsoyr ) = me/s cfs)

Multiplier x 0.20 (Quooyr, ) = m’/s ( cfs)

(3) Select the higher of the two discharges computed in Step 4B-(2). Enter discharge below.

Temporary Design Discharge = m¥s( cfs)
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7.1 Introduction

711 Purpose

The purpose of this chapter is to establish Department practice, specify design criteria, review
design philosophy, and outline channel design procedures.

Hydraulic design associated with natural channels and roadway ditches is a process which
sdlects and evauates dternatives according to established criteria. These criteria are the standards
established by the Connecticut Department of Transportation to insure that a highway facility meets
its intended purpose without endangering the structural integrity of the facility itself and without
undue adverse effects on the environment or the public welfare.

7.1.2 Definitions
» Open channelsareanatural or artificial conveyance for water in which:

* thewater surface is exposed to the atmosphere
* 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:

e natura channe
» roadside channel or ditch
 drainage ditch or swale

e Natural watercourse channdlsare:

 dynamic channels with their size and shape determined by natural forces

 usudly but not ways are compound in cross section with a main channel for conveying low
flows and afloodplain to transport flood flows

» shaped geomorphologically by the long term history of sediment load and water discharge
which they experience

» Artificial channésinclude roadside channels, drainage ditches and swales which:
* have regular geometric cross sections (athough this is not always the case for overbank areas)
. :(S unlined, or lined with artificial or natural material to protect against erosion
While the principles of open channd 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.
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7.1.3 Significance

Channel analysis is necessary for the design of transportation drainage systems in order to
aSSESS:
potential flooding caused by changes in water surface profiles
disturbance of the river system upstream or downstream of the highway right-of-way
changesin latera flow distributions
changesin velocity or direction of flow
need for conveyance and disposal of excess runoff
need for channel lining to prevent erosion
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7.2 ConnDOT Design Practices

721 Genera

e Channd designs and/or designs of highway facilities that impact channels shall satisfy the
policies of the Federa Highway Administration applicable to flood plain management if
Federal funding isinvolved.

» Coordination with Federal, State, and local agencies concerned with water resources planning
shall have high priority in the planning and design of highway facilities.

o Sdafety of the genera public shall be an important consideration in the selection of cross-
sectional geometry of artificial drainage channels.

» Stability is the god for all channels that are located on highway right-of-way or that impact
highway facilities.

* Environmenta impacts of channel modifications, including disturbance of fish habitat,
wetlands, and stream bank stability shall be assessed.

7.22 ConnDEP Requirements

The following definitions and design criteria for open channels taken from Section 25-68h-
3(d)(2) through (6) of the Flood M anagement Statutes and Administrative Regulations shall be
incorporated into al ConnDOT projects.

e Open Channels.

The analysis and design of open channels shal be consistent with the type of channel and its
intended purpose. Channels shall be classified as loca drainage channels or as watercourse
channels, depending on use, and shall be classified as aluvia or non-alluvia based upon their
geologic characteristics.

* Type A open channels are local drainage channels with a primary purpose of conveying urban,
parking lot and road runoff from small watersheds, frequently with intermittent flow and limited
ecologica value and are intended to convey their design flow within their banks. The following
shall be included as required:

» Freeboard alowances shall be provided in proportion to the potentia damages that could
occur in the event of overtopping

» The use of impervious linings is discouraged except for very high velocity flow and steep
dopes

* Type B open channels are natural perennia watercourses or man made channels planned to
simulate a natural watercourse. The following shall be included where appropriate:

 Shall have minimum flow capacity of aflood equal to at least 25 year frequency flood.

» Shal have an inner channel to concentrate low flows with a capacity of a 2 year frequency
flood.

» Shall have water surface profiles prepared for the 2, 25, and 100 year frequency floods.

» Shall consider the hydraulic capacity of floodplains.

» Shall have a sediment transport capacity smilar to upstream and downstream channels.
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7.2-2 Channels

» Shall be designed to minimize the use of artificia linings for flows in excess of the two year

frequency flood.

Shall encourage ecological productivity and variety.

Shall be visualy compatible with its surroundings.

The aignment and dope shall be compatible with natural channelsin smilar site conditions.

Variations in width, depth, invert elevations, and side dopes are encouraged for aguatic and

visual diversity.

» Straightening channels and decreasing their length is discouraged.

* The cross sections used to define the channel and floodplain geometry for water surface
profile computations shall be located upstream and downstream of hydraulic structures, at
changes in bed dope or cross section shape, and generadly at intervas of not more than ten
times the width of the 100 year floodplain.

» The friction coefficients used in the hydraulic analysis are to assume maximum seasonal
vegetation conditions, and should be adjusted to the depth of flow.

* Channd restoration plans shal be prepared for al open channel work. The plan shall help
restore and/or create an agquatic habitat suitable for fisheries, while maintaining or improving water
quality, recreation, aesthetics and flow capacity. Coordination with the Fisheries and Wildlife
Unitsof ConnDEP isrecommended. The channel restoration plan shall include, as appropriate:

Avoidance of barriers to fish movement

Formation of pools and riffles

Provision for areas of sheltered flow with use of deflectors, boulders, low check dams
Preservation of stream bank vegetation and establishment of new vegetation

Use of clean bed materials of a suitable size

Schedule work to minimize conflicts with spawning, stocking, and fishing seasons
Removal of excess debris

» Thedesign of rock riprap in channels with uniform flow shall be based upon the tractive force
methods defined in both this manua and the Connecticut Guidelines for Erosion and Sediment
Control.

» The hydraulic analysis and modification of watercourses proneto ice jams or floods duetoice
should be coordinated directly with the ConnDEP.

* The water surface profiles of open channels in coastal areas shall consider the potential
combined occurrence of tides, storm surges, and peak runoff. The starting water elevation for the
base flood in watersheds with times of concentration of over 6 hours shall be the ten year frequency
tidal surge level.
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7.3 Design Criteria

731 General

Design criteria establish the standards by which practices are placed into action. They form the
basis for the selection of the fina design configuration. Listed below are examples of design criteria
which shall be considered for channel design.

7.3.2 Roadsde Channels(TypeA)

The following criteria apply to roadside channels:

Channel side dopes shdl not exceed the angle of repose of the soil and/or lining and shall be
1V:2H or flatter in the case of rock-riprap lining and 1V:3H in the case of vegetative lining.
Flexible linings shall be designed according to the method of alowable tractive force.

The design discharge for permanent roadside ditch linings shal have a 10-year frequency
while temporary linings shall be designed for the 2-year frequency flow.

Channel freeboard shall be 0.3 m (1 ft) or two velocity heads, whichever islarger.

ConnDEP requirements for Type A channels shall be included in the design (see Section
7.2.2).

7.3.3 Natural Channels(Type B)

The following criteria applies to watercourse channels.

If relocation of a natural channel is unavoidable, the cross-sectiona shape, meander, pattern,
roughness, sediment transport, capacity, channel dope, and side sope shal conform to the
existing conditions insofar as practicable. Some means of energy dissipation may be
necessary when existing conditions cannot be duplicated.

Streambank stabilization shal be provided, when appropriate, as a result of any stream
disturbance or encroachment and shall include both upstream and downstream banks when
required, aswell asthe local site.

ConnDEP requirements for Type B channels shal be included in the design (see Section
7.2.2).
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7.4 Open Channel Flow

741 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) can be applied to open channel flow with the additional
complication that the position of the free surface is usually one of the unknown variables. The
determination 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.

7.4.2 Specific Energy

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%) 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=vy+a(V%20) (7.1)

Where: y = depth, m (ft)
a = velocity distribution coefficient (see equation 7.2)
V= mean velocity, m/s (ft/s)
g = gravitational acceleration, 9.81 m/s* (32.2 ft/s°)

The velocity distribution 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.

7.4.3 Velocity Distribution Coefficient

Due to the presence of a free surface and also due to friction along the channel boundary, the
velocities in a channel are not uniformly distributed in the channel section. As a result of
nonuniform distribution of velocities in a channel section, the velocity head of an open channel is
usually greater than the average velocity head computed as (Q/A)*/2g. A weighted average value
of the velocity head is obtained by multiplying the average velocity head, above, by a velocity
distribution coefficient, o, defined as:

o =n Z(KTADKEIAD (7.2)
i=1

Where: K; = conveyance in subsection (see equation 7.8)

K; = total conveyance in section (see equation 7.8)
A; = cross-sectional area of subsection, m” (%)

A, = total cross-sectional area of section, m” (ft*)
n = number of subsections
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7.4.4 Total Energy Head

The total energy head is the specific energy head plus the elevation of the channel bottom
with respect to some datum. The locus of the energy head from one cross section to the next
defines the energy grade line. See Figure 7-1 for a plot of the specific energy diagram.

7.4.5 Steady and Unsteady Flow

A steady flow is one in which the discharge passing a given cross section is constant with respect
to time. The maintenance of steady flow in any reach requires that the rates of inflow and outflow
be constant and equal. When the discharge varies with time, the flow is unsteady.

7.4.6 Uniform Flow and Nonuniform Flow

A nonuniform flow is one in which the velocity and depth vary in the direction of motion, while
they remain constant in uniform flow. Uniform flow can only occur in a prismatic channel, which
is a channel of constant cross section, roughness and slope in the flow direction; however,
nonuniform flow can occur either in a prismatic channel or in a natural channel with variable
properties.

7.4.7 Gradually-Varied and Rapidly-Varied

A nonuniform flow in which the depth and velocity change gradually enough in the flow
direction that vertical accelerations can be neglected, is referred to as a gradually-varied flow;
otherwise, it is considered to be rapidly-varied.

7.4.8 Froude Number

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

Fr = V/[(gd/0)”] (7.3)

Where: o = velocity distribution coefficient

mean velocity = Q/A, mv/s (ft/s)

acceleration of gravity, 9.81 m/s* (32.2 fi/s%)
hydraulic depth = A/T, m (ft)

= cross-sectional area of flow, m* (ft%)

= channel topwidth at the water surface, m (ft)
= total discharge, m’/s (ft*/s)

O —=pan L
|

This expression for Froude number applies to any single section channel. For rectangular
channels the hydraulic depth is equal to the flow depth.
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7.4.9 Critical Flow

Critical flow occurs when the specific energy is a minimum. 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. These relationships are illustrated
in Figure 7-1. During critical flow the velocity head is equal to half the hydraulic depth. The
general expression for flow at critical depth is:

aQlg = AT (7.4)
Where: o = velocity distribution coefficient
Q = total discharge, m’/s (ft* /s)
g = gravitational acceleration, 9.81 m/s” (32.2 ft/s?)
A = cross-sectional area of flow, m” (ft)
T = channel topwidth at the water surface, m (ft)

When flow is at critical depth, equation 7.4 must be satisfied, no matter what the shape of the
channel.

* Subcritical Flow - Depths greater than critical occur in subcritical flow and the Froude number
1s less than one. 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. Small water surface disturbances are always swept downstream in
supercritical flow, and the location of the flow control is always upstream.

* 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. The location of an
induced hydraulic jump in a natural channel shall always be at a point which is remote
from any bridge crossing.
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(a) Specific Energy Diagram
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(b) Discharge Diagram
Figure 7-1 Specific Energy And Discharge Diagram For Rectangular Channels

(Adopted From Highways In The River Environment)
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7.4.10 Flow Classification
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.

7.4.11 Equations

The following equations are those most commonly used to analyze open channel flow. The use
of these equations in analyzing open channel hydraulics is discussed in Section 7.7.

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

Q=AVi=AV; (7.5)
Where: Q = discharge, m’/s (f°/s)

A = cross-sectional area of flow, m® (ft)
V = mean cross-sectional velocity, m/s (ft/s) (which is perpendicular to the cross section)

The subscripts 1 and 2 refer to successive cross sections along the flow path.

* Manning’s Equation - For a given depth of flow in an open channel with a steady, uniform
flow, the mean velocity, V, can be computed with Manning's equation:

V = (1/n)R?*s'? (V = (1.49/n)R¥3s12) (7.6)

Where: V = velocity, m/s (ft/s)
n = Manning's roughness coefficient
R = hydraulic radius = A/P, m (ft)
P = wetted perimeter, m (ft)
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S = slope of the energy gradeline, m/m (ft/ft) (Note: For steady uniform flow, S = channel
slope)

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 Table 7-1.

The continuity equation can be combined with Manning's equation to obtain the steady, uniform
flow discharge as:

Q = (/n)ARYs™? (Q = (1.49/n)AR3s12) (7.7)

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 normal depth and is computed
from equation 7.7 by expressing the area and hydraulic radius in terms of depth. The resulting
equation may require a trial and error solution. See Section 7.7.6 for a more detailed discussion of
the computation of normal depth.

If the normal depth 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.

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

K = (1/n)AR*? (K = (1.49/n)AR*®) (7.8)
and then equation 7.7 can be written as:
Q= KSY? (7.9)

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. It is also used to determine the velocity distribution coefficient, a (see equation 7.2)

» Energy Equation - The energy equation expresses conservation of energy in open channel flow
expressed as energy per unit weight of fluid which has dimensions of length and is therefore called
energy head. The energy head is composed of potential energy head (elevation head), pressure
head, and kinetic energy head (velocity head). These energy heads are scalar quantities which give
the total energy head at any cross section when added. Written between an upstream open channel
cross section designated 1 and a downstream cross section designated 2, the energy equation is:
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hy + 0(V14/29) = hy + 0a(V%/2g) + h (7.10)

Where: h; and h; are the upstream and downstream stages, respectively, m (ft)
a = velocity distribution coefficient (equation 7.2)
V = mean velocity, m/s (ft/s)
hy = head loss due to local cross-sectional changes (minor loss) as well as boundary
resistance, m (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 7-2. 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

aV,X29 -~ -

—

-— h,
Eﬂawimiienf L

Specific Energy

Total Energy Head

Datum y
Section 1 Section2 —~

Figure 7-2 Terms In The Energy Equation
Source: FHWA, 1990
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Table 7-1 Values of Roughness Coefficient n (Uniform Flow)
Type Of Channel And Description Minimum Normal Maximum
EXCAVATED OR DREDGED
a. Earth, straight and uniform
1. Clean, recently completed 0.016 0.018 0.020
2. Clean, after weathering 0.018 0.022 0.025
3. Gravel, uniform section, clean 0.022 0.025 0.030
4. With short grass, few weeds 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 in deep channels 0.030 0.035 0.040
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
NATURAL STREAMS
1. Minor streams (top width at flood stage < 30 m)
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 stones/weeds 0.030 0.035 0.040
3. Clean, winding, some pools/shoals 0.033 0.040 0.045
4. Same as above, but some weeds/stones 0.035 0.045 0.050
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, deep pools 0.050 0.070 0.080
8. Very weedy reaches, deep pools, or 0.075 0.100 0.150
floodways with heavy stand of timber
and underbrush
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Table 7-1 Values of Roughness Coefficient n (Uniform Flow) (continued)
Type Of Channel and Description Minimum Normal Maximum

b. Mountain streams, no vegetation in channel,
banks usually steep, trees and brush along
banks submerged at high stages

1. Bottom: gravels, cobbles and few 0.030 0.040 0.050
boulders
2. Bottom: cobbles with large boulders 0.040 0.050 0.070

2. Flood Plains
a. Pasture, no brush

1. Short grass 0.025 0.030 0.035
2. High grass 0.030 0.035 0.050
b. Cultivated area
1. No crop 0.020 0.030 0.040
2. Mature row crops 0.025 0.035 0.045
3. Mature field crops 0.030 0.040 0.050
c. Brush
1. Scattered brush, heavy weeds 0.035 0.050 0.070
2. Light brush and trees in winter 0.035 0.050 0.060
3. Light brush and trees, in summer 0.040 0.060 0.080
4. Medium to dense brush, in winter 0.045 0.070 0.110
5. Medium to dense brush, in summer 0.070 0.100 0.160
d. Trees
1. Dense Willows, summer, straight 0.110 0.150 0.200
2. Cleared land with tree stumps, no 0.030 0.040 0.050
sprouts
3. Same as above, but with heavy 0.050 0.060 0.080
growth of spouts
4. Heavy stand of timber, a few down 0.080 0.100 0.120

trees, little undergrowth, flood
stage below branches
5. Same as above, but with flood stage 0.100 0.120 0.160
reaching branches
3. Major Streams (top width at flood stage > 30 m).

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 or brush 0.025 — 0.060

b. Irregular and rough section 0.035 — 0.100

Source: Chow, V.T.
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7.5 Stream M or phology

75.1 Introduction

The form assumed by a natural stream, which includes its cross-sectiona shape as well as its
planform, is a function of many variables for which cause-and-effect relationships are difficult to
establish. 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. These
complexities of stream morphology can be assessed by inspecting aerid photographs and
topographic maps for changes in dope, width, depth, meander form and bank erosion with time.

A qualitative assessment of the river response to proposed highway facilities is possible through
athorough 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. The BRI-STARS model (see Section 7.7.8) is recommended as a
tool. The proposed methodology to quantify the expected scour and/or sedimentation of potential
problem locations should be approved by the Hydraulics and Drainage Section.

The natural stream channel will assume a geomorphological form which will be compatible with
the sediment load and discharge history which it has experienced over time. To the extent that a
highway structure disturbs this delicate balance by encroaching on the natura channel, the
consequences of flooding, erosion and deposition can be significant and widespread. The hydraulic
anaysis of a proposed highway structure should include a consideration of the extent of these
consequences.

75.2 LevesOf Assessment

The analysis and design of a stream channel will usualy 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 sengitivity of the stream. Observation is the best means of identifying potential
locations for channel bank erosion and subsequent channel stabilization. Analytical methods for the
evaluation of channe stability can be classfied 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. A brief description of the three levels of assessment are as
follows.

Level 1
Qualitative assessment involving the application of geomorphic concepts to identify potentia
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.
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Leve 2

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

Leve 3

Complex quantitative analysis based on detailed mathematical modeling and possibly
physical hydraulic modeling. 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 (see Section 7.7.8) 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.

7.5.3 FactorsThat Affect Stream Stability

Factors that affect stream stability and, potentially, bridge and highway stability at stream
crossings, can be classified as geomorphic factors and hydraulic factors.

Geomorphic Factors

» Stream size * Flow habit

* Valley setting * Floodplains

* Natural levees » Apparent incision

» Sinuosity * Channel boundaries

* Width variability * Degree of braiding

* Bar development * Degree of anabranching
* Bed materia * Tree cover on banks

Figure 7-3 depicts examples of the various geomorphic factors.

Hydraulic Factors

» Magnitude, frequency and duration of floods.
* Bed configuration.

* Resistance to flow.

» Water surface profiles.

Figure 7-4 depicts the changes in channel classification and relative stability as related to
hydraulic factors.

Rapid and unexpected changes may occur in streams in response to man's activities in the
watershed such as dteration of vegetative cover. Changes in perviousness can alter the hydrology
of a stream, sediment yield and channel geometry. Channelization, stream channel straightening,
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stream levees and dikes, bridges and culverts, reservoirs and changes in land use can have magjor
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, landdides, and forest fires can aso
cause large changes in sediment load and thus maor changes in the stream channel. Although
difficult to plan for such disturbances, it is important to recognize that when natural disturbances do
occur, it islikely that changeswill also occur to the stream channdl.

754 Stream Response To Change

The magor complicating factors in river mechanics are 1) the large number of interrelated
variables that can smultaneoudy 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 smple hydraulic and geomorphic concepts are
presented herein.

The dependence of stream form on slope, which may be imposed independently of other stream
characterigtics, isillustrated schematically in Figure 7-5.

Any naturd or artificial change which aters channel dope can result in modifications to the
existing stream pattern. For example, a cutoff of a meander loop decreases channel sinuosity and
increases channel dope. Referring to Figure 7-5, 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. Conversdly, it is possible that a dight decrease in dope could change an
unstable braided stream into a meandering one.

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 wave length, and channel width and depth. A long period of
channel ingtability with consderable bank erosion and latera shifting of the channed may be
required for the stream to compensate for the hydrol ogic change.

Figure 7-6 illustrates the dependence of river form on channd dope and discharge, showing
when SQ”% < 0.000 70 in a sandbed channel, the stream will meander. Similarly, when SQ%% >
0.0041, the stream is braided.

In these equations, S is the channel dope in meters per meter (ft per ft) and Q is the mean
discharge in cubic meters per second (cubic feet per second). Between these values of SQ%% isthe
trangtiona 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 dope border on a boundary of the
transtiona zone, a relatively small increase in channel dope may cause it to change, in time, to a
transitional or braided stream.
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STREAM SIZE Small Medium Wide
( <30 mwide) (30~150m) (>150m)
FLOW HABIT
Ephemeral (Intermittent) Perennial but flashy Percnnial
BED MATERIAL Siltclay Sand Gravel Cobble or boulder
VALLEY _— N
SETTING S : ”’
&
No valley; aliuvial fan Low relief valley Moderate relief High relief
( < 30 m decp) (30-300m) (>300m)

FLOOD PLAINS

Sl

Wide
( >10X channel width)

Littie or none
( <2X channel width)

Narrow
(2-10 channel width)

NATURAL LEVEES

Mainly on Concave Well Developed on Both Banks

Little or None

APPARENT
INCISION
CHANNEL -
BOUNDARIES T R
Alluvial Semi-alluvial Non-alluwial
TREE COVER
ON BANKS <50 percent of bankline 50-90 percent >90 percent
T,
Straight S‘muous
Sinuosity 1-1.05) (1.06-1.25) M(?;Sd;r[l)‘), Highly meandermg
BRAIDED S
—_— —— AT - -
STREAMS % FF——=- \.—8/9‘-‘—’/
Not braided Locally braided Generally braided
( <5 percent) (5-35 percent) ( >35 percent)
ANABRANGHED gy~ ~BEEAN_A
STREAMS — N A W
Not anabranched Locally anabranched Generally anabranched
( <5 percent) (5-35 percent) ( >35S percent)
VARIABILITY M
OF WIDTH AND uiwidth Random variation
DEVELOPMENT Fa Wider at bends )
OF BARS A . S
Lrregular pomz and lateral

Wide point
point bars bars

Narrow point bars

Figure 7-3 Geomor phic Factors That Affect Stream Stability

Source: Adapted From Brice and Blodgett, 1978
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Figure 7-4 Channel Classification And Relative Stability AsHydraulic Factors Are Varied

Source: After Shenet a., 1981
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MEANDERING THALWEG CHANNEL
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SLOPE ——==—

Figure7-5 Sinuosity Versus Slope With Constant Discharge
Source: After Richardson et d., 1988

0.01

0.005

... Braided

Tranm\‘

0.002

0.001

0:000 5

0.0002

Slope (m/m)

Meanderiné
0.000 1

0.000 05

0.000 02

000001 Lo 1 NN 1 L 1 I RN L 1
1 10 100 1000 10 000 100 000

Discharge (m3/s)

__________ Lane sQ°%2% =0.000 70
— Lane sSQ%%5 =0.0041
- Leopold & Wolman SQ%** =0.0125

Figure 7-6 Slope-Discharge For Braiding Or Meandering Bed Streams
Source: After Lane, 1957
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755 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 aways discernible at the
design stage and indeed, may take a period of severa yearsto develop.

The sdlection of an appropriate countermeasure for a specific bank erosion problem is dependent
on factors such as the eroson mechanism, stream characteristics, construction and maintenance
requirements, potential for vandalism and costs.

Below is a brief discussion of possible countermeasures for some common river stability
problems.

Note: The reader is encouraged to consult with the references listed at the end of this chapter for
detailed information on the design and construction of the countermeasures.

Meander Migration

The best countermeasure against meander migration is a crossing location on a relatively straight
reach of stream between bends. Other countermeasures include the protection of an existing bank
line, the establishment of a new flow line or aignment 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 asite (HEC-20, 1995).

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 dopes, riprap on highway fill dopes only and spurs arranged in the
stream channels to congtrict flow to one channel have also been used successfully.

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 alow dam or weir constructed across a channel,
isone 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 counter measures for
bank caving in degrading streams. Precautions to prevent outflanking, such as tiebacks to the
banks, may be necessary where ingtalations are limited to the vicinity of the highway stream
crossing. In genera, channel lining alone is not a successful counter measure against degradation
problems (HEC-20).
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Aggradation

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

Channdlization may include excavating and cleaning channels, constructing cutoffs to increase
the locd dope, congtructing flow control structures to reduce and control of 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.

Another technique which shows promise is the submerged vane technique developed by the
Universty of lowa. The studies suggest that the submerged vane structure may be an effective,
economic, low-maintenance, and environmentally acceptable sediment-control structure with awide
range of applications (HEC-20, Odgaard and others, 1986).
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7.6 Roadside Channd (Type A) Design Procedure

7.6.1 General Design Considerations

The design of Type A channels shall consider flow capacity, economics, traffic safety, aesthetics,
erosion control and maintenance. These considerations are usually interrelated to such an extent
that optimum conditions cannot be met for one without compromising one or more of the others; the
ideal being to achieve a reasonable balance.

The location, linings and cross slope of banks are important factors in safety considerations.
Motorists’ safety generally improves with increasing distance between the travelway and the
channel. This distance may increase the cost of property acquisition which may be offset in part by
a reduction in the cost of traffic protection. The channel may be located closer to the roadway if an
errant vehicle can negotiate the lining and cross slope and recover.

All channels are to be designed so as to minimize erosion. Erosive velocities can be reduced by
flattening channel grades where uniform flow conditions exist, otherwise an appropriate channel
lining is to be used. To prevent erosion, all channels, ditches or swales will be lined as soon as they
are excavated.

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 lined with grass or a special protective lining.

The primary function of roadside channels is to collect surface runoff from the highway and
areas which drain to the right-of-way and convey the accumulated runoff to acceptable outlet points.

A secondary function of a roadside channel is 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 is 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 which assures the safety of motorists and minimizes
future maintenance, damage to adjacent properties, and adverse environmental or aesthetic effects.

7.6.2 Vertical Alignment

Grade affects both the size of the channel and the flow velocity. The flows should be kept
subcritical wherever possible so as to avoid adverse characteristics of supercritical flow.

The approximate grade of a channel is usually determined by the topography of the site. If the
terrain is flat then deposition of sediment is unavoidable, the channel should be designed so that the
deposition will occur at a location accessible to maintenance.

“Vertical grade drops” or check dams, constructed of concrete walls, stones, gabions, concrete
cribbing, metal cribbing or treated timbers, are very useful in maintaining grades which produce
acceptable velocities downstream and reduce the costs of lining a channel. These should only be
used in channels not accessible to vehicles.

7.6.3 Horizontal Alignment
A straight alignment of a channel permits a simplified hydraulic design. A straight channel does
not provide obstacles to the flow and normally will not pick up materials for later deposition at

some point downgrade. It is not usually practical to design a straight channel and have it compatible
with the terrain or existing streams. Changes in alignment should be as gradual as the right-of-way
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and terrain permit. Whenever practicable alignment changes should be made in sections with a flat
gradient, particularly if flows will become supercritical on a steeper slope. This practice will reduce
the force of the water against the banks and allow the use of more effective erosion controls. When
horizontal curvature is utilized, the effects of increased water surface on the outsides of curves
should be considered.

7.64 Swales

Swales are shallow depressed areas used to drain medians, shelves with negative backslopes, and
other areas where ditches are not feasible for either safety or aesthetic considerations. Grass-lined
swales for the roadways generally have a longitudinal slope which conforms to the roadway grade
except on flat grades, where the swale grade may be steeper than the roadway grade.

7.6.5 Interceptor Channels

These channels are used to intercept runoff from adjacent areas, to collect runoff from within the
project, and to convey the runoff to suitable outlets, preferably watercourses. Interceptor channels
or ditches are divided into three categories: Top-of-slope Channels, Toe-of-Slope Channels and
Outlet Channels.

The layout of Interceptor Channels should be made on a topographical map which contains the
project, location of storm drainage structures, contours, and drainage area limits.

For the purposes of payment and in accordance with the Department’s Standard Specifications, a
channel shall be interpreted to mean a natural or artificial watercourse having an average width at
the bottom, after excavation, of 1.2m (4 ft) or more. A drainage ditch shall be interpreted to mean
an unpaved, artificially constructed open depression having an average width of less than 1.2m (4 ft)
at the bottom, after excavation, constructed for the purpose of carrying surface water.

» Top-of-Slope channels or ditches are located at the top of cut slopes for the purpose of
intercepting runoff from natural slopes inclined towards the project. They serve to reduce erosion of
the cut slope face and to prevent debris and sediment from washing onto the project.

The following should be considered before use of a Top-of-Slope Channel:

* The runoff from the contributing area can flow down the cut slope if it will not affect its
stability. The Soils and Foundations Section should be consulted to determine this. If the slope
will not be stable, then a top-of-slope channel is required.

« If the cost of additional drainage resulting from the absence of a channel exceeds the cost of the
channel, then the channel may be warranted. The fact that top-of-slope channels are far
removed from the travelway and are difficult to maintain should also be considered.

* These channels are to have a trapezoidal section with 3 horizontal to 1 vertical side slopes for
grass linings; and 2 horizontal to 1 vertical side slopes for riprap or rigid linings.

* The channel grade should be such that ponding will not occur thereby causing saturation or
overflow at the top of the slope which could result in slope failure. In areas of unstable slopes
it may be necessary to intercept, and accelerate the removal of runoff with pipes. Channels
crossing highly permeable slopes may require lining with impermeable material.

* To prevent slope failure, the top of the channel nearest the slope should be located no closer
than five feet from the outer limit of the rounding created at the top of cut slopes.

* Excessively deep channel cuts to maintain constant grades should be avoided.
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» Toe-of-dope channels are located near the toe of the embankment when it is necessary to
convey water collected by storm drainage systems, swales, or runoff from terrain inclined toward
the projects, or to keep flow within the ROW until a suitable outlet is available.

These channels are to have the same cross section geometry as top-of-slope channels if their
location will not be hazardous to vehicular traffic. If it is determined that a trapezoidal channel will
be hazardous, then the use of guide railing must be considered. The preferred design, for both
safety and aesthetics, would be a wide parabolic section with vertical curves to round all angles.
The reduction of flow velocities through use of side, shallow channels or swales will minimize
erosion and may be possible without an appreciable increase in cost. This type of channel may be
found to be more economical after considering the cost of the guide rail, lining and rights of way
required for alternatives.

If trapezoidal channels are used they should be located 1.5m (5 feet) from the normal toe
rounding of the embankment to prevent the channel from being obstructed by any natural sloughing
and erosion of the adjacent embankment. The 5 foot shelf shall be on a slope of 1V:12H between
the toe and the top of the channel unless rights of way requirements dictate otherwise.

« Outlet channds

Outlet channels are used to convey flow from storm drainage systems and swales to a
watercourse or to an area not subject to erosion.

They are usually designed with side slopes of 1V:2H. For vehicular safety, it may be necessary
to use flatter side slopes and wider trapezoidal channels, especially where outletting swales from
roadway cut sections to the toes of adjoining embankments.

Outlet channels should be located beyond the area required for vehicular recovery. They should
be accessible for maintenance since they may trap sediment and debris.

7.6.6 TypeA Channel Design Concepts

HEC-15 provides a detailed presentation of stable channel design concepts related to the design
of roadside and median channels which convey a design discharge less than 1.42 m*/s or 50 cfs.
This section provides a brief summary of significant concepts.

Stable channel design concepts provide a means of evaluating and defining channel
configurations that will perform within acceptable limits of stability. For most highway drainage
channels, bank instability and lateral migration can not be tolerated. Stability is achieved when the
material forming the channel boundary effectively resists the erosive forces of the flow. Principles
of rigid boundary hydraulics can be applied to evaluate this type of system.

Both velocity and tractive force methods have been applied to the determination of channel
stability. Permissible velocity procedures are empirical in nature, and have been used to design
numerous channels in the United States and throughout the world. However, tractive force
methods consider actual physical processes occurring at the channel boundary and represent a
more realistic model of the detachment and erosion processes.

The hydrodynamic force created by water flowing in a channel causes a shear stress on the
channel bottom. The bed material, in turn, resists this shear stress by developing a tractive force.
Tractive force theory states that the flow-induced shear stress should not produce a force greater
than the tractive resisting force of the bed material. This tractive resisting force of the bed material
creates the permissible or critical shear stress of the bed material. In a uniform flow, the shear
stress is equal to the effective component of the gravitational force acting on the body of water
parallel to the channel bottom. The average shear stress is equal to:
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r=yRS (7.11)

where: T = average shear stress, Pa (Ib/ft’)
y = unit weight of water, 9810 N/m” (62.4 1b/ft’) (at 15.6 °C (60 °F))
R = hydraulic radius, m (ft)
S

= average bed slope or energy slope, m/m (ft/ft)

The maximum shear stress for a straight channel occurs on the channel bed and is less than or
equal to the shear stress at maximum depth. The maximum shear stress is computed as follows:

ra=ydS (7.12)

where: 14 = maximum shear stress, Pa (Ib/ft)
d = maximum depth of flow, m (ft)

Shear stress in channels is not uniformly distributed along the wetted perimeter of a channel. A
typical distribution of shear stress in a trapezoidal channel tends toward zero at the corners with a
maximum on the bed of the channel at its centerline, and the maximum for the side slopes occurs
around the lower third of the slope as illustrated in Figure 7-7.

d
L B |
N
N
N
Ts Ts
Td

Figure7-7 Distribution of shear stress

For trapezoidal channels lined with gravel or riprap having side slopes steeper than 3 horizontal
to 1 vertical, side slope stability must also be considered. This analysis is performed by comparing
the tractive force ratio between side slopes and channel bottom with the ratio of shear stresses
exerted on the channel sides and bottom. The ratio of shear stresses on the sides and bottom of a
trapezoidal channel, K, is given in Figure 7-9 and the tractive force ratio, K, is given in Figure
7-10. The angle of repose, @, for different rock shapes and sizes is provided in Figure 7-11. The
required rock size for the side slopes is found using the following equation:
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(D50 gee = = (Dst Do (7.13)
K>
where: Dsy = the mean riprap size, m (ft)
K; = ratio of shear stresses on the sides and bottom of a trapezoidal channel (see
Figure 7-9).
K, = ratio of tractive force on the sides and bottom of a trapezoidal channel (see

Figure 7-10).

Flow around a bend in an open channel induces centrifugal forces because of the change in flow
direction. This results in a superelevation of the water surface at the outside of bends and can
cause the flow to splash over the side of the channel if adequate freeboard is not provided. This
superelevation can be estimated by the following equation.

2
ad=YT (7.14)
gR.
where: Ad = difference in water surface elevation between the inner and outer banks of the
channel in the bend, m (ft)
V = average velocity, m/s (ft/s)
T = surface width of the channel, m (ft)
g = gravitational acceleration, 9.8 m/s” (32.2 ft/s?)
R. = radius to the centerline of the channel, m (ft)

Equation 7.14 is valid for subcritical flow conditions. The elevation of the water surface at the
outer channel bank will be Ad/2 higher than the centerline water surface elevation (the average
water surface elevation immediately before the bend) and the elevation of the water surface at the
inner channel bank will be Ad/2 lower than the centerline water surface elevation.

Flow around bends also creates secondary currents which impose higher shear stresses on the
channel sides and bottom compared to straight reaches. Areas of high shear stress in bends are
illustrated in Figure 7-8. The maximum shear stress in a bend is a function of the ratio of channel
curvature to bottom width. This ratio increases as the bend becomes sharper and the maximum
shear stress in the bend increases. The bend shear stress can be computed using the following
relationship:

7o — Kb 74 (7.15)

where: 1, = bend shear stress, Pa (Ib/ft%)

Ky, = function of R¢/B (see Figure 7-12)

R, = radius to the centerline of the channel, m (ft)
B = bottom width of channel, m (ft)

1g = maximum channel shear stress, Pa (Ib/ft%)
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The increased shear stress produced by the bend persists downstream of the bend a distance L,
as shown in Figure 7-8. This distance can be computed using the following relationship:

0.736 R"'® 0.603R”'¢
= (L=———) (7.16)
Ny N,
where: L, = length of protection (length of increased shear stress due to the bend) downstream

of the point of tangency, m (ft)
n, = Manning's roughness in the channel bend
R = hydraulic radius, m (ft)

High Shear
Stress Zone

Figure 7-8 Shear stressdistribution in channel bends
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7.6.7 Design Parameters

Parameters required for the design of roadside and median channels include discharge
frequency, channel geometry, channel slope, vegetation type, freeboard, and shear stress. This
section provides criteria relative to the selection or computation of these design elements.

« Dischar ge Frequency

Roadside and median drainage channels are designed to carry the 10 year design flow. A
2-year return period isused for the design of temporary linings.

Channels will be designed to convey the discharge of any connecting facility, with consideration
for possible additional flow from adjacent areas which may increase the discharge and require
adjustments in the design. The preliminary layout of the channel should be made on a topographic
map which contains the location of the project and has adequate contours to determine the
contributing drainage areas. From this map, the discharge can be estimated at appropriate points
along the channel. For watercourses, it is usually not necessary to compute more than one discharge
unless there are extenuating circumstances. Additional information on design discharge can be
found in other sections of this chapter.

» Channd Geometry

Channel side slopes for triangular or trapezoidal channels cannot exceed the angle of repose of
the soil and/or lining material, and should generally be 3 horizontal to 1 vertical or flatter. In areas
where traffic safety may be of concern, channel side slopes should be 4 horizontal to 1 vertical or
flatter.

Design of roadside and median channels should be integrated with the highway geometric and
pavement design to insure proper consideration of safety and pavement drainage needs.

» Channd Slope

Channel bottom slopes are generally dictated by the road profile or other constraints. However,
if channel stability conditions warrant, it may be feasible to adjust the channel gradient slightly to
achieve a more stable condition. Channel gradients greater than two percent may require the use of
flexible linings to maintain stability. Most flexible lining materials are suitable for protecting
channel gradients of up to 10 percent, with the exception of some grasses. Linings, such as riprap
and wire-enclosed riprap are more suitable for protecting very steep channels with gradients in
excess of 10 percent. Rigid linings, such as concrete paving, are highly susceptible to failure from
structural instability due to such occurrences as overtopping, freeze thaw cycles, swelling, and
excessive soil pore water pressure.

» Roughness Coefficient (Manning’'s n values)

The selection of an appropriate Manning's n value for design purposes is often based on
observation and experience. Manning's n values are also known to vary with flow depth. Table 7-2
provides a tabulation of Manning's n values for various channel lining materials. Manning's
roughness coefficient for vegetative and other linings vary significantly depending on the amount
of submergence. The classification of vegetal covers by degree of retardance is provided in
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HEC-15. Table 7-3 provides a list of Manning's n relationships for five classes of vegetation
defined by their degree of retardance.

* Freeboard

The freeboard of a channel is the vertical distance from the water surface to the top of the
channel banks. The importance of this factor depends on the consequence of overflow of the
channel bank. At a minimum the freeboard should be sufficient to prevent waves, superelevation
changes, or fluctuations in water surface from overflowing the sides. In a permanent roadside or
median channel, 0.3m (1 ft) of freeboard is generally considered adequate. For temporary channels
no freeboard is necessary. However, a steep gradient channel should have a freeboard height equal
to the flow depth to compensate for the large variations in flow caused by waves, splashing, and
surging.

» Shear Stress

The permissible or critical shear stress in a channel defines the force required to initiate
movement of the channel bed or lining material. Table 7-4 presents permissible shear stress values
for manufactured, vegetative, and riprap channel lining. The permissible shear stress for non-
cohesive soils is a function of mean diameter of the channel material as shown in Figure 7-13. For
larger stone sizes not shown in Figure 7-13 and rock riprap, the permissible shear stress is given by
the following equation:

7p = Kp Dso (7.27)
where: 1, = permissible shear stress, Pa (Ib/ft%)

Dsy = mean riprap size, m (ft)

K, = 628 (4.0)

For cohesive materials the plasticity index provides a good guide for determining the
permissible shear stress as illustrated in Figure 7-14.
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Table 7-2. Manning's roughness coefficients for Roadside and Median Channels. *

n - Value for Given Depth Ranges

Lining ConnDOT Lining Type 0-0.15m 0.15-0.60m  >0.60 m
D 0-0.5 ft 0.5-2.0 ft >2.0 ft
Category Designations ( ) ( ) ( )
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
Unlined Bare Soil 0.023 0.020 0.020
Rock Cut 0.045 0.035 0.025
Erosion Control Type E Woven Paper Net 0.016 0.015 0.015
Matting** JuteNet 0028 0022 0.019
(Temporary or TypeF Fiberglass Roving 0028 0.021 | 0.019
Permanent) Type G Straw with Net 0.065 0.033 0.025
_____________________ Curled WoodMat 0066 0035 0028
Type H Synthetic Mat 0.036 0.025 0.021
Gravel Riprap 25 mm (1 in) D5y 0.044 0.033 0.030
Special 50 mm (2 in) Dsy 0.066 0.041 0.034
Rock Riprap Modified 125 mm (5 in) Ds, 0.095 0.062 0.035
150 mm (6 in) Ds,  0.104 0.069 0.035
Intermediate 200 mm (8 in) Dsp - 0.072 0.037
300 mm (12 in) D5y == 0.078 0.040
Standard 380 mm (15 11’1) D5 - -- 0.042

NOTE: Values listed are representative values for the respective depth ranges. Manning's
roughness coefficients, n, vary with the flow depth.

* Table reproduced from HEC-15
ok See Section 7.6.8
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Table 7-3. Manning's n relationships for vegetal degree of retardance.

Retardance  Manning's n Equation™

Class***
A 1.22 R/ [30.2 +19.97 log (R"* S, ] (RV¢/[15.8 + 19.97 log (R"* S,"4)] ) (7-18)
B 1.22 R/ [37.4+19.97 log (R"* S.>H] (RY®/ [23.0 + 19.97 log (R"* S.>*)] ) (7-19)
C** 1.22 RY0/ [44.6 + 19.97 log (R"* S.>H] (RY¢/ [30.2 + 19.97 log (R"* S."4)] ) (7-20)
D 1.22 RY6/[49.0 + 19.97 log (R"* S.>*)] (RY® / [34.6 + 19.97 log (R"* S."*)] ) (7-21)
E 1.22 R0/ [52.1 +19.97 log (R"* S, (R / [37.7 + 19.97 log (R"* S."4)] ) (7-22)

*  Equations are valid for flows less than 1.42 m*/s (50 ft*/s).
Nomograph solutions for these equations are contained in HEC-15.

**  Use on ConnDOT projects when calling for turf establishment

**% See HEC-15 for definition of retardance classes
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Table7-4 Permissible Shear Stressesfor Lining Materials*
Permissible Unit Shear Stress

Lining Category = ConnDOT Lining Type Pa Ib/ft?
Designations
Erosion Control ~ Type E Woven Paper Net 7.2 0.15
Matting** J_ lz'li[_e_N_e_t_________: _______________________________ 215045
Fiberglass Roving:
Type F Single 28.7 0.60
________________________ Double 407 08
Type G Straw with Net 69.4 1.45
______________________ Curled WoodMat 742 155
Type H Synthetic Mat 95.8 2.00
Vegetative Class A 177.2 3.70
Class B 100.6 2.10
Turf Class C-Use for DOT 479 1.00
Establishment projects
Class D 28.7 0.60
Class E 16.8 0.35
Gravel Riprap 25 mm (1 in) 15.8 0.33
Special 50 mm (2 in) 31.6 0.67
Rock Riprap Modified 125 mm (5 in) 79.8 1.68
150 mm (6 in) 95.8 2.00
Intermediate 200 mm (8 in) 127.7 2.68
300 mm (12 in) 191.5 4.00
Standard 380 mm (15 in) 239.3 5.00
Bare Soil Non-cohesive Figure 7-13
Cohesive Figure 7-14

*  Reproduced from HEC-15
** See Section 7.6.8

7.6.8 Erosion Control Matting

Erosion control matting is evaluated by the Department for use in eight Types (A-H), grouped
into two Classes. Types A through D are included in Class 1 and are designated as Slope
Protection. This classification is based upon steepness of the slope and soil type. The purpose of
Class 1 matting is to protect the seedbed from loss of soil, and promote the establishment of a
warm-season, perennial vegetative cover.
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Types E through H are included in Class 2 and are designated as Flexible Channel Liner
Protection. This classification is based upon the permissible shear stress of the material. The
purpose of Class 2 matting is to protect the geometry of a channel from loss of soil, and to promote
the establishment of a warm-season, perennial vegetative cover. Class 2 Types are designated
according to the shear stress limits shown in Table 7-5. The shear stress ranges are based on values
published in HEC-15.

Table 7-5 Erosion Control Matting (Class 2) Shear Stress Ranges

Matting Type Permissible Shear Stress — Pa_(Ib/ft%)
E <25 (<0.5)
F 25t0 <50 (0.5t0<1.0)
G 50to <100 (1.0to <2.0)
H >100 (>2.0)

Products approved by the Department for use as erosion control matting on State projects are
placed on an Approved Products List. This list is updated annually and distributed by the
Department’s Office of Research and Materials. Products listed by brand or trade name on the
Approved Products List have demonstrated their ability to meet or exceed the Department’s
minimum performance standards by independent testing conducted at facilities such as the Texas
Department of Transportation/Texas Transportation Institute Hydraulics and Erosion Control
Laboratory.

The drainage designer is primarily concerned with Class 2 matting materials for use in the
construction of roadside channels. Erosion control matting in channel lining applications can be
temporary (bio- or photodegradable) or permanent (non-bio- or non-photodegradable). Types E, F
and G matting are generally temporary and include but are not limited to the following materials:
(E) Woven Paper Net, Jute Net and (F) Single or Double Fiberglass Roving and (G) Straw with Net,
Curled Wood Mat. Type H matting is generally composed of synthetic material, is permanent and is
commonly used for turf reinforcement. |f the channel design requires the use of a permanent
matting, the matting should be noted as per manent on the project plans.

The designer should be aware that it is the contractor’s option as to which product he or
she actually uses on a project, provided that the product used is on the Approved Products
List for that application. Appropriate judgement should be reflected in the engineering
calculations when sdlecting the Type of Matting (E, F, G or H) to be specified on the project
plans.

See Appendix B for additional guidance regarding the use of erosion control matting in
vegetative (grass) lined swales.
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7.6.9 Design Procedurefor Roadside Ditches, Swales, and Channels (Type A)

This section presents a generalized procedure for the design of roadside and median channels.
Although each project will be unique, the design steps outlined below will normally be applicable.

Step 1. Establish a Preliminary Drainage Plan
For proposed median or roadside channels, the following preliminary action should be taken:

A. Prepare existing and proposed plan and profile of the proposed channels. Include any
constraints on design such as highway and road locations, culverts, utilities, etc.

B. Determine and plot on the plan the locations of natural basin divides and channel outlet
points.

C. Collect any available site data such as soil types and topographic information.
Step 2. Obtain or Establish Cross Section Data

Establish preliminary cross section geometric parameters and controlling physical features
considering the following guides:

A. Adequate channel depth should be provided to drain the pavement subbase and minimize
freeze-thaw.

B. Channel side slopes based on geometric design criteria including safety, economics, soil,
aesthetics, and access should be chosen.

Step 3. Determinelnitial Channel Grades
Plot initial grades on the plan and profile. Note that slopes on roadside channels in cuts are
usually controlled by highway grades. Use the following guides when establishing initial

grades:

A. Provide a channel slope with a minimum 0.5% grade to minimize ponding and sediment
accumulation.

B. Where possible, avoid features which may influence or restrict grade, such as utility
structures.

Step 4. Check flow Capacitiesand Adjust Sections as Necessary
A. Compute the design discharge at the downstream end of channel segments.

B. Set preliminary values for channel size, roughness, and slope, based on long term conditions
and considering maintenance.

C. Determine the maximum allowable depth of channel including freeboard.
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D. Check the flow capacity using Manning's equation

E. If the capacity is not adequate, possible considerations for increasing the capacity are
provided below.

* increase bottom width

* make channel side slopes flatter

* make channel slope steeper

* provide smoother channel lining

* install drop inlets and a parallel storm drain pipe beneath the channel to supplement
channel capacity

Step 5. Determine Channel Protection Needed

A. Select a lining and determine the permissible shear stress from Table 7-4. For detailed
information related to lining performance, see HEC-15.

B. Estimate the flow depth and choose an initial Manning's n value from Table 7-2 or Table
7-3.

C. Calculate the normal flow depth at design discharge using Manning's equation and compare
with the estimated depth. If the flow depth is acceptable, continue with the design
procedure. If the depth is not acceptable, repeat steps 5B and 5C.

D. Compute the maximum shear stress at normal depth using equation 7.12.

E. If the maximum shear stress (step 5D) is less than the permissible shear stress (step SA),
then the lining is acceptable. Otherwise consider the following options:

* choose a more resistant lining

* use concrete, gabions, or other more rigid lining either as full lining or composite
(keeping in consideration the possible deficiencies of rigid linings)

* decrease channel slope

* decrease slope in combination with drop structures

* increase channel width and/or flatten side slopes

If the maximum shear stress is excessively less than the permissible shear stress, the lining
material may be redesigned to provide a more comparable lining material.

F. For trapezoidal channels lined with gravel or riprap having side slopes steeper than 3
horizontal to 1 vertical, use equation 7-13 and Figures 7-9 and 7-10 to evaluate side slope
stability.

G. For flow around bends, use equation 7.15 and Figure 7-12 to evaluate lining stability.

H. When channel gradients approach 10 percent, compare results obtained above with steep
slope procedures in HEC-15.
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I. For composite linings use procedures in HEC-15.

J. If a grass lining is designated without a permanent erosion control matting, then a temporary
protective lining will be designed using a 2 year frequency storm repeating the above steps.
See Appendix B for additional guidance regarding the use of erosion control matting in
vegetative (grass) lined swales.

Step 6. Check Channel Transitions and End of Reach Conditions

Channel transition include locations where there are changes in cross section, slope, discharge,
and/or roughness. At these locations, the gradually varying flow assumption may be violated,
and a more detailed hydraulic evaluation may be required.

A. Identify transition locations.

B. Review hydraulic conditions upstream and downstream of the transition (flow area, depth,
and velocity). If significant changes in these parameters are observed, perform additional
hydraulic evaluations to determine flow conditions in the vicinity of the transition. See
HEC-15.

C. Provide for gradual channel transitions to minimize the possibility for sudden changes in
hydraulic conditions at channel transitions.

Step 7. Analyze Outlet Points and Downstream Effects

A. Identify any adverse impacts to downstream properties which may result from one of the
following at the channel outlets:

increase or decrease in peak discharge
increase in flow velocity

confinement of sheet flow

change in outlet water quality

diversion of flow from another watershed

B. Mitigate any adverse impacts identified in 7A. Possibilities in order relative to above
impacts include:

enlarge outlet channel and/or install control structures to provide detention of increased
runoff in channel

install velocity control or energy dissipation structure

increase capacity and/or improve lining of downstream channel

install sophisticated weirs or other outlet devices to redistribute concentrated channel
flow

eliminate diversions which result in downstream damage and which cannot be mitigated
in a less expensive fashion

To obtain the optimum roadside channel system design, it may be necessary to make several trials
of the above procedure before a final design is achieved.
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Figure 7-12 Ky Factor for Maximum Shear Stresson Channel Bends.

October 2000 ConnDOT Drainage Manual



7.6-20 Channels

D (in)

.005 0.01 0.05 0.10 0.50 1.0
| | III| T | | III| T | | III| T

N w N
o o O

0.50

Tpm/ﬁz

0.01 [ 1 [ 111 [ 1 | [ 111 I [ | [ 111
0.1 0.5 1.0 5.0 10.0 50.0 100.0

Particle Diameter., D (mm)

1 1b/ft? = 47.88 N/m? (Pascal)

Figure 7-13 Permissible Shear Stressfor Non-cohesive Soils

ConnDOT Drainage Manual October 2000



Channels
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7.6.10 Documentation (TypeA, Channel)

The following items shall be included in the documentation file (see Chapter 1, Section 1.6). The
intent is not to limit data to only those items listed, but rather establish a minimum requirement
consistent with the channel design procedures as outlined in this chapter. If circumstances are such
that the design is prepared other than the normal procedures or is governed by factors other than
hydrologic/hydraulic factors, then a narrative summary detailing the design basis shall appear with
the other data:

The following items shall be included in the documentation file:

» Computations based on Section 7.6.9

+ Channel configuration

*  Complete watershed map

* Prepare report and file with background information
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7.7 Hydraulic Analysis (Type B Channels)

771 Generad

A natural perennial watercourse or man-made channel planned to simulate a natural watercourse
requires a hydraulic analysis. 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 determine tailwater rating curves for
culverts, or to analyze other situations in which uniform or nearly uniform flow conditions exist.
Manning's equation can be used to estimate highwater elevations for bridges that do not constrict the
flow. The step-backwater method is used to compute the complete water surface profile in a stream
reach to evaluate the unrestricted water surface elevations for bridge hydraulic design, 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. Open channel flow analysis occasionally justifies a more detailed method of analysis
than the single-section method or the computation of a water surface profile using the step-
backwater method. Special analysis techniques include two-dimensional analysis, water and
sediment routing, and unsteady flow analysis.

7.7.2 Cross Sections

Cross-sectional geometry of streams is defined by coordinates of lateral distance and ground
elevation which 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 inconsistenciesor 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 conveyance.

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 velocity distribution (o),
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 7-15.
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« Manning'sn Value Selection

Manning's n is affected by many factors and its selection in natural channels depends heavily on
engineering experience. Pictures of channels and floodplains for which the discharge has been
measured and Manning's n has been calculated are very useful (see Arcement and Schneider, 1984;
Barnes, 1978). 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 or calibrated with historical highwater 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 Section 7.4.11 for typical n values of both artificial channels and
natural stream channels.

» Calibration

The results of equations should be calibrated with historical highwater marks and/or gaged
streamflow data where possible 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.

ConnDOT Drainage Manual October 2000



Channels 7.7-3
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Figure 7-15 Hypothetical Cross Section Showing Reaches, Segments And
Subsections Used In Assigning n Values

Source: FHWA, 1984
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» Switchback Phenomenon

If the cross section is improperly subdivided, the mathematics of 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
increase of wetted perimeter. Simultaneously, there is a corresponding small increase in cross-
sectional area which 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 discharge is computed which is lower than the discharge based upon the lower
water depth. M or e subdivisons within such cross sections should be used in order to avoid the
switchback.

ELEWRTION

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.
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7.7.3 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. This relationship should cover a range of discharges up to at least
the base (100-year) flood. 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 7.7.2

» 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. 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 should 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.

Alternatively, a graphical technique such as that given in Figure 7-16 or a nomograph as in
Figure 7-17 can be used for trapezoidal and prismatic channels. The best approach, especially in
the case of stream channels, is to use a computer program such as WSPRO, HEC-RAS, or
HEC-2 to obtain the normal depth.

In stream channels the transverse variation of velocity in any cross section is a function of sub-
section 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 conveyance K of the cross section is the sum of the subsection conveyances.
The total discharge is then K.S"* 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;
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Kennedy-Alam-Lovera; and Engelund) and should be followed unless it is possible to obtain a
measured stage-discharge relation.

There may be locations where a stage-discharge relationship has already been measured in a
channel. These usually exist at gaging stations on streams monitored by the USGS. Measured
stage-discharge curves will generally yield more accurate estimates of water surface elevation and
should take precedence over the analytical methods described above.
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7.7.4 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 USGS/FHWA program Corps of
Engineers HEC-2 or HEC-RAS or WSPRO be used.

These models are widely used for calculating water surface profiles for steady gradually varied
flow in natural or constructed channels. 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. The HEC-2 and HEC-RAS are also designed for application in
floodplain management and flood insurance studies. These are steady flow, fixed-bed, one-
dimensional models. Special analysis techniques (see Section 7.7.8) should be considered for
complex situations where a step-backwater analysis might not give the desired level of accuracy.

7.75 Step-Backwater Models M ethodology

The computation of water surface profiles by HEC-RAS, HEC-2 and WSPRO 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 7.7.2. 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 7.4.11:

hy + 02(V1%29) = hy + ax(V27/2g) + hy (7.23)

Where: h; and h; are the upstream and downstream stages, respectively, m (ft)
a = velocity distribution coefficient
V = mean velocity for the upstream and downstream stages, respectively, m/s (ft/s)
hy = head loss due to local cross-sectional changes (minor loss) as well as boundary
resistance, m (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 energy equation is solved between successive stream reaches
with nearly uniform roughness, slope and cross-sectional properties.

The total head loss is calculated from:

he = Km([(02V1%/29) - (02V2729)]) + SL (7.24)
Where: K,, = expansion or contraction loss coefficient
S¢ = friction slope - the mean slope of the energy grade line evaluated from Manning's
equation and a selected averaging technique, m/m (ft/ft)
L = discharge-weighted or conveyance-weighted reach length, m (ft)
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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 zero and 0.1 for contractions and 0.5 and
0.3 for expansions in WSPRO and HEC-2, respectively. HEC-RAS has the same default values as
HEC-2. The range of these coefficients, from ideal transitions to abrupt changes, is 0.0 to 1.0 for
expansions and 0.0 to 0.5 for contractions. Guidance on the selection of expansion and contraction
loss coefficients for bridges can be found in the HEC-RAS Hydraulic Reference Manual (USCE).

WSPRO calculates a conveyance-weighted reach length, L, as:
L =[(LiooKiob + LenKen + LrobKron)/ (Kiob +Ken + Krop)] (7.25)

Where: Liow, Len, Liow = flow distance between cross sections in the left overbank, main channel
and right overbank, respectively, m (ft)
Kiob, Keh, Krob = conveyance in the left overbank, main channel and right overbank,
respectively, of the cross section with the unknown water surface
elevation

HEC-2 and HEC-RAS calculate a discharge-weighted reach length, L, as:

L= [(l—lonIob + I-cthh + Lronrob)/(Qlob + Qch + Qrob)] (7-26)

Where: Ligy, Len, Lios = flow distance between cross sections in the left overbank, main channel
and right overbank, respectively, m (ft)

Qiob> Qch, Qrob =  arithmetic average of flows between cross section for the left overbank,

main channel and right overbank, respectively, m’/s (ft'/s)

WSPRO, HEC-RAS and HEC-2 allow the user the following options for determining the friction
slope, S¢:

* Average conveyance equation

S =[(Qu+ Qu)/(Ky + K)I? (7.27)

 Average friction slope equation

S = (Su+ Sa)l2 (7.28)

* Geometric mean friction slope equation

S = (SuS)™? (7.29)

* Harmonic mean friction slope equation

S = (2SuSa)(Su + Sa) (7.30)
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Where: Q,, Qq = discharge at the upstream and downstream cross sections, respectively, m’/s (ft'/s)
Ky, K4 = conveyance at the upstream and downstream cross sections, respectively
Stu, Sa = friction slope at the upstream and downstream cross sections, respectively,
m/m (ft/ft)

The default option is the geometric mean friction slope equation in WSPRO and the average
conveyance equation in HEC-2 and HEC-RAS.

7.7.6 Water Surface 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 7-18).

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 structure site, and continued a sufficient distance upstream to accurately
determine the impact of the structure on upstream water surface profiles (see Figure 7-19).

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

Ldn=12(HD%®S)  (Ldn=15(HD%¥9S)) (7.31)
Lu=21[(HD*®)(HL®)]/S (7.32)

Where: Ldn = downstream study length (along main channel), m (ft) (for normal depth

starting conditions)

Lu = estimated upstream study length (along main channel), m (ft) (required for
convergence of the modified profile to within 0.03 m of the base profile).
This length may be extended as necessary to satisfy regulatory requirements
for profile convergence.

HD = average hydraulic depth (1% chance event flow area divided by the top
width), m (ft)

S = average reach slope, m/m (ft/ft)

HL = headloss ranging between 0.15 and 1.5 m (0.05 and 5 ft) at the channel crossing
structure for the 1% chance flood, m(ft)

References (Davidian, 1984 and USCE, 1986) are very valuable sources of additional guidance
on the practical application of the step-backwater method to highway drainage problems involving
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open-channels. These references contain more specific guidance on cross section determination,
location and spacing and stream reach determination. Reference (USCE, 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.

7.7.7 Water Surface Profile Computation Procedure

A sample procedure 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 7-20. 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
calculations 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.

Column 1 - CROSS SECTION NO., is the cross section identification number. Kilometers
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 + 0.015 m (0.05 ft), 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 AWS 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 - R*?, is 2/3 power of hydraulic radius.

Column 7 - n, is Manning roughness coefficient.

Column 8 - K, is conveyance and is defined as (C:AR?*/n1) where Ch, is 1 for metric units (1.49
ft). Ifthe 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(Ky + Ky) where
subscripts D and U refer to downstream and upstream ends of the reach, respectively.

Column 10 - S, is the average friction slope through the reach determined by (Q/K,)™.

Column 11 - L, is the discharge-weighted or conveyance-weighted reach length.

Column 12 - hy, is energy loss due to friction through the reach and is calculated by
he= (Q/K)’L = SiL.

Column 13 - £(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 subsection values to get a total. If one subsection is used, Column 13 is not
needed and Column 14 equals one.
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Column 14 - 0, is the velocity distribution coefficient and is calculated by S(KY/AYI(K /AL where
the numerator is the sum of values in Column 13 and the denominator is calculated
from K, and A..

Column 15 - V, is the average velocity and is calculated by Q/A..

Column 16 - aV*/2g, is the average velocity head corrected for flow distribution.

Column 17 - A(aV?/ 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 - h,, is "other losses," and is calculated by multiplying either the expansion or
contraction coefficient, K,,, times the absolute value of column 17.

Column 19 - AWS, 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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7.7.8 Water And Sediment Routing

The BRI-STARS (Bridge Stream Tube Model for Sediment Routing Alluvial River Simulation)
Model was developed by the National Cooperative Highway Research Program and FHWA. It is
based on utilizing the stream tube method of calculation which allows the lateral and longitudinal
variation of hydraulic conditions as well as sediment activity at various cross sections along the
study reach. Both energy and momentum functions are used in the BRI-STARS model so the water
surface profile computation can be carried out through combinations of subcritical and supercritical
flows without interruption. The stream tube concept is used for hydraulic computations in a semi-
two-dimensional way. Once the hydraulic parameters in each stream tube are computed, the scour
or deposition in each stream tube determined by sediment routing will give the variation of channel
geometry in the vertical direction.

The BRI-STARS model contains a rule-based expert system program for classifying streams by
size, bed and bank material stability, planform geometry and other hydrologic and morphological
features. Due to the complexities of a single classification system that utilizes all parameters, no
universally acceptable stream classification method presently exists. Consequently this model does
not contain a single methodology for classifying all streams. Instead, methodologies were first
classified according to the channel sediment sizes they were derived for, then within each size
group, one or more classification schemes have been included to cover a wider range of
environments. The stream classification information can be used to assist in the selection of model
parameters and algorithms (See Section 7.5).

Applications of the BRI-STARS can be summarized as follows:

* Fixed bed model to compute water surface profiles for subcritical, supercritical, or the
combination of both flow conditions involving hydraulic jumps

* Movable bed model to route water and sediment through alluvial channels

+ Use of stream tubes to allow the model to compute the variation of hydraulic conditions and
sediment activity in the longitudinal as well as the lateral direction

* The armoring option allows simulation of longer term riverbed changes

* The minimization procedure option allows the model to simulate channel widening and
narrowing processes

* The local bridge scour option allows the computation of pier and abutment scour

* The bridge routines for fixed geometry mode from WSPRO are available as an option in the
program

7.7.9 Design Procedurefor Natural Channels (Type B)

The analysis of a natural 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 floodplain as outlined in this section.

Although the following step-by-step procedure may not be appropriate for all possible
applications, it does outline a process which will usually apply.
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Step 1 Assemble sitedata and project file
A. Data Collection (see Data Collection, Chapter 5)

 Topographic, site and location maps

* Roadway profile

* Photographs

* Field reviews

 Design data at nearby structures on the same watercourse
» Gaging records

* Historic flood data and local knowledge

» Bridge Scour Evaluations at site or at nearby bridges

B. Studies by other agencies

* Flood insurance studies
* Floodplain studies

* Watershed studies
SCEL studies

C. Environmental constraints

* Floodplain encroachment

* Floodway designation

« Fish and wildlife habitat

» Commitments made during project development

D Design criteria
*+ 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
* Qualitative assessment
* Single-section analysis

* Step-backwater analysis
Special analysis techniques
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C.

Determine additional survey information

 Extent of streambed profiles

* Locations of cross sections

* Elevations of flood-prone property

* Details of existing structures

* Properties of bed and bank materials

Step 3 Evaluate hydrologic variables

A. Compute discharges for selected frequencies

B.

Consult Hydrology, Chapter 6

Step 4 Perform hydraulic analysis

A. Single-section analysis (7.7.3)

B.

C.

* Select representative cross section (7.7.2)
* Select appropriate n values (Table 7-1)
+ Compute stage-discharge relationship

Step-backwater analysis (7.7.4)

Calibrate with known high water

Step 5 Perform stability analysis

A.

B.

C.

D.

E.

Geomorphic factors
Hydraulic factors

Stream response to change
Scour Evaluation

Determine velocities

Step 6 Design counter measur es

A.

Criteria for selection

* Erosion mechanism

» Stream characteristics

+ Construction and maintenance requirements
* Vandalism considerations

* Cost

October 2000
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B. Types of countermeasures

* Meander migration countermeasures
 Bank stabilization

* Bend control countermeasures

* Channel braiding countermeasures

* Degradation countermeasures

» Aggradation countermeasures

C. For additional information

* HEC-20 Stream Stability

+ Highways in the River Environment
» See Reference List

« HEC-18

Step 7 Documentation

* Prepare report and file with background information
» See Section 7.7.10

7.7.10 Documentation (Type B, Channd)

The following items shall be included in the documentation file (see Chapter 1, Section 1.6).
The intent is not to limit data to only those items listed, but rather establish a minimum
requirement consistent with the channel design procedures as outlined in this chapter. If
circumstances are such that the design is prepared other than the normal procedures or is
governed by factors other than hydrologic/hydraulic factors, then a narrative summary detailing
the design basis shall appear with the other data.

The following items shall be included in the documentation file:

* stage discharge curves for the design, 100-year and any historical water surface elevation(s)
* cross section(s) used in the design water surface determinations and their locations

* roughness coefficient assignments (“n” values)

* information on the method used for design water surface determinations

* observed highwater, dates and discharges

* channel velocity measurements or estimates and locations

 water surface profiles through the reach for the design, 100-year and any historical floods

+ energy dissipation calculations and designs

* copies of all computer analyses
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7.8 Bank Protection (Type B Channels)

7.8.1 Purpose

One of the hazards of placing a highway near a river or stream channel or other water body is the
potential for erosion of the highway embankment by moving water. If erosion of the highway
embankment is to be prevented, bank protection must be anticipated and the proper type and amount
of protection must be provided in the right locations.

Four methods of protecting a highway embankment from bank erosion are available to the
designer. These are listed in descending order of desirability:

* relocating the highway away from the stream or water body

* protecting the embankment from erosion

» changing the direction of the current with training works

* moving the water body away from the highway (channel change)

This section provides procedures for the design of revetments to be used as channel bank
protection and channel linings on larger streams and rivers (i.e., having design discharges
generally greater than 1.4 m’/s (50 cfs)). Procedures are also presented for riprap protection at
bridge piers and abutments. For small discharges, procedures presented in the roadside channel
section should be used. Emphasis in this section has been placed on rock riprap revetments due to
their costs, environmental considerations, flexible characteristics and widespread usage. Other
channel stabilization methods such as spurs, guide banks retard structures, longitudinal dikes and
bulkheads are discussed in "Stream Stability at Highway Structures," Hydraulic Engineering
Circular No. 20.

7.8.2 Erosion Potential

Channel and bank stabilization is essential to the design of any structure affected by the water
environment. The identification of the potential for bank erosion, and the subsequent need for
stabilization, is best accomplished through observation. A three level analysis procedure is
provided in FHWA Hydraulic Engineering Circular No. 20. This procedure is described in Section
7.5.2. The three level analysis provides a rigorous procedure for determining the geomorphological
characteristics, evaluating the existing conditions through field observations and determining the
hydraulic and sediment transport properties of the stream. If sufficient information is obtained at
any level of the analysis to solve the problem, the procedure may be stopped without going on to the
other levels.

Observations provide the most positive indication of erosion potential. Observation comparison
can be based on historic information, or current site conditions. Aerial photographs, old maps and
surveying notes and bridge design files and river survey data that are available as described in the
Data Collection chapter, as well as gaging station records and interviews of long-time residents can
provide documentation of any recent and potentially current channel movement or bank
instabilities.

In addition, current site conditions can be used to evaluate stability. Even when historic
information indicates that a bank has been relatively stable in the past, local conditions may indicate
more recent instabilities. Local site conditions which are indicative of instabilities may include
tipping and falling of vegetation along the bank, cracks along the bank surface, the presence of
slump blocks, fresh vegetation laying in the channel near the channel banks, deflection of channel
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flows in the direction of the bank due to some recently deposited obstruction or channel course
change, fresh vertical face cuts along the bank, locally high velocities along the bank, new bar
formation downstream from an eroding bank, local headcuts, pending or recent cutoffs, etc. It is
also important to recognize that the presence of any one of these conditions does not in itself
indicate an erosion problem; some bank erosion is common in all channels even when the channel is
stable.

7.8.3 Symbols And Definitions

To provide consistency within this section as well as throughout this manual the following
symbols will be used. These symbols were selected because of their wide use in many bank and
shore protection publications. Where the same symbol is used for more than one definition, the
symbol will be defined where it is used.

Table 7-6 Symbols And Definitions

Symbol  Definition Units
AOS Apparent opening size in filter cloth mm (inches)
A Coefficient used to determine the apparent opening size
C Coefficient, relates free vortex motion to velocity streamlines for
unequal radius of curvature -

C. Uniformity coefficient
D5 The median bed material size m or mm (ft or inches)
Dis The 15% finer particle size m or mm (ft or inches)
Dgs The 85% finer particle size m or mm (ft or inches)
dave Average flow depth in the main flow channel m (ft)

s Estimated probable maximum depth of scour m(ft)
g Gravitational acceleration (9.81 m/s?) m/s” (ft/s%)
H Wave height m (ft)
k Permeability cm/s or mm/s (inches/s)
K, Correction term reflecting bank angle -
n Manning's roughness coefficient -
Oos Opening size in the geotextile material for which 95% of the openings are smaller =~ mm (inches)
Que Discharge in the zone of main channel flow m’/s (ft'/s)
R Hydraulic radius m (ft)
R Wave runup m (ft)
R, Mean radius of the channel centerline at the bend m (ft)
Sg, S Friction slope or energy grade line slope m/m (ft/ft)
SF Stability factor -
Ss, s Specific gravity of the riprap material -
T Topwidth of the channel between its banks m (ft)
A% Velocity m/s (ft/s)
V. Mean channel velocity m/s (ft/s)
Wso Weight of the median particle kg (Ib)
Z Superelevation of the water surface m (ft)
Y Unit weight of the riprap material kg/m® (Ib/ft)
0 Bank angle with the horizontal degrees
() Riprap material’s angle of repose degrees
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7.8.4 Design Criteria

To provide an acceptable standard level of service, the Department traditionally employs widely-
used pre-established design frequencies which are based on the importance of the transportation
facility to the system and the allowable risk for that facility. This would be true of revetment
protection. In addition, design standards of other agencies that have control or jurisdiction over the
waterway or facility concerned should be incorporated or addressed in the design.

The criteria for the design of channels is found in the hydrology chapter and Section 7.3.3.

7.8.5 Bank And Lining Failure Modes
Potential Failures

Prior to designing a bank stabilization scheme, it is important to be aware of common erosion
mechanisms and revetment failure modes, and the causes or driving forces behind bank erosion
processes. Inadequate recognition of potential erosion processes at a particular site may lead to
failure of the revetment system.

Many causes of bank erosion and revetment failure have been identified. Some of the more
common include abrasion, debris flows, water flow, eddy action, flow acceleration, unsteady flow,
freeze/thaw, human actions on the bank, ice, precipitation, waves, toe erosion and subsurface flows.
However, it is most often a combination of mechanisms which cause bank and revetment failure
and the actual mechanism or cause is usually difficult to determine. Failures are better classified by
failure mode including:

* particle erosion

* translational slide
» modified slump
* slump

Particle Erosion

Particle erosion is the most commonly considered erosion mechanism. Particle erosion results
when the tractive force exerted by the flowing water exceeds the bank material's ability to resist
movement. In addition, if displaced stones are not transported from the eroded area, a mound of
displaced rock will develop on the channel bed. This mound has been observed to cause flow
concentration along the bank, resulting in further bank erosion.

A special type of particle erosion results in loss of the underlying material resulting in
undermining and eventual collapse of the revetment protection. Usually the underlying material is
lost through the revetment or piped under the toe of the revetment protection. This failure is very
common in and extremely damaging to rigid types of protective linings. Providing a suitable filter,
either natural or fabrics in conjunction with hydrostatic relief features will prevent this failure.

Another frequent type of particle erosion failure occurs at the edges of the protective feature.
The interface creates turbulence which in turn increases the tractive stresses placed on the protective
layer, underlying layers, and the natural bank material beyond the revetment. This failure area
needs to receive special attention since extension of the protective feature usually only moves, not
eliminates, the failure.
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Translation Slide

A translational slide is a failure of riprap caused by the downslope movement of a mass of
stones, with the fault line on a horizontal plane. The initial phases of a translational slide are
indicated by cracks in the upper part of the riprap bank that extend parallel to the channel. As the
slide progresses, the lower part of riprap separates from the upper part, and moves downslope as a
homogeneous body. A resulting bulge may appear at the base of the bank if the channel bed is not
scoured.

Modified Slump

The failure of riprap referred to as modified slump is the mass movement of material along an
internal slip surface within the riprap blanket; the underlying material supporting the riprap does not
fail. This type of failure is similar in many respects to the translational slide, but the geometry of
the damaged riprap is similar in shape to initial stages of failure caused by particle erosion.

Slump

Slump is a rotational-gravitational movement of material along a surface of rupture that has a
concave upward curve. The cause of slump failures is related to shear failure of the underlying base
material that supports the riprap revetment. The primary feature of a slump failure is the localized
displacement of base material along a slip surface, which is usually caused by excess pore pressure
that reduces friction along a fault line in the base material.

7.8.6 Revetment Types
Common Types

The types of slope protection or revetment commonly used for bank and shore protection and
stabilization include:

* riprap

* gabions

concrete block slope protection
concrete slope pavement
articulating block mat systems

Riprap

Riprap has been described as a layer or facing of rock, dumped or hand-placed to prevent
erosion, scour, or sloughing of a structure or embankment. Materials other than rock are also
referred to as riprap; for example, rubble, broken concrete slabs and preformed concrete shapes
(slabs, blocks, rectangular prisms, etc.). These materials are similar to rock in that they can be
hand-placed or dumped onto an embankment to form a flexible revetment.
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Gabions

Wire-enclosed rock, or gabion, revetments consist of rectangular wire mesh baskets filled with
rock. These revetments are formed by filling pre-assembled wire baskets with rock, and anchoring
to the channel bottom or bank. Wire-enclosed rock revetments are generally of two types
distinguished by shape: rock and wire mattresses, or blocks. In mattress designs, the individual
wire mesh units are laid end to end and side to side to form a mattress layer on the channel bed or
bank. The gabion baskets comprising the mattress generally have a depth dimension which is much
smaller than their width or length. Block gabions, on the other hand, are more equal-dimensional,
having depths that are approximately the same as their widths, and of the same order of magnitude
as their lengths. They are typically rectangular or trapezoidal in shape. Block gabion revetments
are formed by stacking the individual gabion blocks in a stepped fashion.

Concrete Block Slope Protection

Pre-cast concrete block revetments are a recent development. The pre-formed sections which
comprise the revetment systems are butted together or joined in some fashion; as such, they form a
continuous blanket or mat. The concrete blocks which make up the mats differ in shape and method
of articulation, but share certain common features. These features include flexibility, rapid
installation and provisions for establishment of vegetation within the revetment. The permeable
nature of these revetments permits free draining of the bank materials; the flexibility, although
limited, allows the mattress to conform to minor changes in the bank geometry. Their limited
flexibility, however, makes them subject to undermining in environments characterized by large and
relatively rapid fluctuations in the surface elevation of the channel bed and/or bank. Unlike wire-
enclosed rock, the open nature of the pre-cast concrete blocks does promote volunteering of
vegetation within the revetment.

Concrete Slope Pavement

Concrete pavement revetments (concrete slope pavement) are cast in place on a prepared slope
to provide the necessary bank protection. Like grouted rock, concrete pavement is a rigid revetment
which does not conform to changes in bank geometry due to a removal of foundation support by
subsidence, undermining, outward displacement by hydrostatic pressure, slide action, or erosion of
the supporting embankment at its ends. The loss of even small sections of the supporting
embankment can cause complete failure of the revetment system. Concrete pavement revetments
are also among the most expensive streambank protection designs. In the past, concrete pavement
has been best utilized as a subaqueous revetment (on the bank below the water surface) with
vegetation or some other less expensive upper-bank treatment.

7.8.7 Flow Resistance

The hydraulic analysis performed as a part of the riprap design process requires the estimation of
Manning's roughness coefficient. Physical characteristics upon which the resistance equations are
based include the channel base material, surface irregularities, variations in section geometry, bed
form, obstructions, vegetation, channel meandering, flow depth and channel slope. In addition,
seasonal changes in these factors must also be considered. See Section 7.4.11, for a discussion of the
selection of Manning's n values.
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7.8.8 Extent Of Protection

Extent of protection refers to the longitudinal and vertical extent of protection required to
adequately protect the channel bank.

Longitudinal Extent

The longitudinal extent of protection required for a particular bank protection scheme is highly
dependent on local site conditions. In general, the revetment should be continuous for a distance
greater than the length that is impacted by channel-flow forces severe enough to cause dislodging
and/or transport of bank material. ~Although this is a vague criteria, it demands serious
consideration. Review of existing bank protection sites has revealed that a common misconception
in streambank protection is to provide protection too far upstream and not far enough downstream.

One criteria for establishing the longitudinal limits of protection required is illustrated in Figure
7-21. As illustrated, the minimum distances recommended for bank protection are an upstream
distance of 1.0 channel width and a downstream distance of 1.5 channel widths from corresponding
reference lines. All reference lines pass through tangents to the bend at the bend entrance or exit.
This criteria is based on analysis of flow conditions in symmetric channel bends under ideal
laboratory conditions. Real-world conditions are rarely as simplistic.

In actuality, many site-specific factors have a bearing on the actual length of bank that should be
protected. A designer will find the above criteria difficult to apply on mildly curving bends or on
channels having irregular, non-symmetric bends. Also, other channel controls (such as bridge
abutments) might already be producing a stabilizing effect on the bend so that only a part of the
channel bend needs to be stabilized. In addition, the magnitude or nature of the flow event might
only cause erosion problems in a very localized portion of the bend, requiring that only a short
channel length be stabilized. Therefore, the above criteria should only be used as a starting point.
Additional analysis of site-specific factors is necessary to define the actual extent of protection
required.

Field reconnaissance is a useful tool for the evaluation of the longitudinal extent of protection
required, particularly if the channel is actively eroding. In straight channel reaches, scars on the
channel bank may be useful to help identify the limits required for channel bank protection. In this
case, it is recommended that upstream and downstream limits of the protection scheme be extended
a minimum of one channel width beyond the observed erosion limits.

In curved channel reaches, the scars on the channel bank can be used to establish the upstream
limit of erosion. Here a minimum of one channel width should be added to the observed upstream
limit to define the limit of protection. The downstream limit of protection required in curved
channel reaches is not as easy to define. Since the natural progression of bank erosion is in the
downstream direction, the present visual limit of erosion might not define the ultimate downstream
limit. Additional analysis based on consideration of flow patterns in the channel bend may be
required.
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TANGENT POINT

TANGENT POINT

Figure 7-21 Longitudinal Extent Of Revetment Protection

Vertical Extent

The vertical extent of protection required of a revetment includes design height and foundation
or toe depth.

Design Height

The design height of a riprap installation should be equal to the design highwater elevation plus
an allowance for freeboard, generally 0.3 — 0.6m (1-2 ft). Freeboard is provided to ensure that the
desired degree of protection will not be reduced by unaccounted factors. Some such factors include:

» wave action (from wind or boat traffic)

* superelevation in channel bends

* hydraulic jumps

+ flow irregularities due to piers, transitions and flow junctions

In addition, erratic phenomena such as unforeseen embankment settlement, the accumulation of
silt, trash and debris in the channel, aquatic or other growth in the channels and ice flows should be
considered when setting freeboard heights. Also, wave run-up on the bank must be considered.

Wave Action
The prediction of wave heights from wind and boat generated waves is not as straightforward as
other wave sources. Figure 7-22 provides a definition sketch for the wave height discussion to

follow. The height of boat generated waves must be estimated from observations. The height of
wind generated waves is discussed in Appendix A of this chapter.
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It is necessary to estimate the magnitude of wave runup which results when waves impact the
bank. Wave runup is a function of the design wave height, the wave period, bank angle and the
bank surface characteristics (as represented by different revetment materials). For wave heights less
than 0.6 m (2 ft), wave runup can be computed using Figure 7-23 and Table 7-7. The runup height
(R) given in Figure 7-23 is for concrete pavement. Correction factors are provided in Table 7-7 for
reducing the runup magnitude for other revetment materials. The correction factor is multiplied
times the wave height to get the resulting wave runup (R).

POINT OF MAXIMUM WAVE RUNUP

.;

DESIGN_SWL Ho

T~ |
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|

-

el el

Figure 7-22 Wave Height Definition Sketch
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Point of Maximum Runup
Design Water Level
H I'1 I{. E \ f;—u—g Hrn

R = Wave Run Up Height (m)
H's = Wave Height (m)
f = Bank Angle with the Horizontal
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Figure 7-23 Wave Run-Up On Smooth, Impermeable Slopes
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Table 7.7 Correction Factors For Wave Run-Up

Slope Surface Characteristics Placement Correction
Method Factor

Concrete pavement — 1.00
Concrete blocks (voids < 20%) fitted 0.90
Concrete blocks (20% < voids > 40%) fitted 0.70
Concrete blocks (40% < voids > 60%) fitted 0.50
Grass — 0.85-0.90
Rock riprap (angular) random 0.60
Rock riprap (round) random 0.70
Rock riprap (hand placed or keyed) keyed 0.80
Grouted rock — 0.90
Wire enclosed rocks/gabions — 0.80

Flow In Channel Bends (Superelevation of Flow)

Flow conditions in channel bends are complicated by the distortion of flow patterns in the
vicinity of the bend. In long, relatively straight channels, the flow conditions are uniform and
symmetrical about the center line of the channel. However, in channel bends, the centrifugal forces
and secondary currents produced lead to non-uniform and non-symmetrical flow conditions.

Special consideration must be given to the increased velocities and shear stresses that are
generated as a result of non-uniform flow in bends.

Superelevation of flow in channel bends is another important consideration in the design of
revetments. Although the magnitude of superelevation is generally small when compared with the
overall flow depth in the bend (usually less than 0.3 m) it should be considered when establishing
freeboard limits for bank protection schemes on sharp bends. The magnitude of superelevation at a
channel bend may be estimated for subcritical flow by the following equation:

Z=C [(VST)/(gR,)] (7.33)

where: Z = superelevation of the water surface, m (ft)
C = coefficient that relates free vortex motion to velocity streamlines for unequal radius
of curvature,
mean channel velocity, m/s (ft/s)
water-surface width at section, m (ft)
gravitational acceleration - 9.81 m/s” (32.2 fi/s?)
Ro= the mean radius of the channel centerline at the bend, m (ft)

Va
T
g

The coefficient C has been evaluated by the U.S. Geological Survey (USGS) and ranges
between 0.5 and 3.0, with an average value of 1.5.
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Freeboard

As indicated, there are many factors which must be considered in the selection of an appropriate
freeboard height. As a minimum, it is recommended that a freeboard elevation of 0.3 (1 ft) be used
in unconstricted reaches, and 0.6m (2 ft) in constricted reaches. When computational procedures
indicate that additional freeboard may be required, the greater height should be used. In addition, it
is recommended that the designer observe wave and flow conditions during various seasons of the
year (if possible), consult existing records, and interview persons who have knowledge of past
conditions when establishing the necessary vertical extent of protection required for a particular
revetment installation.

Toe Depth

The undermining of revetment toe protection has been identified as one of the primary
mechanisms of revetment failure. In the design of bank protection, estimates of the depth of scour
are needed so that the protective layer is placed sufficiently low in the streambed to prevent
undermining. The ultimate depth of scour must consider channel degradation as well as natural
scour and fill processes.

The relationships presented in Equation 7.34 and 7.35 can be used to estimate the probable
maximum depth of scour due to natural scour and fill phenomenon in straight channels, and in
channels having mild bends. In application, the depth of scour, ds, should be measured from the
lowest elevation in the cross section. It should be assumed that the low point in the cross section
may eventually move adjacent to the protection (even if this is not the case in the current survey).

d;=3.66 m (12 ft) for D5y < 1.5 mm (0.06 in) (7.34)
d;=1.738 Dsy™'"™m (ds=3.72 D5y ™" (ft)) for Dsy> 1.5 mm (0.06 in) (7.35)
Where: d; = estimated probable maximum depth of scour, m (ft)

Dsp = median diameter of bed material, mm (inch)
The depth of scour predicted by Equations 7-34 and 7.35 must be added to the magnitude of
predicted degradation and local scour (if any) to arrive at the total required toe depth.
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7.9 Design Guidelines — Rock Riprap

7.9.1 Rock Riprap

This section contains design guidelines for the design of rock riprap. Guidelines are provided
for bank slope, rock size, rock gradation, riprap layer thickness, filter design, edge treatment and
construction considerations. In addition, typical construction details are illustrated. In most cases,
the guidelines presented apply equally to rock and rubble riprap. Guidelines for other types are
presented in HEC-11.

7.9.2 Bank Slope

A primary consideration in the design of stable riprap bank protection schemes is the slope of
the channel bank. For riprap installations, normally the maximum recommended face slope is
1V:2H.

7.9.3 Rock Size

The stability of a particular riprap particle is a function of its size, expressed either in terms of its
weight or equivalent diameter. In the following sections, relationships are presented for evaluating
the riprap size required to resist particle and wave erosion forces.

7.9.4 Particle Erosion

Two methods or approaches have been used historically to evaluate a material's resistance to
particle erosion. These methods are the permissible velocity approach and the permissible tractive
force (shear stress) approach. Under the permissible velocity approach the channel is assumed
stable if the computed mean velocity is lower than the maximum permissible velocity. The tractive
force (boundary shear stress) approach focuses on stresses developed at the interface between
flowing water and materials forming the channel boundary.
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7.9.5 Design Relationship

A riprap design relationship that is based on tractive force theory yet has velocity as its primary
design parameter is presented in Equation 7.36. The design relationship in Equation 7.36 is based
on the assumption of uniform, gradually varying flow. Figure 7-25.1 presents a graphical solution
to Equation 7.36. Equation 7.37 can be solved using Figures 7-26 and 7-27.

Dso = 0.005 94 V. / (o Ki") (Dsp=0.001 V.’ / (dae” K1) (7.36)
Where: Dsy = the median riprap particle size, m (ft)
C = correction factor (described below)
V. = the average velocity in the main channel, m/s (ft/s)
davg = the average flow depth in the main flow channel, m (ft)

K, is defined as:
K = [1-(sin’0/sin’®)]** (7.37)

Where: @ = the bank angle with the horizontal
® = the riprap material's angle of repose

The average flow depth and velocity used in Equation 7.36 are main channel values. The main
channel is defined as the area between the channel banks (see Figure 7-24 below).

|L.-c LEFT FLOODPLAIN <CHANNEL| RIGHT FLODDPLAIN
Ty 4 I

Figure 7-24 Definition Sketch; Channel Flow Distribution
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Equation 7.36 is based on a rock riprap specific gravity of 2.65, and a stability factor of 1.2.
Equations 7.38 and 7.39 present correction factors for other specific gravities and stability factors.

Cyg = 2.12/(Ss - 1'? (7.38)
Where: S = the specific gravity of the rock riprap
Cy=(SF/1.2)"° (7.39)

Where: SF = the stability factor to be applied.

The correction factors computed using Equations 7.38 and 7.39 are multiplied together to form a
single correction factor C. This correction factor, C, is then multiplied by the riprap size computed
from Equation 7.35 to arrive at a stable riprap size. Figure 7-28 provides a solution to Equations
7.39 and 7.38 using correction factor C.

The stability factor, SF, used in Equations 7.38 and 7.39 requires additional explanation. The
stability factor is defined as the ratio of the average tractive force exerted by the flow field and the
riprap material's critical shear stress. As long as the stability factor is greater than 1, the critical
shear stress of the material is greater than the flow induced tractive stress, the riprap is considered to
be stable. As mentioned above, a stability factor of 1.2 was used in the development of Equation
7.36.

The stability factor is used to reflect the level of uncertainty in the hydraulic conditions at a
particular site. Equation 7.36 is based on the assumption of uniform or gradually varying flow. In
many instances, this assumption is violated or other uncertainties come to bear. For example, debris
and/or ice impacts, or the cumulative effect of high shear stresses and forces from wind and/or boat
generated waves. The stability factor is used to increase the design rock size when these conditions
must be considered. Table 7-7 presents guidelines for the selection of an appropriate value for the
stability factor.
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D5p=0.005 94 V3’/(dayg"? K432)

D50 = Median Riprap Size (m)

Vga = Average velocity in main channel (m/s)

= A depth i i h | D50
davg = Average dep in main channel (m) (m)
K4 = Bank angle correction term
0.06 T
V. 0.08
davg a _
(m) (m/s) 0.1
12 - 8 7 .
— 7 — —
10 - 0.15 —]
8 - E
© 3
4 — —]
. = 0.6 —
37 ’
. 2] 0.8 -
3 ] 1 7
2 1.5 7 _
. i 1.5
1.5 — _ ]
] 1— 2 —
1 -
Example
Given: Find: Solution:
Va=4.9 m/s D50 D50=069 m
davg=2.75 m
K1=0.72

Figure 7-25 Riprap Size Relationship (metric units)

ConnDOT Drainage Manual October 2000



Channels 7.9-5

Dgp= 0.001V3/dg,a7K,32)
Dsg= Median Riprap Size (ft.)
Vq= Average velocity in main channel (ft/sec)
davg. = Average depth in main channel (ft.)
Kq= Bank angle correction term

50
02 —
0.3 —
d V,
avg. a _
40 — 25 7 0.4
- n 05 —
25 - i
20 ] :
] 5 B
_ A ]
16 - 3 —
10 — 25 —
] | 30 =
| 5 | |
40 —
4 50 —
5 60 —
3 70 —
4
Example:
Given: Find: Solution:
dVa _= ;6f ft/sec. D50 D50 = 225
avg= L.
k1 = 0.72

Figure 7-25.1 Riprap Size Relationship (English units)
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05
K= 1- sin®0 ]
sin2®

=z
£ = Bank angle with

K f horizontal
) 0 =Bank angle with horizontal

A ® = Material angle of repose
See Figure 7-27 or 7-27.1

Slope 0 (°) @(°)
— 35 30
1:1.5—— K,
[ —0.10 ]
- — 0.20
- 30 - 0.30 ]
— — 0.50
1:2— [ 0.60 B
L 25 —]
- L 0.70 35 __
1:25— [ -
| L 0.80 _
— 20 — |
- L 0.85
1:3— — —]
— ~—— ] — 40__|
— 090 T T —— —
1:3.5—— — [
L 0.92
— 15 ]
Example
Given: Find: Solution:
0=18° K, O =42°
Very angular K;=0.885

Dso = 457 mm (1.5 ft)

Figure 7-26 Bank Angle Correction Factor (K;) Nomograph
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Figure 7-27 Angle Of Repose Of Riprap In Terms Of Mean Size And Shape Of Stone
(metric units)
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Figure 7-27.1 Angle Of Repose Of Riprap in Terms Of Mean Size and Shape Of Stone
(English units)
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Ss C
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Example:
Given; Find: Solution:
S&2.65 C C=1.59
SF=1.60

Figure 7-28 Correction Factor For Riprap Size (metric or English)
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C=1.61SF" /(8¢ 1)1

CORR=D,,CORRECTION FACTOR
SF = STABILITY FACTOR
Ss= SPECIFIC GRAVITY OF ROCK
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Table 7-8 Guidelines For The Selection Of Stability Factors

Stability
Factor
Condition Range
Uniform flow; Straight or mildly curving reach (curve radius/channel width > 30); 1.0-1.2
Impact from wave action and floating debris is minimal; Little or no uncertainty
in design parameters.
Gradually varying flow; Moderate bend curvature (30 >curve radius/channel 1.21-1.6

width > 10); Impact from waves or floating debris moderate.

Approaching rapidly varying flow; Sharp bend curvature (10 > curve radius/channel 1.61-2.0
width); Significant impact potential from floating debris and/or ice; Significant wind

and/or boat generated waves (0.3 - 0.6 m (1-2 ft)); High flow turbulence; Turbulently

mixing flow at bridge abutments; Significant uncertainty in design parameters.
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7.9.6 Application

Application of the relationship in Equation 7.36 is limited to uniform or gradually varying flow
conditions that are in straight or mildly curving channel reaches of relatively uniform cross section.
However, design needs dictate that the relationship also be applicable in nonuniform, rapidly
varying flow conditions often exhibited in natural channels with sharp bends and steep slopes, and
in the vicinity of bridge piers and abutments.

To fill the need for a design relationship that can be applied at sharp bends and on steep slopes in
natural channels, and at bridge abutments, it is recommended that Equation 7.36 be used with
appropriate adjustments in velocity and/or stability factor as outlined in the following sections.

Wave Erosion

Waves generated by wind or boat traffic have also been observed to cause bank erosion on
inland waterways. The most widely used measure of riprap's resistance to wave is that developed
by R. Y. Hudson "Laboratory Investigations of Rubble-Mound Breakwaters," 1959. The so-called
Hudson relationship is given by the following equation:

Wso = (ys H’) / (2.20 [Ss - 1T° cot 0) (7.40)

Where: Wso = weight of the median particle, kg (Ib)
unit weight of riprap (solid) material, kg/m® (Ib/ft’)

Ys =

H = the wave height, m (ft)

S¢ = specific gravity of riprap material

0 = bank angle with the horizontal
Assuming:

S, =2.65 and y, = 2643 kg/m’ (165 Ib/ft’), Equation 7.40 can be reduced to:
Wso=2674H/cot0  (Wso=16.7 H/cot 0) (7.41)
In terms of an equivalent diameter Equation 7.41 can be reduced to:
Dso=0.57H/cot'” 0 (Dso = 0.75H/cot'> 9) (7.42)
Where: Dsp = median riprap size, m
Methods for estimating a design wave height are presented in Appendix A of this chapter.
Equation 7.42 is presented in nomograph form in Figure 7-29. Equations 7.41 and 7.42 can be used

for preliminary or final design when H is less than 1.5 m (5 ft), and there is no major overtopping of
the embankment.
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7.9.7 Steep Slopes

Flow conditions in steep sloped channels are rarely uniform, and are characterized by high flow
velocities and significant flow turbulence. In applying Equation 7.36 to steep slope channels, care
must be exercised in the determination of an appropriate velocity. When determining the flow
velocity in steep sloped channels, it is recommended that Equation 7.43 be used to determine the
channel roughness coefficient. It is also important to thoughtfully consider the guidelines for
selection of stability factors as presented in Table 7.8.

On high gradient streams it is extremely difficult to obtain a good estimate of the median bed
material size. For high gradient streams with slopes greater then 0.002 m/m (ft/ft) and bed material
larger than 0.06 m (0.2 ft) (gravel, cobble, or boulder size material), it is recommended that the
relationship given in the following equation be used to evaluate the base Manning's n.

n=0.32 S/ R (n=0.39 S{** R*1%) (7.43)

Where: Sy = friction slope, m/m (ft/ft)
R hydraulic radius, m (ft)

7.9.8 Bridge Piers
For recommendations, see Chapter 9, Bridges.
7.9.9 Ice Damage

Ice can affect riprap linings in a number of ways. Moving surface ice can cause crushing and
bending forces as well as large impact loadings. The tangential flow of ice along a riprap lined
channel bank can also cause excessive shearing forces. Quantitative criteria for evaluating the
impact ice has on channel protection schemes are unavailable. However, historic observations of
ice flows in New England rivers indicate that riprap sized to resist design flow events will also resist
ice forces.

For design, consideration of ice forces should be evaluated on a case by case basis. In most
instances, ice flows are not of sufficient magnitude to warrant detailed analysis. Where ice flows
have historically caused problems, a stability factor of 1.2 to 1.5 should be used to increase the
design rock size. Please note that the selection of an appropriate stability factor to account for ice
generated erosive problems should be based on local experience.

7.9.10 Rock Gradation

The gradation of stones in riprap revetment affects the riprap’s resistance to erosion. The stone
should be reasonably well graded throughout the riprap layer thickness. Table 7-9 presents the
median particle size of three types of riprap which have gradations defined in the ConnDOT
standard specifications. All designs should consider using the ConnDOT standard gradations,
however if a design requires a non-standard median particle size, then the AASHTO guidelines for
rock gradations as presented in HEC-11 should be used.
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Table 7-9 Ds, of Available Riprap

Riprap Type Dso mm
Modified 125 (5 inches)
Intermediate 200 (8 inches)
Standard 380 (15 inches)

7.9.11 Layer Thickness

All stones should be contained reasonably well within the riprap layer thickness to provide
maximum resistance against erosion. Oversize stones, even in isolated spots, may cause riprap
failure by precluding mutual support between individual stones, providing large voids that expose
filter and bedding materials, and creating excessive local turbulence that removes smaller stones.
Small amounts of oversize stone should be removed individually and replaced with proper size
stones. The following criteria apply to the riprap layer thickness.

1. It should not be less than the spherical diameter of the Do stone, or less than 2.0 times the
spherical diameter of the Ds( stone, whichever results in the greater thickness.

2. It should not be less than 300 mm (12 in) for practical placement.

3. The thickness determined by either of the above criteria should be increased by 50% when
the riprap is placed underwater to provide for uncertainties associated with this type of
placement.

4. An increase in thickness, accompanied by an appropriate increase in stone sizes, should be
provided where riprap revetment will be subject to attack by floating debris or ice, or by
waves from boat wakes, wind, or bedforms.

The typical layer thickness for riprap (ConnDOT gradations) revetment is shown in Table 7-10.

Table 7-10 Riprap Layer Thickness

Riprap Layer

Riprap Type Thickness mm
Modified 300 (12 inches)
Intermediate 450 (18 inches)
Standard 900 (36 inches)
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Figure 7-29 Hudson Relationship For Riprap Size Required To Resist Wave Erosion — metric units
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H =3 ft

Figure 7-29.1 Hudson Relationship For Riprap Size Required To Resist Wave Erosion —
English units
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7.9.12 Filter Design

A filter is a transitional layer of gravel, small stone, or fabric placed between the underlying soil
and the structure. The filter prevents the migration of the fine soil particles through voids in the
structure, distributes the weight of the armor units to provide more uniform settlement and permits
relief of hydrostatic pressures within the soils. A filter should be used whenever the riprap is placed
on noncohesive material subject to significant subsurface drainage (such as in areas where water
surface levels fluctuate frequently and in areas of high groundwater levels).

Granular Filters

Typical riprap installations use granular filters as a transitional layer between the riprap and
underlying soil. This layer shall consist of the item “Granular Fill” which is found in the standard
specifications. The required thickness of the granular fill layer based on the ConnDOT riprap type
is shown in Table 7-11.

Table 7-11 Granular Fill Filter Thickness

Granular Fill
Riprap Type Filter Thickness (mm)
Modified 150 (6 inches)
Intermediate 150 (6 inches)
Standard 300 (12 inches)

In some cases further analysis of the granular filter layer may be warranted. Guidelines for granular
filter design are found in HEC-11.

Fabric Filters

Synthetic fabric filters have found considerable use as alternatives to granular filters. The following
list of advantages relevant to using fabric filters have been identified:

Installation is generally quick and labor-efficient

Fabric filters are more economical than granular filters

Fabric filters have consistent and more reliable material quality
Fabric filters have good inherent tensile strength

Local availability of suitable granular filter material is no longer a design consideration when
using fabric filters

Disadvantages include the following.

¢ Filter fabrics can be difficult to lay underwater

¢ Installation of some fabrics must be undertaken with care to prevent undue ultraviolet light
exposure

e Bacterial activity within the soil or upon the filter can control the hydraulic responses of a
fabric filter system
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e Experimental evidence indicates that when channel banks are subjected to wave action, non-
cohesive bank material has a tendency to migrate downslope beneath fabric filters; this
tendency was not observed with granular filters

e Fabric filters may induce translational or modified slump failures when used under rock
riprap installed on steep slopes if not properly keyed into the top of slope

Filter Fabric Design

The filter cloth (geotextile) design should consider the following performance areas.

Soil Retention (Piping Resistance)
Permeability

Clogging

Survivability

It is extremely desirable that individual site requirements be used to establish the necessary
requirements. Generalized geotextile requirements should be used only on very small or non-
critical/non-severe installations where a detailed analysis is not warranted. A discussion of the
above special considerations is found in Hydraulic Engineering circular No. 11.

The design process generally consists of the following design steps:

Step 1 - Evaluate the application site.

Step 2 - Obtain and test soil samples

Step 3 - Evaluate possible armor choices
Step 4 - Calculate flow through geotextile
Step 5 - Determine geotextile requirements:

a. Soil Retention
b. Permeability

c. Clogging

d. Survivability

Filter Fabric Placement

To provide good performance, a properly selected cloth should be installed with due regard for the
following precautions:

e Heavy riprap may stretch the cloth as it settles, eventually causing bursting of the fabric in
tension. A 150mm (6 inch) gravel bedding layer should be placed beneath standard riprap.

e The filter cloth should not extend into the channel beyond the riprap layer; rather, it should be
wrapped around the toe material as illustrated in Figure 7-30.

e Adequate overlaps must be provided between individual fabric sheets.
e The filter should be installed loosely to allow for any stretching under settlement.

e Securing pins with washers are recommended at 0.6m to 1.5m (2 to 5 ft) intervals along the
midpoint of the overlaps.
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e Proper stone placement on the filter begins at the toe and proceeding up the slope. Dropping
stone from heights greater than 0.6m (2 ft) can rupture fabrics (greater drop heights are
allowable under water).

e “Drop height” of riprap must be limited to avoid tearing the fabric

WRAP CLOTH AROUND BASE OF ARMOR

Figure 7-30 Filter Fabric Placement
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7.9.13 Edge Treatment

The edges of riprap revetments (flanks, toe and head) require special treatment to prevent
undermining. The flanks of the revetment should be designed as illustrated in Figure 7-31. The
upstream flank is illustrated in Section A-A and the downstream flank in Section B-B of this figure.
A more constructible flank section uses riprap rather than compacted fill.

Undermining of the revetment toe is one of the primary mechanisms of riprap failure. The toe of
the riprap should be designed as illustrated in Figure 7-32. The toe material should be placed in a
toe trench along the entire length of the riprap blanket.

Where a toe trench cannot be dug, the riprap blanket should terminate in a thick, stone toe at the
level of the streambed (see alternate design in Figure 7-32). Care must be taken during the
placement of the stone to ensure that the toe material does not mound and form a low dike; a low
dike along the toe could result in flow concentration along the revetment face which could stress the
revetment to failure. In addition, care must be exercised to ensure that the channel's design
capability is not impaired by too much riprap in a toe mound.

The size of the toe trench or the alternate stone toe is controlled by the anticipated depth of scour
along the revetment. As scour occurs (and in most cases it will) the stone in the toe will launch into
the eroded area as illustrated in Figure 7-33. Observation of the performance of these types of rock
toe designs indicates that the riprap will launch to a final slope of approximately 1V:2H.

The volume of rock required for the toe must be equal to or exceed one and one-half times the
volume of rock required to extend the riprap blanket (at its design thickness and on a slope of
1V:2H) to the anticipated depth of scour. Dimensions should be based on the required volume
using the thickness and depth determined by the scour evaluation. The alternate location can be
used when the amount of rock required would not constrain the channel. Establishing a design
scour depth is covered in Section 7.8.8.
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Direction of Flow
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SECTION: A-A

3T

SECTION: B-B

Figure 7-31 Typical Riprap Installation: Plan and Flank Details
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Figure 7-32 Typical Riprap Installation: End View (Bank Protection Only)
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Figure 7-33 Launching Of Riprap Toe Material
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7.9.14 Rock Riprap Design Procedure

Rock riprap design procedure outlined in the following sections is comprised of three primary
sections: preliminary data analysis, rock sizing and revetment detail design. The individual steps in
the procedure are numbered consecutively throughout each of the sections. Figure 7-34 provides a
useful format for recording data at each step of the analysis.

Preliminary Data

Step 1  Compile all necessary field data including (channel cross section surveys, soils data, aerial
photographs, history of problems at site, etc.).

Step2  Determine design discharge.

Step3  Develop design cross section(s). Note: The rock sizing procedures described in the
following steps are designed to prevent riprap failure from particle erosion.

Step4  Compute design water surface.

A.

When evaluating the design water surface, Manning's n should be estimated. If a
riprap lining is being designed for the entire channel perimeter, an estimate of the rock
size may be required to determine the roughness coefficient.

If the design section is a regular trapezoidal shape, and flow can be assumed to be
uniform, design procedures in Section 7.7.3 can be used.

If the design section is irregular or flow is not uniform, backwater procedures must be
used to determine the design water surface.

Any backwater analysis conducted must be based on conveyance weighing of flows in
the main channel, right bank and left bank.

Step5  Determine design average velocity and depth.

A.

Average velocity and depth should be determined for the design section in conjunction
with the computations of step 4. In general, the average depth and velocity in the main
flow channel should be used.

If riprap is being designed to protect channel banks, abutments, or piers located in the
floodplain, average floodplain depths and velocities should be used.

Step 6 Compute the bank angle correction factor K; (Equation 7.37, Figures 7-26 and 7-27).

Rock Sizing

Step 7  Determine riprap size required to resist particle erosion (Equation 7.36, Figure 7-25).

A.

Initially assume no corrections.
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B. Evaluate correction factor for rock riprap specific gravity and stability factor
(C = ngCsf).

C. If designing riprap for piers or abutments see Chapter 9, Bridges.

Step 8 If entire channel perimeter is being stabilized, and an assumed Dsy, was used in
determination of Manning's n for backwater computations, return to step 4 and repeat
steps 4 through 7 with the revised Dsy.

Step 9  If surface waves are to be evaluated:

A. Determine significant wave height.

B. Use Figure 7-29 to determine rock size required to resist wave action and Table 7-7
for correction factor).

Step 10  Select final riprap.

Revetment Detail Design

Step 11 Determine longitudinal extent of protection required (section 7.8.8).
Step 12 Determine appropriate vertical extent of revetment (section 7.8.8).
Step 13 Design filter layer (section 7.9.12).

A. Determine appropriate filter material size, and gradation.

B. Determine layer thickness.

Step 14 Design edge details (flanks and toe) (section 7.9.13).
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Appendix A Simplified M ethods For Estimating Wave Height

I ntroduction

Wave height estimates are based on wave characteritics that may be derived from an anaysis
of the following data:

* wave gauge records,

* visual observations,

* published wave hindcasts,

* wave forecasts and

» maximum breaking wave at the site.

It should be noted that deepwater ocean wave characteristics derived from offshore data analysis
may also need to be transformed to the project site using refraction and diffraction techniques
described in the Army Corp of Engineer's " Shore Protection Manual.”

Predicting Wind Generated Waves
The height of wind generated wavesis afunction of:

» fetch length,

* windspeed,
 wind duration and
* the depth of water.

Hindcasting

Wave hindcast information, based on historical weather records and observations, is available
from the Army Corps of Engineer's Waterway Experiment Station (WES) in Vicksburg,
Mississippi. Hindcasting methods should be used to determine the design wave height for coastal
revetments.

Forecasting

Simplified wind wave prediction techniques may be used to establish probable wave conditions
for the design of highway protection on bays, lakes and other inland bodies of water. Wind data for
use in determining design wind velocities and durations is usually available from westher stations,
airports and major dams and reservoirs.

The following assumptions pertain to these smplified methods.

» Thefetchisshort, 120 km (75 mi) or less.
* Thewind isuniform and constant over the fetch.

It should be recognized that these conditions are rarely met and wind fields are not usually
estimated accurately. The designer should therefore not assume that the results are more accurate
than warranted by the accuracy of the input and the simplicity of the method. Good, unbiased
estimates of al wind generated wave parameters should be sought and the cumulative results
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conservatively interpreted. The individua input parameter should not each be estimated
conservatively, since this may bias the resuilt.

The applicability of awave forecasting method depends on the available wind data, water depth
and overland topography. Water depth affects wave generation and for a given set of wind and
fetch conditions, wave heights will be smaller and wave periods shorter if the wave generation takes
place in a transitional or shallow water rather than in deep water. The height of wind generated
waves may aso be fetch-limited or duration-limited. Selection of an appropriate design wave may
require a maximization procedure considering depth of water, wind direction, wind duration,
windspeed and fetch length.

There is no single theory for the forecasting of wind generated waves for relatively shalow
water. Until further research results are available the interim method for predicting shallow-water
waves presented in the Corp's " Shore Protection Manua” (SPM) are to be used. It uses deepwater
forecasting relationships and isbased on successive approximations in which wave energy is added
due to wind stress and subtracted due to bottom friction and percolation. Aninitia estimate of wind
generated significant wave heights can be made by using Figure 7-A-1. If the estimated wave
height from the nomograph is greater than 0.6 m (2 ft) it is recommended that the Army Corps of
Engineers procedures be used to refine the input parameters.

Breaking Waves

Waves generated in deeper water and shoaling as they approach the embankment will be a
maximum size wave that will reach it still in possession of most of its deep-water energy. Wave
heights derived from hindcasts or any forecasting method should be checked against the maximum
breaking wave that the design stillwater level depth and near-shore bottom slope can support. The
design height will be the smaller of ether the maximum breaker height or the forecasted or
hindcasted wave height. The relationship of the maximum height of breaker which will expend its
energy upon the protection, Hp, and depth of water at the dope protection, ds, which the wave must
pass over areillustrated in Figure 7-A-2.

Prediction Procedure
Following is an outline of awave prediction procedure.

Windspeed Estimation

To estimate windspeed the following information is needed:
» actual wind records from the site,

* general wind statistics and

* best alternative source of wind information.

Site Maximization Procedure

Using the method presented in the Army Corp of Engineer's " Shore Protection Manual," (SPM)
the site maximization procedure consists of the following steps.
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 Adjust wind information to 10 m (33 ft) above water surface.

* Determine fetch limitations.

» Adjust wind information for over water conditions.

» Develop and plot a windspeed-duration curve.

» When applicable, develop and plot awind speed-duration curve for limited fetch.

* Select design wind.

* Forecast deepwater wave characteristics from deepwater significant wave prediction curves
(Figures 7-A-1 or 7-A-1.1).

» Determineif deepwater or shallow-water conditions are present.

 For shallow-water conditions, forecast shallow-water significant wave height and period
(SPM Figures 3-27 through 3-36).

* For deepwater conditions, refract and shoal the deepwater wave to the project site, if needed.

» Compute wave run-up and wind set-up.
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