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PREFACE TO THE
SECOND EDITION

This new edition of the handbook has been updated throughout to reflect continuing
changes and improvements in design trends and specifications. The chapter on bridge
engineering has been revised to provide more-comprehensive treatment of this important
topic. The chapter on culverts and drainage provides updated hydraulic design informa-
tion as well as the latest approved methods for the structural design of concrete, steel, and
plastic pipes. The chapter on retaining walls has been expanded with new information on
mechanically stabilized earth walls, including a section on bridge abutment walls.
Significant new information has been added to the chapter on value engineering to reflect
the current roles of the Federal Highway Administration (FHWA) and the American
Association of State Highway and Transportation Engineers (AASHTO); additional
examples of applications have been included, too.

Regrettably, this edition of the handbook marks the passing of Kenneth Boedecker, a
friend and colleague active in highway engineering applications for many years. His con-
tributions, particularly in the development of improved specifications for drainage pipe
and other products, are gratefully acknowledged.

Finally, the reader is cautioned that independent professional judgment must be exer-
cised when information set forth in this handbook is applied. Anyone making use of this
information assumes all liability arising from such use. Readers are encouraged to use the
latest edition of the referenced specifications, because they provide more complete infor-
mation and are subject to frequent change.

Roger L. Brockenbrough, P.E.

xi
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PREFACE TO THE
FIRST EDITION

The Highway Engineering Handbook has been developed by knowledgeable engineers to
serve as a comprehensive reference source for those involved in highway design. This
handbook is broad in scope, presenting information on topics ranging from environmental
issues to value engineering, from the design of culverts, lighting, and noise walls to the
design of safety systems, retaining walls, and bridges. In addition, such fundamental sub-
jects as location and pavement design are fully discussed.

This volume should be useful to a wide range of personnel involved in highway design
and construction, including consulting engineers; engineers employed by departments of
transportation in federal, state, and local governments; those involved with turnpike author-
ities; and engineering educators. Both experienced practitioners and serious students will
find the information presented here useful and easy to apply. It should enable the engineer
to create a design that fulfills the requirements of the highway user: a safe, smooth,
durable, aesthetically pleasing, environmentally sensitive, and economical highway system.

Contributors to this handbook are experienced highway engineers, consultants, or edu-
cators. They are leading authorities in their subject areas. The guiding principle of this
book is to present practical information that has direct application to situations encoun-
tered in the field. Efforts were made to coordinate the information with that of the
American Association of State Highway and Transportation Officials (AASHTO). Metric
units are used where feasible to ease the transition to that system.

The material in this book follows a logical sequence. It begins with a discussion of
environmental issues, a fundamental consideration in modern highway design. This is fol-
lowed by a chapter on location, design, and traffic that includes extensive examples of typ-
ical standard treatments. A subject critical to building and maintaining durable systems,
pavement design and rehabilitation, is then presented. Following this, aspects of bridge
engineering are discussed to aid in the selection of bridge type and material for a durable
design. The essentials of culvert design are then offered, as well as information on the var-
ious culvert types available. Next, a discussion of roadway safety addresses the latest
options for providing for errant vehicles that leave the traveled way. A wealth of informa-
tion follows on signing and lighting highways, subjects that also are closely related to
highway safety. A comprehensive chapter next addresses the selection and design of
retaining walls and considers both generic and proprietary systems. Walls to reduce traffic
noise and screen unsightly areas are then considered. Finally, a chapter on value engineer-
ing and life cycle cost presents fundamental insights into these areas, as well as application
examples, to encourage cost-effective design.

The contributors and editors are indebted to their colleagues and a variety of sources
for the information presented. Credit is given in references throughout the text to the
extent feasible.

The reader is cautioned that independent professional judgment must be exercised
when information given in this handbook is applied. Anyone making use of this informa-
tion assumes all liability arising from such use.

Roger L. Brockenbrough, P.E.
Kenneth J. Boedecker, Jr., P.E.

xiii
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FACTORS FOR
CONVERSION TO
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Multiply By To find

Length:

Inches (in) 25.400 Millimeters (mm)

Feet (ft) 0.3048 Meters (m)

Yards (yd) 0.9144 Meters (m)

Miles (mi) 1.6093 Kilometers (km)
Area:

Square inches (in?) 645.16 Square millimeters (mm?)

Square feet (ft?) 0.09290  Square meters (m?)

Square yards (yd?) 0.8361 Square meters (m?)

Square miles (mi?) 2.5900 Square kilometers (km?)

Acres (ac) 0.4047 Hectares (ha)
Mass:

Ounces (0z) 28.350 Grams (g)

Pounds (Ib) 0.4536 Kilograms (kg)

Tons, short (T) 0.9072 Megagrams (Mg), or tonnes
Volume:

Ounces, fluid (0z) 29.574 Milliliters (mL)

Gallons (gal) 3.7854 Liters (L)

Cubic feet (ft}) 0.02832  Cubic meters (m?)

Cubic yards (yd®) 0.07646  Cubic meters (m®)
Velocity:

Miles per hour (mi/h) 1.6093 Kilometers per hour (km/h)
Force:

Pound (Ib) 4.4482 Newton (N)

Kip 4.4482 Kilonewton (kN)
Stress:

Pounds per square inch (Ib/in?) 6.8948 Kilopascal (kPa)

Kips per square inch (kips/in?) 6.8948 Megapascal (MPa)

Kips per square foot (kips/ft?) 47.880 Kilopascal (kPa)
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CHAPTER 1
ENVIRONMENTAL ISSUES*

Darryl Shoemaker, Ph.D.,
Jack Allen, Margaret Ballard,
Stephen David, and George Eliason

HDR Engineering, Inc.
Minneapolis, Minnesota

Environmental issues play a major role in the planning, design, construction, and reha-
bilitation of highways. Indeed, their prominence has grown as the public has become
increasingly informed on environmental issues and associated requirements. This chap-
ter provides an overview to lend guidance in understanding environmental issues, and
information to aid in the process of effectively addressing the various requirements in
this area. It begins with an overall review of the numerous federal laws and regula-
tions that must be considered. A thorough discussion is provided of the requirements
of the National Environmental Policy Act and the preparation of environmental impact
statements. Information is presented on the important topics of storm water pollution
prevention and lead-based paint removal and containment. The chapter concludes with
a discussion of resource recovery and the use of waste material, including the recycling
of hazardous wastes.

1.1 FEDERAL LAWS AND REGULATIONS

Federal environmental laws and regulations may affect planning, design, construction,
and rehabilitation of the infrastructure. The objective of environmental legislation is to
protect the health and welfare of the general public. Primary legislation has been
developed by the federal government, and the authority for implementing the laws has
been given to various federal agencies. State-level environmental legislation has, in
general, followed or expanded upon federal objectives and programs. Increasingly,
states are being given powers to implement federal programs. This has led to further
state involvement in promulgating laws, regulations, and judicial interpretations.
Federal legislation, and, therefore, requirements for compliance, have been steadily
evolving. The information in this section is intended to provide the highway engineer and
other interested parties with a basic understanding of the legal framework in which

*Revised and updated from “Environmental Issues” by Cheryl Bly Chester, P.E., Chap. 1 in the First Edition.

1.1
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1.2 CHAPTER ONE

environmental compliance requirements were developed, what they are intended to
address, and how to find current information on the constantly changing federal, state, and
local agency regulations specific to a proposed project. Federal laws are codified in the
U.S. Code (USC) and are enacted by Congress. Federal regulations are codified in the Code
of Federal Regulations (CFR). Department of Transportation regulations are codified
in Title 23 CFR-DOT regulations. The environmental regulations discussed in this
chapter are found in Title 40 CFR-EPA regulations. Executive orders are issued by the
President of the United States to mandate policy on specific issues. A few executive
orders relevant to highway engineering have been included in this discussion.
Executive orders designate the implementing agency, which generally responds by
promulgating guidelines or issuing directives to address the stated policy. Table 1.1
indicates the environmental laws discussed in this chapter, the USC designations that
apply, and which federal agency has the implementing authority.

1.1.1 National Environmental Policy Act (NEPA)

The National Environmental Policy Act (NEPA) of 1970 (with amendments) is the
most important environmental legislation to be considered by highway engineers when
planning or implementing highway projects. NEPA applies to all federal government
agencies and the programs and projects that they manage, permit, or fund. NEPA mandates
that the environmental implications of all federally funded programs or projects be
evaluated and disclosed to the public. The purpose, foundation, and major provisions of
NEPA are discussed in the following paragraphs. Implementing procedures are dis-
cussed in Art. 1.2.

The purpose of NEPA is “to declare a national policy which will encourage produc-
tive and enjoyable harmony between man and his environment; to promote efforts
which will prevent or eliminate damage to the environment and biosphere and stimulate
the health and welfare of man; to enrich the understanding of the ecological systems
and natural resources important to the Nation; and to establish a Council on
Environmental Quality.”

Under Title I, Section 101, of NEPA, Congress declares that it is the “...policy of
Federal Government, in cooperation with State and local governments, and other con-
cerned public and private organizations, to use all practicable means and measures,
including financial and technical assistance, in a manner calculated to foster and promote
the general welfare, to create and maintain conditions under which man and nature can
exist in productive harmony, and fulfill the social, economic, and other requirements
of present and future generations.” Section 101 also states that this policy should be
“consistent with other essential considerations of national policy.”

NEPA, Title I, Section 102, states that, among other things, “a systematic and inter-
disciplinary approach” should be utilized to ensure “the integrated use of the natural
and social sciences and the environmental design arts in planning and decision making.”
A major provision of NEPA under Title I, Section 102(2)(C), sets forth requirements
for environmental impact statements (EISs), which are required for every federal project
“significantly affecting the quality of the human environment” to determine and document
that the purpose of NEPA is fulfilled. NEPA, Title I, Section 102(2)(C) and Section
1508, established the framework for the guidelines and requirements for what federal
agencies must do to comply with the procedures and achieve the goals of NEPA.
Section 1508 emphasizes that federal agencies shall:

e Interpret and administer the policies, regulations, and public laws of the United
States in accordance with the policies set forth in NEPA and in these regulations.
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TABLE 1.1 Summary of Environmental Laws, USC Designators That Apply, and
Implementing Authority

National Environmental Policy Act, 1970 (42 USC §4321 et seq.)—Executive Office of the
President, Council on Environmental Quality

Clean Air Act (42 USC §7401 et seq.)—U.S. Environmental Protection Agency (EPA)
Noise Control Act, amended 1978 (42 USC §§4901-4918)—U.S. EPA

Clean Water Act, 1977 (33 USC §1251 et seq.)—U.S. EPA, Army Corps of Engineers
Safe Drinking Water Act (SDWA; 42 USC §300)—U.S. EPA

Resource Conservation and Recovery Act (RCRA), 1974, amended 1984 (42 USC §6901 et seq.)—
U.S. EPA

Toxic Substances Control Act (TSCA), 1976-1986 (15 USC §2601 et seq.)—U.S. EPA

Comprehensive Environmental Response, Compensation, and Liability Act (CERCLA), 1980 (42
USC §9601 et seq.)—U.S. EPA

Superfund Amendments and Reauthorization Act (SARA), 1986 (42 USC §6991 et seq.)—U.S. EPA

Intermodal Surface Transportation Efficiency Act (ISTEA), 1991 (23 USC §109, Section
1038)—U.S. Department of Transportation (DOT)

Farmland Protection Policy Act, 1981 (73 USC §4201 et seq.)—U.S. Department of Agriculture
Floodplain Management, 1977, Executive Order 11988

Federal Coastal Zone Management Act, 1984 (16 USC §§1451-1464)—U.S. Department of
Commerce

Wild and Scenic Rivers Act (16 USC §§1271-1287)—U.S. Department of the Interior (DOI)
Protection of Wetlands, 1977, Executive Order 11990

Fish and Wildlife Coordination Act (16 USC §§661-666)—U.S. DOI, Fish and Wildlife Service
Federal Endangered Species Act (ESA) (16 USC §£1531-1543)—U.S. DOI, Fish and Wildlife Service
Department of Transportation Act, Section 4(f) [49 USC §1653(f)]—U.S. DOT

Rivers and Harbor Act, 1899 (33 USC §401, et seq.)

National Historic Preservation Act (16 USC §470 et seq.)—Advisory Council on Historic Preservation
Historic Sites and Buildings Act of 1935 (16 USC §£461-471)

Protection and Enhancement of the Cultural Environment, 1971, Executive Order 11593
Reservoir Salvage Act, 1960 (16 USC §469)

The Archaeological and Historical Preservation Act, 1974 (16 USC §469)

Archaeological Resources Act, 1979 (16 USC §470 et seq.)

Native American Grave Protection and Repatriation Act of 1990

Land and Water Conservation Fund Act of 1965, Secion 6(f)

Federal Cave Resources Protection Act of 1998

Considering Cumulative Effects under the National Environmental Policy Act,
1997 Guidelines, Executive Office of the President, Council on Environmental Quality

Native American Religious Freedom Act, 1978 (42 USC Section 1996)
Uniform Relocation Assistance and Real Properties Acquisition Act of 1970

Federal Actions to Address Environmental Justice, Minority Populations and Low-Income
Populations, Executive Order 12898

Migratory Birds, Executive Order 13186
Invasive Species, Executive Order 13112
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e Implement procedures to make the NEPA process more useful to decision makers
and the public; to reduce paperwork and the accumulation of extraneous background
data; and to emphasize real environmental issues and alternatives. Environmental
impact statements shall be concise, clear, and to the point, and shall be supported by
evidence that agencies have made the necessary environmental analyses.

o Integrate the requirements of NEPA with other planning and environmental review
procedures required by law or by agency practice so that all such procedures run
concurrently rather than consecutively.

e Encourage and facilitate public involvement in decisions which affect the quality of
the human environment.

e Use the NEPA process to identify and assess the reasonable alternatives to proposed
actions that will avoid or minimize adverse effects of these actions upon the quality
of the human environment.

e Use all practicable means, consistent with the requirements of the act and other
essential considerations of national policy, to restore and enhance the quality of the
human environment and avoid or minimize any possible adverse effects of their
actions upon the quality of the human environment.

When an EIS is warranted, it must identify adverse environmental effects that cannot
be avoided, along with any irreversible and irretrievable commitments of resources
that would be involved if the proposal is implemented. Alternatives to the proposal
should also be identified. The EIS must evaluate and show the relationship between
local short-term uses of the environment and the maintenance and enhancement of
future environmental productivity.

The Council on Environmental Quality (CEQ) is established as an environmental
advisory body under Title II of NEPA. The CEQ’s primary mandate is to oversee federal
efforts in complying with NEPA. CEQ regulations set forth procedures and considerations
for preparing several environmental documents, including:

e Conducting investigations and studies relating to environmental quality

e Documenting changes in the national environment and their causes

« Reporting at least annually to the President on the state of the environment
e Making and furnishing studies as requested by the President

Each federal agency has set forth its procedures for implementing CEQ require-
ments and guidelines. The Federal Highway Administration (FHWA) regulations for
implementing NEPA are set forth under 23 CFR 771, and the Department of
Transportation’s NEPA procedures are set forth in Order 5610.1C. Important aspects
of NEPA are public involvement and agency coordination. In accordance with CEQ
regulations, each agency must make diligent efforts to involve the public and other
agencies in preparing and implementing its NEPA procedures. Public involvement is
discussed in Part 771.111 of the Federal Highway Administration NEPA regulations.

The following documents are frequently referred to:

e Notice of intent (NOI)

e Environmental assessment (EA)

e Draft environmental impact statement (DEIS)
o Final environmental impact statement (FEIS)
¢ Finding of no significant impact (FONSI)

e Record of decision (ROD)
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1.1.2 Clean Air Act (CAA)

In 1970, the Clean Air Act (CAA) provided the nation with a new approach to controlling
air quality over the then existing Air Quality Act of 1967. The CAA established a national
policy “to protect and enhance the quality of the Nation’s air resources so as to promote
public health and welfare and the productive capacity of its population” [42 USC,
§1857(b)(1) 1970]. The CAA was amended in 1977, and was significantly amended
again in 1990 with the enactment of the 1990 Clean Air Amendments (CA 90). CA 90
included provisions for stricter mobile source emissions (specifically, tailpipe emissions),
as well as emissions linked to stationary sources such as hazardous or toxic pollutants.

The U.S. Environmental Protection Agency (EPA) has overall administrative
authority for the implementation of CAA requirements. Every state must promulgate
regulations by developing state implementation plans (SIPs). According to CAA pro-
visions, federal facilities must comply with the SIP of the state in which they are
located. The CAA provides for the U.S. EPA to establish primary and secondary
national ambient air quality Standards (NAAQSs). The goal of the primary standards
is to protect public (human) health. Secondary standards are set with the intent of pro-
tecting the public welfare. These secondary standards consider deterioration of or
harm to vegetation (including crops), visibility, aesthetics, and property. Many states’
SIPs have set air quality goals that exceed federal requirements and carry their own
set of penalties and fines for noncompliance.

The 1970 contains several provisions that deal with air pollution created directly or
indirectly by highway construction and use. Current provisions of CAA and CA 90
relevant to highway engineering are Titles I (Attainment and Maintenance of
NAAQS), II (Mobile Sources), and VII (Enforcement). Title I addresses air pollution
control requirements for “nonattainment areas,” which are those metropolitan areas in
the United States that have failed to meet NAAQSs. Because ozone is the most wide-
spread pollutant in nonattainment areas, the requirements focus on controlling the
volatile organic compounds (VOCs) and nitrogen oxides that contribute to ground-
level ozone formation. Title I deals with revised tailpipe emission standards for motor
vehicles, requiring automobile manufacturers to reduce carbon monoxide, hydrocarbon,
and nitrogen oxide emissions. Provisions for enforcement under Title VII include
fines and terms of imprisonment. Federal violations prosecuted by EPA may result in
civil penalties of up to $25,000 per day and criminal enforcement if the violator fails
to abate on notice [42 USC §7413(b)].

If a SIP does not demonstrate sufficient progress in achieving compliance with
NAAQSs in a nonattainment area, EPA may prepare an implementation plan of its own
and/or impose construction bans on stationary sources and/or withhold EPA-approved
federal funds (such as transportation improvement grants) targeted for the state.

Transportation Conformity. CA 90 required EPA to promulgate rules to ensure that
federal actions do not impede a state’s efforts to attain or maintain compliance with
ambient air quality standards. These Transportation Conformity rules published under
40 CFR 93, Subpart A of the Code of Federal Regulations, address this requirement
with respect to federal actions, including funding or approvals, that involve highway
projects in nonattainment areas and in maintenance areas, which are areas that were
previously designated as nonattainment. These rules require that federally funded or
approved projects must be reviewed to ensure that they do not exacerbate violations of
NAAQS in nonattainment areas, and do not cause new violations in maintenance
areas. Under the Transportation Conformity rules, a project may be required to include
a “hot-spot” dispersion analysis for carbon monoxide (CO) or particles under 10
microns (pm) in diameter (PM10), and may be required to include an analysis of project
impact on regional emissions budgets.
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1.1.3 Noise Control Act (NCA)

The Noise Control Act (NCA) was enacted to control noise emissions that result from
human activity. Among the objectives of NCA are two that are relevant to highway
engineering: (1) developing state and local programs to control noise, and (2) controlling
the sources of noise of surface transportation and construction activities. Under the
1978 amendments to NCA, greater responsibility for noise control was delegated to
state and local agencies.

The NCA also created the Environmental Protection Agency’s Office of Noise
Abatement and Control (ONAC). ONAC promulgated regulations to implement the NCA;
they exist in 40 CFR Parts 201 through 211. Noise limits for motor vehicles involved in
interstate commercial activities exist in 40 CFR Part 202. Noise emissions from
construction equipment and compressors are regulated by 40 CFR 204. Noise limits and
measurement procedures for trucks over 10,000 1b and motorcycles exist in 40 CFR 205.

Budget cuts during the 1980s eliminated ONAC. While implementation and enforce-
ment of some of the act’s goals has declined since ONAC was closed, other agencies and
federal programs implement many of the Act’s goals.

Control of highway noise is largely limited to the Federal Highway Administration
(FHWA) and state and local agencies. FHWA regulations in 23 CFR 772 explain the high-
way noise abatement program, and include the FHWA Noise Abatement Criteria (NAC).
The NAC include maximum allowable highway noise levels for a variety of land uses.
Highway construction and expansion projects have the potential to facilitate increased
traffic noise levels. Therefore, when highway noise levels approach or exceed the NAC, or
when a highway’s noise significantly increases above existing noise levels, the noise miti-
gation measures must be evaluated. FHWA allows individual states to define “approach”
and “significant increase.” Typically, “approach” means within 1 or 2 dB and “significant
increases” are typically defined as increases of 10 or 15 dB above existing noise levels.

1.1.4 Legislation to Protect Freshwater Sources

Clean Water Act (CWA). The Clean Water Act (CWA), which was enacted in 1977
as amendments to the Federal Water Pollution Control Act of 1972, constitutes the
principal water pollution control program in the United States. The purpose of CWA
is to “restore and maintain the chemical, physical, and biological integrity of the
Nation’s waters.” The aspect of CWA that most influences the design, construction, or
rehabilitation of highways is the mandate that the EPA (or the implementing state
agency) develop a permit program “for the discharge of any pollutant, or combination
of pollutants to the Nations waters.” Waters of the United States have been defined in
40 CFR 122.2 as navigable waters, tributaries of navigable waters, and wetlands,
including those adjacent to waters of the United States.

The requirement in CWA to establish a permitting program has led to development of
the National Pollutant Discharge Elimination System (NPDES) (42 USC §§1251-1389).
Two types of permitted discharges are especially important to the highway engineer:
(1) discharges due to highway and related construction activities, and (2) discharges
due to storm water runoff from highways and related facilities. Specific procedures to
comply with NPDES permitting requirements are addressed in Art. 1.3.

Another provision of the CWA that affects highway planning decisions is the
“404” permit process, applicable to the protection of national wetlands. The Army
Corps of Engineers is responsible for implementing the regulations and issuing these
permits. CWA water quality goals and standards may also influence highway plan-
ning, design, construction, and rehabilitation decisions.

Some regulations promulgated as a result of CWA, and the areas that they cover,
are as follows:
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¢ 40 CFR §§100-149, water programs and enforcement
e 40 CFR §122, wastewater discharges of waste to land and waters (federal permits)
e 40 CFR §§122-124, storm water runoff regulations

Safe Drinking Water Act. The Safe Drinking Water Act was enacted at the end of
1974 to protect the nation’s drinking water supply and protect public health through
appropriate water treatment technologies. The act establishes maximum contaminent
levels (MCLs), or standards for the maximum safe levels of specific constituents in
potable water. Most important to highway engineers is the provision of this act that
mandates protection of sources of drinking water.

1.1.5 Legislation to Control Hazardous and Nonhazardous Waste

Resource Conservation and Recovery Act (RCRA). The Resource Conservation and
Recovery Act (RCRA) was enacted in 1974, and amended in 1984, to address growing
concerns related to solid waste disposal, both hazardous and nonhazardous. RCRA is
the foundation of the hazardous waste management system in the United States.
RCRA requires states to develop their own EPA-approved hazardous waste management
plans and encourages options other than landfill disposal for final disposition of hazardous
waste. A major objective of RCRA is to conserve and protect environmental resources,
including the land resource that is lost to other uses when it is filled with solid waste.
RCRA established:

e A system for defining hazardous waste

¢ A method to determine whether hazardous waste has been generated
e Guidelines on how to store, handle, or treat hazardous waste

¢ Standards for proper disposal of waste

¢ Methods to track hazardous waste to its ultimate disposition

Resource recovery, which is an important research area mandated by RCRA, covers
several materials used in highway construction, such as recycled glass, scrap tires, and
recycled construction materials. Some hazardous materials can be treated and recycled
for use in highway construction. RCRA also covers issues of “use constituting disposal” for
projects that seek to use embankments or road subbase as disposal areas for hazardous
waste, if suitability can be demonstrated. Some of the research and demonstration projects
in the area of resource recovery that are applicable to highways are discussed in Art. 1.5.

Toxic Substances Control Act (TSCA). The Toxic Substances Control Act (TSCA)
sets the policy for researching and testing suspected toxic substances to evaluate persis-
tence in the environment and the effect on exposed humans (acute toxicity levels and/or
carcinogenic effects). This act also regulates toxic substances not regulated by RCRA
such as asbestos-containing materials (ACM) and polychlorinated biphenyls (PCBs).

Comprehensive Environmental Response, Compensation, and Liability Act (CERCLA).
The Comprehensive Environmental Response, Compensation, and Liability Act
(CERCLA) was passed in 1980. It established national policy and procedures for identifying
and cleaning up sites that are found to be contaminated with hazardous substances, along
with procedures for containing and removing releases of hazardous substances. CERCLA
was amended and expanded by the Superfund Amendments and Reauthorization Act
(SARA) of 1986. CERCLA established a hazard ranking system. Sites with the highest
ranking have been placed on the National Priorities List (NPL) and are eligible for money
from the fund established for the environmental cleanup under CERCLA.
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CERCLA provides for “joint and several liability,” which means that any party
identified as responsible for contamination of a site is considered equally responsible
for cleanup costs with all other parties identified, and can be held 100 percent financially
responsible in the event that other parties do not pay. Recovering costs from nonpaying
parties is then the burden of the paying party and is pursued through the judicial system.
Potentially responsible parties (PRPs) may be current or past owners and/or operators
of a site where hazardous substances have been released, or persons who arranged for
disposal or treatment of hazardous substances at the site. In addition, any person who
knowingly accepted hazardous substances for transport to the site may be considered a
PRP. Liability under CERCLA may also be retroactive to an era when the practices
leading to the contamination were accepted industry standards. Petroleum is excluded
from CERCLA unless mixed with other hazardous substances, and then the entire
mixture is considered hazardous. Provisions have been established under SARA for an
Underground Storage Tank Trust Fund that will address petroleum releases.

Another environmental concept mandated by CERCLA is “cradle-to-grave”
responsibility for hazardous substances. Liability for a hazardous substance begins
when it is accepted on the site or formulated at the site and continues even after it is
disposed off-site at a legally permitted facility.

CERCLA is important to the highway planning process primarily in the acquisition of
right-of-way. Accepting financial liability for contaminated property may adversely
affect the economic analysis of a project and therefore its financial feasibility. In addition,
if significant cleanup must take place before highway construction can begin, substantial
delays to the project can be anticipated. Contaminated properties identified during route
planning can be grave hindrances to project development and may be the crucial element
in selecting alternative routes. Careful evaluation of the nature and extent of the contami-
nation as well as the cleanup alternatives, costs, schedule, and ongoing liability is
warranted on all sites with an identified release within the planned right-of-way purchase.

Superfund Amendments and Reauthorization Act of 1986 (SARA). Title III of the
Superfund Amendments and Reauthorization Act of 1986 (SARA), Emergency Planning
and Community Right-to-Know (Public Law 99-499, Title III; 42 USC §11001), estab-
lished mandatory federal standards for community right-to-know programs and for
reporting toxic chemical release by manufacturers under Section 313 of USC §11001.

Intermodal Surface Transportation Efficiency Act (ISTEA). Section 1038 of the
Intermodal Surface Transportation Efficiency Act (ISTEA) addresses the use of recycled
paving materials. Section 1038(a) states, “a patented application process for recycled rubber
shall be eligible for approval under the same conditions that an unpatented process is eligible
for approval.” The subsection also provides that the U.S. EPA shall evaluate the human
health and environmental impacts of asphalt pavement that contains recycled rubber,
determine the percentage of the pavement that can practicably be composed of recycled
rubber and the comparative performance of such pavement, and conduct a study of the
uses and performance of recycled materials in highways to determine the environmental
impacts and benefits of recycling such materials as reclaimed asphalt and asphalt containing
recycled glass and/or plastic. The study must contain an economic cost-benefit analysis
and an estimate of the environmental savings in terms of reduced air emissions, conserva-
tion of natural resources, and reduced landfill waste.

Section 205(b) of the National Highway System Designation Act of 1995 amends
Section 1038 by striking subsection (d) eliminating the crumb rubber mandate and all
associated penalties. Another section amended ISTEA in order to call for tests and
specifications for the appropriate use of “crumb rubber modified” (CRM) asphalt. The
use of waste tire rubber continues to be an initiative in FHWA research.

Among the many additional environmental actions that influence how federal roadway
and related projects proceed through the NEPA process is the authorizing legislation.
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ISTEA was almost revolutionary in the broadness of how it looked at surface transporta-
tion, and the substantive role it played in regard to metropolitan planning organizations,
localities, and states. ISTEA covered the period from 1992 through 1997, with $155
billion. It restructured the Federal Aid Highway program, and placed the emphasis on
maintenance rather than wholesale expansion of the highway network. In creating the
Surface Transportation Program, ISTEA brought a new level of flexibility to highway
and transit projects, both capital and operating.

Transportation Equity Act (TEA) for the 21st Century. Enacted June 9, 1998, as
Public Law 105-178, TEA-21 authorized the federal surface transportation programs for
highways, highway safety, and transit for the 6-year period 1998-2003. (The TEA-21
Restoration Act, enacted July 22, 1998, provided technical corrections.) The authoriza-
tion level increased to $218 billion. TEA-21 built upon ISTEA, allowing new initiatives,
strengthening safety, and encouraging flexibility in how to maximize performance of
the transportation system. Examples of the broadened approved funding range from
new funds for Park Service transportation projects to moneys for Intelligent Vehicle
Systems. The U.S. DOT is preparing for reauthorization of TEA-21, which expires
September 30, 2003, and expects continued innovations in financing, project stream-
lining, safety and mobility improvements, and intermodal opportunities.

National Highway System Designation Act of 1995. Public Law 104-59, 109 Stat. 588,
requires the Secretary of Transportation to continue to improve and make future modi-
fications to the national highway system, which is limited to 155,000 mi, with a caveat
to increase or decrease the total mileage 15 percent. States are permitted to request
proposed connections to the system, and connections for intermodal terminals are auto-
matically eligible for NHS funding.

1.1.6 Legislation to Govern Special Land Use

Farmland Protection Policy Act (FPPA). The Farmland Protection Policy Act
(FPPA) of 1981 (73 USC §4201 et seq.) requires that the lead agency on a project
evaluate the effects a federal project may have on farmland before that agency can
approve any action that may result in the conversion of farmland from agricultural use
to nonagricultural use. If there are adverse effects, then alternatives to lessen them or
eliminate them must be considered in the evaluation.

Floodplain Management. Executive Order 11988, Floodplain Management (May
24, 1977), directs all federal agencies to discourage development within floodplains
and to avoid long- and short-term modification of floodplains. Attachment 2 of DOT
Order 2610.1C, Section 11, Floodplain Management Evaluation, provides for NEPA
compliance related to floodplains and refers to DOT Order 5650.2, Floodplain
Management and Protection, for compliance criteria.

Federal Coastal Zone Management Act. The federal Coastal Zone Management Act
of 1972 (16 USC §§1451-1464) provides for states with coastlines to develop and
implement federally approved coastal zone management programs (CZMPs). Once a
state has an approved management program, federal projects or federally permitted
development affecting the coastal zone must conform to the requirements of the state
program “to the maximum extent practicable.” A determination of consistency with
the approved CZMP is required from the state before federal approval can be granted.

DOT Order 5610.1C, which sets forth the federal agency’s procedures for complying
with NEPA, covers coastal zones in Attachment 2 under subsection 12(d).
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1.1.7 Legislation to Protect Natural Resources and Recreation Lands

Federal Wild and Scenic Rivers Act. The federal Wild and Scenic Rivers Act (16
USC §§1271-1287) provides that selected rivers that meet specified requirements and
their immediate environments shall be preserved in free-flowing condition, and that they
and their immediate environments shall be protected for the benefit and enjoyment of
present and future generations. If a selected river is placed in the Wild and Scenic
River System, no such designated river, or proposed designated river, may be degraded
in its wild and scenic value by a federal project or agency. Any proposed federal con-
struction projects on the river or in its immediate environment must be brought before
Congress with an explanation of how the act will continue to protect the river despite
the proposed construction activity.

Protection of Wetlands. Executive Order 11990, Protection of Wetlands (May 24,
1977), directs all federal agencies to refrain from assisting in or giving financial support
to projects that encroach upon public or private wetlands unless the agency determines
that there are no practicable alternatives to such construction and that the proposed
action includes all practicable measures to minimize harm to wetlands that may result
from such use.

As mentioned under the Clean Water Act subsection 101(4)(f), the Corps of
Engineers is given permit authority to protect or receive resource compensation for
wetland impacts. DOT Order 5610.1C, which sets forth the federal agency’s procedures
for complying with NEPA, covers wetlands in Attachment 2 under subsection 12,
Considerations Relating to Wetlands or Coastal Zones.

Fish And Wildlife Coordination Act. The Fish and Wildlife Coordination Act (16
USC §§661-666) requires coordination and consultation among (1) the agency
proposing the highway project, (2) the U.S. Fish and Wildlife Service of the
Department of the Interior, and (3) the state agency responsible for protecting wildlife
resources whenever the waters of any stream or other body of water are proposed to be
impounded, diverted, or otherwise modified. Full consideration and evaluation of the
cost and benefit on a resource and public welfare scale must be performed including
proposed mitigation measures for potential impacts.

Federal Endangered Species Act. The Federal Endangered Species Act of 1973 (16 USC
§§1531-1543) provides a means whereby the ecosystems upon which endangered
species and threatened species depend may be conserved. It also provides a program
for the conservation of such endangered and threatened species. Section 7 requires
each federal agency, in consultation with, and with the assistance of, the Secretary of
the Interior, to ensure that actions authorized, funded, or carried out by such agency
do not jeopardize the continued existence of any endangered or threatened species or
result in the destruction or adverse modification of habitat of such species unless such
agency has been granted an exemption for such action.

For federal highway projects, a request is made to the Fish and Wildlife Service
regarding whether any species listed or proposed as endangered are present in the project
area. If so, a biological assessment must be completed and reviewed by the Fish and
Wildlife Service. The Fish and Wildlife Service will make a determination as to the impacts
on critical habitat or on the species itself and whether the impacts can be mitigated or
avoided. In order to proceed with a project where impacts to endangered species have
been identified, an exemption from the Endangered Species Act must be obtained.

The Department of Transportation Act, Section 4(f). One significant environmental
provision appears in the Department of Transportation Act, which established the
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Department of Transportation and mandated its mission. This is Section 4(f), which is a
duplication of the language under Section 138 of the Federal-Aid Highway Act (23 USC
§138). The provision states that “...the Secretary shall not approve any program or project
which requires the use of any publicly owned land from a public park, recreation area, or
wildlife and waterfowl refuge of national, State, or local significance as determined by the
Federal, State, or local officials having jurisdiction thereof, or any land from an historic
site...unless (1) there is no feasible and prudent alternative to the use of such land, and
(2) such program includes all possible planning to minimize harm to such park, recreational
area, wildlife and waterfowl refuge, or historic site resulting from such use.”

According to regulations set forth in 23 CFR 771, a Section 4(f) evaluation must be
prepared when a project will require the use of 4(f) land. The EIS process generally
incorporates this evaluation. The final evaluation must include sufficient information
to support a determination that the requirements of the act have been met. Section 4(f)
is relevant only when there is actual taking or use of land from a federal park or site
that is included in the National Register of Historic Places. The Advisory Council on
Historic Preservation’s procedures (36 CFR 800) must also be complied with when a
project involves historic resources.

Rivers and Harbor Act. The Rivers and Harbor Act (33 USC 401 et seq.) was enacted
in 1899 and later amended to protect navigation and the navigable capacity of the
nation’s waters. The two provisions of the act most significant to highway projects
proposed in or around U.S. harbors or rivers are:

e Section 9, which requires a permit for the construction of bridges or causeways
across navigable waters of the United States

e Section 10, which requires a permit for various types of work performed in navigable
waters including stream channelization, excavation, and filling

As stated under the Clean Water Act, the Army Corps of Engineers has permitting and
enforcement jurisdiction for construction activities performed in a stream or on the
shore of waters of the United States.

American Heritage Rivers. Executive Order 13061, Federal Support of Community
Efforts Along American Heritage Rivers (September 11, 1997), has three objectives:
natural resource and environmental protection, economic revitalization, and historic
and cultural preservation. Proposed federal projects should not conflict with the
Community Action Plan of an American Heritage River.

Land and Water Conservation Fund Act of 1965, Section 6f. 16 USC 460-4 to -11,
Public Law 88-578, protects public recreational land developed using federal funds
under this act. Replacement lands converted to nonrecreational uses must be approved
by the Secretary of the Interior.

Invasive Species. Executive Order 13112, February 3, 1999, makes the National
Invasive Species Council within the U.S. Department of the Interior responsible for
ensuring appropriate planning and curbing of nonnative species in particular ecosystems.
This includes avoiding introducing such species, as well as detecting and restoring
habitat conditions that have been invaded.

Migratory Birds. The Migratory Bird Treaty Act, 16 USC 703-711, and Executive Order
13186, January 10, 2001, call for each federal agency taking actions that have, or are likely
to have, a measurable negative effect on migratory bird populations to develop and
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implement a Memorandum of Understanding (MOU) with the U.S. Fish and Wildlife
Service that shall promote the conservation of migratory bird populations. In addition, federal
agencies shall design and accommodate population conservation principles and measures.

1.1.8 Legislation to Protect Historical and Cultural Resources

National Historic Preservation Act. The purpose of the National Historic Preservation
Act is to protect the historical and cultural foundations of the nation. The act provides
for review by the Advisory Council on Historic Preservation (ACHP) of federal projects
that may affect a historic site. The act mandates (in Section 106) that federal agencies
take into account the effect of an undertaking on a property which is included in, or
eligible for inclusion in, the National Register of Historic Places. Impacts on historic
and culturally significant sites are considered in the EIS process under NEPA and
implemented under DOT Order 5610.1C, Attachment 2, Section 5, entitled Properties
and Sites of Historic and Cultural Significance.

The National Historic Preservation Act has itself not been a significantly contro-
versial statute in highway projects with the exception of the rehabilitation or replacement
of historic bridges. Also, it is important to note the quasi-environmental implications:
“...any Federal agency having direct or indirect jurisdiction over a proposed Federal or
federally assisted undertaking...shall take into account the effect of the undertaking on
any district, site, building, structure, or object that is included in the National Register.”

In 1992, Public Law 102-575 amended the NHPA and affected the way Section 106
is carried out. The Advisory Council on Historic Preservation adopted new regulations
in June 1999. Several key changes included additional public involvement, additional
agency compliance, and more precise coordination with Native Americans and tribes.

Native American Graves Protection and Repatriation Act (NAGPRA). Public Law
101-601, enacted on November 16, 1990, allows tribes and Native Hawaiian organiza-
tions and Alaskan villages to request “repatriation” of human remains. This act generally
applies to agencies that manage land or are responsible for archeological collections.

Historic Sites and Buildings Act. The Historic Sites and Buildings Act of 1935 (16
USC §§461-471) authorized the Historic American Buildings Survey, the Historic
American Engineering Record, and the National Survey of Historic Sites. It authorized
the establishment of national historic sites and the designation of national historic
landmarks. It also mandated and encouraged interagency, intergovernmental, and
interdisciplinary efforts for the preservation of cultural resources.

Protection and Enhancement of the Cultural Environment. Executive Order 11593,
Protection and Enhancement of the Cultural Environment (May 13, 1971), directs federal
agencies to ensure the preservation of cultural resources in federal ownership. Each agency
must also institute procedures to ensure that federal projects and programs contribute to
the preservation and enhancement of non-federally owned sites that are of cultural signif-
icance. Each federal agency must provide for recording of National Register properties
that will be unavoidably altered or destroyed as a result of federal action.

The DOT regulations, under Order 5610.1C, address EIS procedures for historic
and culturally significant sites under Section 5, Properties and Sites of Historic and
Cultural Significance.

Reservoir Salvage Act and the Archaeological and Historical Preservation Act. The
Reservoir Salvage Act of 1960 (16 USC §469) provided for the recovery and preservation
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of historical and archaeological data that might be lost or destroyed as a result of the con-
struction of dams, reservoirs, and attendant facilities. This act was amended by the
Archaeological and Historical Preservation Act of 1974 (also known as the Moss-Bennett
Act) to include all proposed federal construction projects that threaten the loss or destruc-
tion of significant scientific, historic, or archaeological data. The act requires that the
proposing agency notify the secretary of the interior of the threat. The federal agency
may undertake the survey or recovery of data, or it may request that the secretary of the
interior do so. If the agency itself undertakes the survey and recovery of data, it must
provide the secretary of the interior with a report. The FHWA historic preservation
procedures under the National Historic Preservation Act (Section 106) provide similar
protection, and so this act is not applied if federal funding or other involvement is used in
a highway project.

Archaeological Resources Act. To protect archaeological resources on public lands,
the Archaeological Resources Act requires the issuance of permits in order to excavate
or remove any archaeological resources. Unauthorized activities are punishable by
fine, imprisonment, or both. Rules and regulations concerning this act are printed
under 43 CFR 7.

American Indian Religious Freedom Act (AIRFA). Known as 42 USC 1996, Public
Law 95-341, and passed in 1978, this act acknowledges prior infringement on the right
of freedom of religion for Native Americans, as well as establishes a policy of protecting
and preserving the inherent right of the individual Native Americans to believe and
exercise their traditional religions.

1.1.9 Context-Sensitive Design

According to the FHWA, following the substantial completion of the U.S. Interstate
System, the transportation focus for many states has shifted to congestion management
and system preservation projects that involve existing facilities. Most of these existing
facilities are substantially developed, and transportation improvement projects will
affect this development. Working with community stakeholders to preserve and
enhance the human and natural environment thus becomes a significant component of
these projects. To best address the challenges of these projects, many state transportation
agencies and professional organizations are interested in implementing a context-sensitive
design (CSD) approach for project development.

With this goal in mind the National Highway System Designation Act (Section
109 of Title 23, USC) was enacted in November 1995. The relevant portion of that
policy is:

e A design for new construction, reconstruction, resurfacing...restoration, or rehabilita-
tion of highway on the National Highway System (other than a highway also on the
Interstate System) may take into account...[in addition to safety, durability and economy
of maintenance]...

A. the constructed and natural environment of the area;

B. the environmental, scenic, aesthetic, historic, community, and preservation impacts
of the activity; and

C. access for other modes of transportation.

Five pilot states were selected: Connecticut, Kentucky, Maryland, Minnesota, and
Utah to implement the CSD approach in conjunction with the FHWA. Principles for
CSD can be found on the FHWA web site at www.fhwa.got.gov/csd/principles.
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1.1.10 Legislation to Protect Persons and Minorities

Title VI of the Civil Rights Act of 1964. This act (42 USC 2000d et seq.) was
arguably the most instrumental in obtaining a voice for minorities as related to federal
capital programs. It prohibits discrimination on the basis of race, color, and national
origin in projects or programs receiving federal financial assistance.

The Uniform Relocation Assistance and Real Property Acquisition Policies Act of 1970.
Public Law 91-646 provides benefits and protection for persons whose real property is
acquired or who would be displaced from acquired property because of a project or program
that receives federal funds. A displaced person may be an individual, family, business,
farm, or nonprofit organization. Just compensation is required, and many guidelines exist
for ensuring fair treatment.

Environmental Justice. Executive Order 12898, Federal Actions to Address
Environmental Justice in Minority Populations and Low Income Populations (February
11, 1994), was created to provide guidance on identifying and addressing disproportion-
ately high and adverse human health and environmental impacts on low-income and
minority populations. The U.S. DOT issued DOT Order 5680.1 on April 15, 1997, to
ensure that each modal agency within the DOT complies with this executive order.

1.1.11 Economic and Social Effects

In addition to the legislation relating to special land uses discussed above, as well as
that involving cultural resources and general concerns for the environment, a focus on
federal projects as a cumulative experience is evident. While the FHWA Technical
Advisory has noted that both secondary and cumulative effects must be addressed in
environmental documents, additional guidance continues to emerge.

Cumulative Effects. Considering Cumulative Effects under the National Environmental
Policy Act (January 1997) by the Council on Environmental Quality provides general
principles and methods for the analysis of cumulative effects. While CEQ stresses that
this handbook represents neither formal guidance nor legally binding recommenda-
tions, the handbook does offer a primer on the complex issue of cumulative effects.

1.1.12 Additional Information Sources

The volume of new federal environmental legislation has been escalating annually and
can be expected to continue to do so as the environmental field matures. Even legal
analysts sometimes have difficulty keeping abreast of all the changes; the highway
engineer and other interested parties should defer to legal counsel for advice on the legis-
lation applicable to a particular project and information on the implications of the latest
proposed legislation, as well as current applicable state and local laws and regulations.

1.2 NATIONAL ENVIRONMENTAL
POLICY ACT (NEPA)

The National Environmental Policy Act (NEPA) goals have been created to ensure
that governmental actions promote the general welfare of people and fulfill the social,
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economic, and environmental requirements of present and future generations.
Executive Order 11991 (May 24, 1977) directed the Council on Environmental
Quality (CEQ) to issue regulations to federal agencies for implementing NEPA. CEQ
regulations were published on November 29, 1978. In response to the CEQ regula-
tions, the U.S. Department of Transportation (U.S. DOT) issued DOT Order 5610.1C
on October 1, 1979. The DOT order supplements the CEQ regulations and establishes
general procedures and requirements for the consideration of environmental impacts
by agencies within DOT. Supplementary guidance and procedures for federal highway
projects have been issued by the Federal Highway Administration (FHWA).

The purpose of Order 5610.1C is to establish procedures for consideration of envi-
ronmental impacts in decision making on proposed U.S. DOT actions. It provides
environmental impact information to the public in the form of environmental impact
statements, assessments, or findings of no significant impact.

The order implements the mandate of NEPA, as defined and elaborated upon by
CEQ regulations, within the programs of the U.S. DOT. The intent is to provide for a
single process, set forth under this order, to meet requirements for environmental studies,
consultations, and reviews in as many projects as possible.

It is U.S. DOT policy to integrate national environmental objectives. Through its
missions and programs, DOT aims to:

* Restore or enhance environmental quality to the fullest extent practicable

o Preserve the natural beauty of the countryside and preserve public park and recreation
lands, wildlife and waterfowl refuges, and historic sites; and to preserve, restore, and
improve wetlands

e Improve the urban physical, social, and economic environment (e.g., increase
access to opportunities for disadvantaged persons)

o Utilize a systematic, interdisciplinary approach in planning that may have a positive
impact on the environment

FHWA regulatory procedures are contained in 23 CFR 771, and further guidance is
provided in FHWA Technical Advisory T6640.8A. Title 23 CFR 771 embodies most
of the requirements of other federal laws and regulations to which the lead agency on
a federal action must conform before obtaining various approvals for federal highway
projects. The requirements for environmental documents under NEPA also include
subjects in other areas of environmental legislation and implementing regulations.
Laws and regulations regarding air, noise, water, historic preservation, parklands, the
coastal zone, farmlands, hazardous wastes, wildlife, plants, and social conditions must
be closely followed to meet the expressed public policy.

An outline of the steps in the NEPA process is presented in Table 1.2. Each step is
discussed in detail in subsequent articles of this chapter. Figure 1.1 illustrates the
environmental review process.

1.2.1 Proposal

Highway and related projects are usually initiated by either state or local agencies. If
federal funding or approval will be required, the project is considered a federal action
under NEPA. For highway projects, formal approval by the FHWA is required under
any of the following conditions:

¢ Federal funds will be used for engineering, construction, or acquisition of right-of-way.
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TABLE 1.2 Outline of Steps in the Federal Highway Administration (FHWA) and National
Environmental Policy Act (NEPA) Process

Step

Description

Proposal

Categorical exclusion

Environmental assessment

Finding of no significant impact

Notice of intent

Scoping

Draft EIS

Final EIS

Record of decision

The requirements of NEPA are initiated when a project or pro-
gram (an “action” under NEPA) is proposed that is either con-
ducted, sponsored, funded, assisted, or approved by a federal
agency. A proposal under NEPA does not exist until a goal has
been established and the proposing agency has begun taking steps
toward deciding among different methods to achieve the goal.
After the proposal is made, the proposing agency must evaluate
whether the action is categorically excluded. A categorical
exclusion (CE) is a category of actions that do not individually
or cumulatively have a significant effect on the environment.
Categorical exclusions are set forth in 23 CFR 771.117.

If the action is not categorically excluded, the agency may
prepare an environmental assessment (EA) for projects that
do not clearly require an EIS (see below). An EA should be
a concise report that provides information and analysis for
determining whether an action will or will not have signifi-
cant environmental effect.

If the EA findings indicate that no significant adverse environ-
mental effects will result from implementation of the proposed
action, then a finding of no significant impact (FONSI) is pre-
pared and issued by FHWA. If an EA determines that environ-
mental impacts may result from the action, the environmental
impact statement (EIS) process is initiated.

The first filing in the EIS process, published by the proposing
agency in the Federal Register, is the notice of intent (NOI).
The NOI is a public notice that an EIS will be prepared.

After the NOI is filed, the scoping process begins. Scoping
determines the scope of issues to be addressed in an EIS and
identifies issues to be addressed in an EIS.

Once the scope of the EIS has been established, preparation
of the draft EIS (DEIS) begins.

After completion of the formal comment period, the agencies
prepare the final EIS (FEIS).

If the FEIS is approved, a record of decision (ROD) is filed
and the proposing agency can move forward with the action.
The ROD is a formal, written statement, required under
NEPA, wherein a federal lead agency must present the basis
for its decision to approve a selected project alternative,
summarize mitigation measures incorporated into the pro-
ject, and document any required Section 4(f) approval.

e Revisions will be made to interstate highways. This does not include modifications
of a facility or a new structure over or under an interstate highway or the construction

over an interstate highway.

¢ Modifications will be made on noninterstate access-controlled highways so that
access control will be affected or right-of-way previously financed with federal
funds will be either disposed of or relinquished.
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FIGURE 1.1 Overview of NEPA environmental review process. (From R. E. Bass and A. I. Herson,
Mastering NEPA: A Step-by-Step Approach, Solano Press Books, Point Arena, Calif., 1993, with
permission.)

It should not be assumed, however, that lack of federal funding necessarily means no
federal involvement. Certain federal approvals and permits may still be required. For
example, an Army Corps of Engineers Section 404 permit is required for any dredging
or fill operations in navigable waters.

If the proposal involves a federal action, a determination is also made regarding
compliance with NEPA and other environmentally related federal requirements. This
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determination will indicate which of the related federal requirements are involved and
whether the project:

e Requires preparation of an EIS (environmental impact statement)
e Is a CE (categorical exclusion)
e Requires preparation of an EA (environmental assessment)

For federal actions, the selection of the type of environmental document to prepare
for a project must be made in consultation with the FHWA transportation engineer.
For those projects that are not exempt (see Article 1.2.2), a preliminary environmental
evaluation would be helpful to provide the basic information needed at this stage of
project development. The purpose of this initial evaluation is to determine the type of
environmental document appropriate for the project and to begin to understand envi-
ronmental resources and project issues such as:

e Whether additional alternatives should be studied to avoid or minimize significant
environmental impacts

e The amount of time and resources likely to be needed to perform and document
environmental studies, including time and resources for conforming to special-purpose
environmentally related requirements

e Necessary mitigation measures, a range of costs, and an estimate of the time needed
to negotiate with permitting agencies

e Whether the project has unusual problems or issues that are controversial, and
therefore whether it may require legal review

1.2.2 NEPA Exempt Actions

NEPA provides for certain specific actions to be exempt from the environmental
review process as described in the following paragraphs.

Categorical Exclusions. The NEPA regulations under 40 CFR 1508.4 provide for
each responsible agency to identify types of federal actions under its purview that rou-
tinely do not individually or cumulatively carry significant environmental impacts.
These projects, designated as categorical exclusions (CEs), are exempt from the
requirements to prepare an environmental assessment (EA) or an EIS. The intent of
this provision is to reduce paperwork, delays, and expense on federal actions that are
relatively small and occur often enough that the environmental effects are known and
predetermined as not significant.

FHWA sets forth highway-related actions that are CEs in two groups. The first group,
CEs with no impacts, is found in 23 CFR 771.117(c) and is listed in Table 1.3. The
second group, CEs that generally have no significant environmental impact except
under certain circumstances, is found in 23 CFR 771.117(d). A CE determination sup-
ported by documentation that specific criteria for the CEs are satisfied, and that signif-
icant environmental impacts will not result, is recommended by the proposing agency
to FHWA. The determination is documented upon FHWA approval. Table 1.4 illus-
trates such projects.

Federal actions, including CEs, must comply with a number of environmentally
related federal laws. Compliance may require added studies and documentation. The CE
determination for a federal highway or related action will be made by the FHWA trans-
portation engineer. When satisfied that the project meets the exclusion criteria and that other
environmentally related requirements have been met, the FHWA transportation engineer
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TABLE 1.3 Categorical Exclusions Defined by the FHWA

. Activities that do not involve or lead directly to construction

. Approval of utility installations along or across a transportation facility

W N =

. Construction of bicycle and pedestrian lanes, paths, and facilities

. Activities included in the state’s highway safety plan under 23 USC §402

[N

. Transfer of federal lands pursuant to 23 USC §317 when the subsequent action is not an
FHWA action

6. Installation of noise barriers or alterations to existing publicly owned buildings to provide
for noise reduction

7. Landscaping
8. Installation of fencing, signs, pavement markings, small passenger shelters, traffic signals,
and railroad warning devices where no substantial land acquisition or traffic disruption will
occur
9. Emergency repairs under 23 USC §125
10. Acquisition of scenic easements
11. Determination of payback under 23 CFR §480 for property previously acquired with federal-
aid participation
12. Improvements to existing rest areas and truck weigh stations
13. Ride-sharing activities
14. Bus and railcar rehabilitation

15. Alterations to facilities or vehicles in order to make them accessible for elderly and handi-
capped persons

16. Program administration, technical assistance activities, and operating assistance to transit
authorities to continue existing service or increase service to meet routine changes in
demand.

17. Purchase of vehicles by the applicant where the use of these vehicles can be accommodated
by existing facilities or by new facilities which themselves are within a categorical exclusion

18. Track and railbed maintenance and improvements when carried out within the existing right-
of-way

19. Purchase and installation of operating or maintenance equipment to be located within the
transit facility and with no significant impacts off the site

20. Promulgation of rules, regulations, and directives

Source: Adapted from 23 CFR 771.117(c).

will indicate approval by signing the CE form. A copy of any documentation required
to back up this determination should be sent to the FHWA transportation engineer.

In many cases, FHWA has reached agreement with a proposing agency on the
treatment of very routine, repetitive projects with little or no environmental impact
implications. Such projects may be processed on a programmatic CE basis if certain
specified conditions are met. Use of this programmatic process is subject to annual
review. A CE classification does not exclude a project from the requirements of federal
environmentally related processes. These requirements must be met before FHWA
will make the exclusion determination.

Express Statutory Exemptions. Congress has the authority to override NEPA
requirements. Congress may, at its discretion, exempt a specific federal project or program
from NEPA through legislation.
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TABLE 1.4 Project Types Categorical Exclusion (CE) / Subject to FHWA Approval

1. Modernization of a highway by resurfacing, restoration, rehabilitation, reconstruction,
adding shoulders, or auxiliary lanes

2. Highway safety or traffic operations improvement projects, including the installation of
ramp metering control devices and lighting

3. Bridge rehabilitation, reconstruction, or replacement or the construction of grade separation
to replace existing at-grade railroad crossings

4. Transportation corridor fringe parking facilities

5. Construction of new truck weigh stations or rest areas

6. Approvals for disposal of excess right-of-way or for joint or limited use of right-of-way,
where the proposed use does not have significant adverse impacts

7. Approvals for changes in access control

8. Construction of new bus storage and maintenance facilities in areas used predominately for
industrial or transportation purposes where such construction is not inconsistent with existing
zoning and located on or near a street with adequate capacity to handle anticipated bus and sup-
port vehicle traffic

9. Rehabilitation or reconstruction of existing rail and bus buildings and ancillary facilities
where only minor amounts of additional land are required and there is not a substantial
increase in the number of users

10. Construction of bus transfer facilities (an open area consisting of passenger shelters, board-
ing areas, kiosks, and related street improvements) when located in a commercial area or
other high-activity center in which there is adequate street capacity for projected bus traffic
11. Construction of rail storage and maintenance facilities in areas used predominatly for indus-

trial or transportation purposes where such construction is not inconsistent with existing zoning
and where there is no significant noise impact on the surrounding community

12. Acquisition of land for hardship or protective purposes

Source: Adapted from 23 CFR 771.117(d).

Statutory Conflicts. 1f Congress passes legislation relevant to an action that is in
direct conflict with requirements in NEPA, the action could be exempt from NEPA on the
basis of statutory conflicts. This may occur if legislation requires an agency to act
within a time frame that would preclude the NEPA process.

Emergency Actions. Emergency projects such as road repair following a flood are
statutorily exempt under 23 CFR 771.1179. Emergency repair applies to work necessary to
reopen a road or bridge as a result of a slide or slipout or other storm damage. The regula-
tions define emergency as a sudden, unexpected occurrence, involving a clear and imminent
danger, demanding immediate action to prevent or mitigate loss of, or damage to, life, health,
property, or essential public services. Emergency includes such occurrences as fire, flood, or
earthquake or other soil or geologic movements, as well as such occurrences as riot,
accident, or sabotage. Depending on the nature and extent of the emergency, FHWA may
modify or waive certain environmental requirements as long as the emergency response is
directly related to controlling the effects of the emergency.

1.2.3 Public Involvement

Under the CEQ regulations, public involvement is an essential element of the NEPA
process, and the proposing agency must make sincere efforts to encourage and provide
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for early and continuing public participation in the decision-making process [40 CFR
1506(a)]. Opportunities for public involvement are provided at several stages during
the development of NEPA documents, such as the notice of intent (NOI), the scoping
process, public contribution and comments on EAs, and public comment periods on
the draft final EIS. Opportunities for the public to review and comment on documents
occur when a notice of availability is published. A notice of availability is a formal
public notice under NEPA announcing the availability of a completed EA, DEIS, or
FEIS. Such notice is to be published in local newspapers or other local print media,
provided to the state clearinghouse as applicable, presented in special newsletters, pro-
vided to community and business associations, placed in legal postings, and presented
to interested Native American tribes, if appropriate. For an EIS, publication of such
notice is also required in the Federal Register. Notices and other public announce-
ments regarding the project should be sent individually to anybody expressing an
interest in a specific action.

Early incorporation of public input on project alternatives and issues dealing with
social, economic, and environmental impacts helps in deciding whether to prepare an
EA or an EIS, the scope of the document, and the important or controversial issues
related to the project or program. When impacts involve the relocation of individuals,
groups, or institutions, special notification and public participation efforts should be
undertaken. Early and ongoing public involvement will result in fewer court challenges,
gain a greater number of cooperating agencies, build consensus earlier, screen out inap-
propriate alternatives, and determine whether a FONSI or an EIS needs to be prepared.

The proposing agency must provide for one or more public hearings or the oppor-
tunity for hearings to be held at a convenient time and place for federal actions that
require significant amounts of right-of-way acquisition, substantially change the layout
or function of connecting roadways or of the facility being improved, have substantial
adverse impact on abutting properties, or otherwise have a significant social, economic,
or environmental effect [23 CFR 771.111(h)(2)(iii)].

During public hearings, the public should receive information on the project’s purpose
and reason and be told how it is integrated with local planning goals. The public
should be provided with information on the major design features of the project,
potential impacts, and available alternatives under consideration. Processes of special
interest to the public, such as relocation procedures and right-of-way acquisition,
should be carefully explained, as should the agency’s procedures and timing for receiving
oral and written public comments [23 CFR 771.111(h)(2)(v)]. The public comment period
for a draft EIS is at least 45 days, except in rare circumstances determined by the
Environmental Protection Agency (EPA). Public hearings must be documented,
including providing FHWA with a copy of the transcript from the hearing.

Under the Freedom of Information Act (5 USC §552), an agency must make docu-
mentation, including interagency comments, available to the public at no cost.

1.2.4 Environmental Assessment

Purpose. An environmental assessment (EA) is conducted for a project that is not a
CE and does not clearly require an EIS. The purpose of the EA is to determine
whether or not an EIS is needed. It does so by identifying environmental impacts of
the project and the significance of these impacts. The EA process includes studies and
procedures required by environment-related laws and regulations. In preparing an EA,
coordination at the earliest appropriate time with local, regional, state, and federal
agencies having jurisdictional authority regarding the project is desirable. It can serve
to focus, at an early stage, on the environmental issues deserving study, evaluate their
potential impact, begin to identify alternatives and measures that might mitigate
adverse environmental impacts, and eliminate study and discussion of nonpertinent
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issues. At any point during the EA process, FHWA can determine that the preparation
of an EIS is required. However, if the EA concludes that there will be no significant
impact, a finding of no significant impact (FONSI) will be made by FHWA.

Format of an Environmental Assessment. The contents of an EA are determined
through agency and public scoping, preliminary gathering of data, and field review.
These steps will identify potentially affected resources and what level of analysis may
be necessary. They will also identify those resources that are clearly not affected and
those without the potential for significant adverse effect. This will allow for effective
and efficient use of staff and resources.

The EA should be a concise document, including only that background data and
technical analysis needed to support succinct discussions of the alternatives and their
impacts. The discussion must be focused on substantiating whether the proposed pro-
ject will have a significant effect on the environment. It is not necessary to discuss
those impacts where the effect is not significant. The following elements should be
included in an EA document:

e Cover sheet

o Table of contents

e Purpose and need for action

e Alternatives

¢ Environmental setting, impacts, and mitigation

o Section 4(f) evaluation if applicable

¢ EA revisions (after formal agency and public comment)
e Comments and coordination

e Appendices

Before beginning the EA document, project sponsors should confer with the
FHWA to ensure that the most recently adopted document guidelines are followed.

Purpose and Need for Action. The purpose and need for the project should be succinctly
explained at the beginning of the EA. The need for the project is based on an objective
and analytical evaluation of current information and future anticipated conditions.
Statements regarding the need for the project should be, to the extent feasible, quantifiable.
Table 1.5 shows various types of information related to need for highway projects.

Project Description and Alternatives. The project description should be written in
clear, nontechnical language. A glossary or footnotes should be used to define or
explain technical terms. Exhibits are also essential for a clear understanding of the
project features.

The description of the project should include the scope of the project; location and
limits; major design features; typical sections (where appropriate); a location map
(district, regional, county, or city map showing state highways, major roads, and well-
known features to orient the reader to the project location); a vicinity map (detailed
map showing project limits and adjacent facilities); current status of the project
including integration into regional transportation plans, regional transportation
improvement programs, congestion management plans, and the state transportation
improvement program; proposed construction date; funding source; and the status of
other projects or proposals in the area. For projects involving more than one type of
improvement, the major design features of each type should be included. For instance,
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TABLE 1.5 Basic Information Requirements to Establish Need for Highway Projects

Project issue Information requirements

Capacity problems (1) Hours of congestion being experienced and reasons
for congestion; (2) present and projected average
daily traffic (ADT), peak-hour volumes (PHV), and
level of service; (3) basis for projected ADT, e.g.,
development in areas served by facility, traffic diver-
sion, or increasing recreational traffic

Safety problems (1) Personal injury and fatality rates vs. statewide
rates; (2) reasons why accidents are happening (e.g.,
poor geometrics, turning movements, lack of merg-
ing or weaving distance, curves, lack of shoulders);
(3) safety benefits of the project

Operational deficiencies (ramp Explicit description of the problem(s), such as exces-
metering and auxiliary lane projects) sive demand or steep grades
Structural deficiencies (1) Results of field survey or report on condition of

pavement, bridges, drainage capacity, etc.; (2) main-
tenance cost vs. statewide rate for the same type of
facility

System continuity Description of how the project is an invaluable link to
a larger transportation system

a freeway widening may also involve a median barrier, ramp metering, sound barriers,
and park-and-ride lots. The project will also include necessary borrow or disposal
sites, as well as detours and contractor equipment yards.

Alternatives to the project, including the no-project option and nonhighway alter-
natives, are also to be discussed in this section. Project alternatives can be classified
into two types: viable, and those studied but no longer under consideration. Viable
alternatives are to be described in detail to compare their effectiveness against the pro-
posal in meeting the project purpose and need, potential impacts, and cost.
Alternatives no longer under consideration should be explained briefly. The EA may
present this in two ways: (1) It may discuss the preferred alternative and identify other
alternatives considered, or (2) if a preferred alternative has not been identified, simply
present the alternatives under consideration. The EA does not need to evaluate in
detail all reasonable alternatives for the project, but may be prepared for one or more
“build” alternatives.

Environmental Setting, Impacts, and Mitigation. The setting should be written in a
clear manner. Visual displays can be used to eliminate verbiage and clearly describe
the setting. Most of the setting will be written after the impacts have been identified to
focus on the appropriate details for impact evaluation. Beyond the general contextual
background, discussion should include only that portion of the setting that is affected.
For example, if there are no effects on riparian habitat, then the setting would not
include a description of riparian habitat beyond that needed for background information.

The EA should list technical studies or backup reports used in making the assessment
and indicate where reports are available. It is not intended that each item be supported by
detailed studies or discussion, but only that there be enough information in the EA to
allow a reasonable determination regarding degree of impact. The evaluation should be
completed to assess the effects of the proposal and of viable alternatives to the proposed
project as described. If more than one alternative is involved, the evaluation discussion
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must identify the alternative(s) associated with each specific impact being discussed. The
following subject areas, while not comprehensive, should be considered and either dis-
cussed or set aside as not being significant issues (list taken from FHWA TA T6640.8a):

e

. Land use impacts

. Farmland impacts

. Social impacts

. Relocation impacts

Economic impacts

. Joint development

. Considerations relating to pedestrians and bicyclists
. Air quality impacts
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. Water quality impacts
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. Water body modification and wildlife impacts
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. Floodplain impacts
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. Wild and scenic rivers
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. Coastal barriers
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. Coastal zone impacts
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. Threatened or endangered species
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. Historic and archeological preservation
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. Hazardous waste sites
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. Visual impacts
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. Energy
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. Construction impacts
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. Relationship of local short-term uses versus long-term productivity
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. Irreversible and irretrievable commitment of resources

Mitigation measures proposed are to be clearly identified as mitigation measures.
Proposed measures are to be presented as commitments and not just actions that could
or should be done. As part of the proposal, they should be included in the project
description. Examples of impacts and related mitigation common to highway-related
projects are as follows:

e Erosion and siltation. Many projects have cut or fill slopes that require mitigation
of potential erosion. Mitigation measures should be spelled out. An example would
be seeding and mulching, placing of straw, or other deterrents to slope erosion.
Siltation of streams is also a concern. Use of special dams, catch basins, or siltation
fences to prevent silt from getting into streams should be mentioned.

e Hazardous waste. 1If any initial studies or preliminary environmental evaluations
identify known or potential hazardous waste sources, alternatives to avoid the site
must be explored. If the site cannot be avoided, an assessment including sampling
and possibly a characterization of the problem should be conducted. Findings and
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recommendations are to be discussed. If a hazardous waste site is identified
(through information referenced to the address of the site or the county assessor’s
number), specify the type of regulatory actions it is subject to and any environmental
databases or lists that it appears on along with regulatory identification number.

e Floodplains. 1If the project involves several encroachments, the description can
include a discussion of the potential flood risks and floodplain impacts with a summary
for each encroachment placed in an appendix. Floodplain impacts include the support
of probable incompatible floodplain development and impacts on natural and benefi-
cial floodplain values. Discussion should include measures to minimize floodplain
impacts and restore and preserve floodplain values impacted by the action.

e Air quality. When a project warrants a quantified air quality study, a carbon
monoxide air quality study should be performed. This may vary from an extensive
study with a formal report to a brief investigation with an informal memo to the
file. The results of an air study may be presented here in their entirety, if one page,
or summarized if lengthy. Quantified microscale results are frequently required.

e Noise. A noise study is often needed for highway projects. The results should be
summarized. Both existing and projected exterior noise levels at sensitive receptors
should be tabulated for each alternative. If there are no sensitive receptors in the
area of impact (e.g., undeveloped or rural areas), it may be adequate to state this
fact without preparing a formal noise study and report. A noise study is not required
for projects unrelated to traffic noise such as lighting, signing, landscaping, or safety.
Mitigation, such as berms or noise walls (see Chap. 9), should be proposed when
the predicted traffic noise levels approach or exceed the FHWA noise abatement
criteria, or when predicted levels substantially exceed existing levels (23 CFR 772).
Where mitigation is not proposed, the reasons must be given. Acceptable reasons
include frequent access openings that negate attenuation, cost out of proportion to
the benefits, aesthetics, and local opposition.

e Historic sites. The effects, as described in 36 CFR 800, of the various alternatives
on historic properties need to be explicitly stated. If there are no effects, include a
statement that FHWA determined that the project will have no effect on historic
properties. If there are effects but they are not adverse, any specific data leading to
that finding should be stated. Documentation of public involvement efforts must be
included along with consultation with the Advisory Council on Historic Preservation
(ACHP) if it has occurred. If the effect is adverse, describe surveys undertaken, the
number and type of historic properties to be affected, and the proposed treatment of
these properties. A Section 4(f) evaluation is to be included as a separate section in
the EA if there will be involvement with a Section 4(f)-protected resource.

e Comments and coordination. This section should summarize the early and continu-
ing coordination efforts with agencies and the public, summarize the key issues and
pertinent information received through these efforts, and list the agencies and members
of the public consulted.

Determining Significance under NEPA. The EPA regulations define significance
within the project context and impact intensity. The context is the setting (physical,
social, political, and geographic) within which the proposed project should be considered.
Under the regulations, several potential contexts must be considered for the assessment
of resources. These include society as a whole, an affected region, affected interests,
or a locality. Typically, for a site-specific action, local effects rather than global determine
likelihood of significance.
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Significance also varies with the setting of the proposed action. For instance, noise
increases in an undeveloped area may be evaluated to be of less significance than in
an urban area because there are fewer affected receptors. In addition, both short- and long-
term effects are relevant in determining context.

Intensity refers to the severity of an impact. Measures of intensity vary according
to resource type. Factors to consider in determining intensity are as follows:

¢ Impacts may be both beneficial and adverse. A significant effect may exist even if
the federal agency believes that on balance the effect will be beneficial.

e The degree to which the proposed action may affect public health or safety.

¢ Unique characteristics of the geographic area such as proximity to historic or cultur-
al resources, park lands, prime farmlands, wetlands, wild and scenic rivers, or eco-
logically critical areas.

e The degree to which the effects on the quality of the human environment may be
highly controversial.

e The degree to which the possible effects on the human environment are highly
uncertain or involve unique or unknown risks.

e The degree to which the action may establish a precedent for future actions with
significant effects or represents a decision in principle about a future consideration.

e Whether the action is related to other actions with individually insignificant but
cumulatively significant impacts. Significance exists if it is reasonable to anticipate
a cumulatively significant impact on the environment.

e The degree to which the action may adversely affect districts, sites, highways, structures,
or objects listed in or eligible for listing in the National Register of Historic Places or
may cause loss or destruction of significant scientific, cultural, or historical resources.

e The degree to which the action may adversely affect an endangered or threatened
species or its habitat that has been determined to be critical under the Endangered
Species Act of 1973.

e Whether the action threatens a violation of federal, state, or local law or require-
ments imposed for the protection of the environment.

Measures taken may diminish the intensity of project effects, and in many situa-
tions, intensity will be reduced to the point where the impacts will not be significant.
The determination of significance regarding project impacts is critical to the project’s
timeline and resource allocation, and as such should be made in close coordination
among the project sponsor, FHWA, and other responsible agencies. Upon completion
of an EA, formal FHWA approval of the study is required before it can be made avail-
able to the public. The determination of environmental effects is not made by FHWA
until after the public review period.

1.2.5 Finding of No Significant Impact

A finding of no significant impact (FONSI) is a document issued by a federal agency
briefly presenting the reasons why a federal action, not otherwise excluded, will not
have a significant effect on the human environment and therefore does not require the
preparation of an environmental impact statement (EIS). If the conclusion of an envi-
ronmental assessment is that a proposed project will not result in any significant
impacts, the EA will be sent to FHWA with a recommendation for approval and the
preparation of a FONSI. Agencies that decide not to prepare an EIS after completion
of an EA must obtain a FONSI from the FHWA.
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If the analysis clearly indicates that the proposed action will not have a significant
adverse impact, the EA will be attached to a FONSI to support the determination of no
significant effect.

Federal procedures do not allow FHWA to make a determination of no significant
impact until after a public availability period. There is no record of decision (ROD)
for FONSIs, and there is no formal distribution of the FONSI. Normally, copies are
sent to individuals, groups, and agencies who have made substantive comments for the
EA or who have expressed concern.

When requesting a FONSI from FHWA, the EA is submitted to FHWA along with
a copy of the public hearing transcript (if such hearing is held), a recommendation of
the preferred alternative, and a request that a FONSI be made. Together, these items
should also document compliance with NEPA and all other applicable laws. When full
compliance is not possible at the time of the FONSI, a clear description as to when
and how compliance will be met should be provided.

1.2.6 Notice of Intent (NOI)

If it is determined that an EIS is required, the proposing agency submits a notice of
intent (NOI) to FHWA for publication in the Federal Register. The format and content
of the notice of intent are shown in Appendix A-2 of FHWA Technical Advisory
T6640.8A. In addition to those instructions, it is recommended that a brief statement
be added, under Supplementary Information, soliciting the views of agencies that may
have knowledge about resources potentially affected by the project.

1.2.7 Scoping

Scoping is NEPA terminology for the early and open process for determining the
scope of issues to be addressed in an EIS and for identifying significant issues related
to a proposed action.

After publication of the Notice of Intent in the Federal Register, the FHWA and the
project sponsor will begin the scoping process to identify the range of alternatives and
significant issues to be addressed, and to achieve the following objectives:

¢ Invite the participation of affected federal, state, and local agencies, any affected
Indian tribe, and other interested persons (including those who might not be in
accord with the action on enviromental grounds).

¢ Identify and eliminate from detailed study the issues which are not significant or
which have been covered by prior environmental review.

o Allocate assignments for preparation of the EIS among the lead and cooperating
agencies, with the lead agency retaining responsibility for the statement.

¢ Indicate any public EAs and EISs which are being or will be prepared that are related
to but not part of the scope of the impact statement under consideration.

¢ Identify other environmental review and consultation requirements so the lead and
cooperating agencies may prepare other required analyses and studies concurrently
with, and intergrated with, the EIS.

o Indicate the relationship between the timing of the preparation of environmental
analyses and the tentative planning and decision-making schedule.

Other federal agencies with relevant expertise may also be asked to serve as coop-
erating agencies. This latter request may be similar to the notice of preparation, except
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that the statements regarding permit or approval requirements do not apply. In addi-
tion to cooperating agencies, any other affected agency or party should be invited to
participate in the scoping process.

For the FHWA, notification and implementation of scoping is normally achieved
through public agency involvement procedures required by the provisions set forth in
23 CFR 771.111. Preparation of an EIS requires consideration of an array of environ-
mental issues in order to comply with NEPA requirements. There should be an early and
open scoping process involving the public and state and local governments. The scoping
process should identify important or controversial concerns early in the process to
receive primary focus.

1.2.8 Preparation of the Draft Environmental Impact Statement (DEIS)

Preparation of the draft EIS should begin at the earliest practical time. A key element
is the early exploration of alternatives and their associated environmental effects. This
will assist in early identification of reasonable alternatives and allow early coordination
efforts with cooperating and responsible agencies, aimed at identifying and reaching
agreement on appropriate mitigation measures. The draft EIS is prepared in consulta-
tion with FHWA. A purpose of the EIS is to provide information on the environmental
implications of an action or a program. Responsible decisions can be then made
regarding possible alternatives or mitigation measures intended to decrease the
adverse environmental consequences. In the spirit of NEPA’s purpose, the EIS is to be
used as an important and necessary tool in conjunction with other relevant materials to
plan actions and make decisions as opposed to a backfilling justification for decisions
already made.

Concise and succinct statements, evaluations, and conclusions are important in
preparing the EIS. Lengthy, encyclopedic discussions of the subject matter diffuse the
focus of the document from its analytical purpose. The document should be easily
understood and written to emphasize the significant environmental impacts.
Discussions of less significant impacts should be brief, but sufficient to demonstrate
that due consideration was given and more detailed study is not warranted. By law and
necessity, the document will be prepared using an interdisciplinary approach that inte-
grates the use of engineering, natural sciences, social sciences, and the design arts.

Format of the Draft EIS. The objective in establishing a format is to present informa-
tion in a consistent manner and sequence so that public issues and environmental
impacts of alternatives can be tracked throughout the document. This consistency
must be reflected not only within each section but among the various sections where it
is necessary to revisit some topics. An example of this concept would be the discussion
of project alternatives that are treated in various sections of an environmental docu-
ment. The desired product is a concise, easily understandable document that can fully
inform decision makers and the public about the environmental effects of a proposal
and its alternatives. In accordance with 40 CFR 1502.10, the following outline is used
unless compelling reasons to do otherwise are given by the proposing agency:

¢ Cover sheet

e Summary

e Table of contents

e Purpose of and need for action
e Alternatives
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o Affected environment

+ Environmental consequences
e Mitigation measures

e List of preparers

e List of who received copies
e Appendixes

¢ Index

An EIS is an analysis of aspects of a proposed project that are anticipated to have a
significant effect on the human environment. EISs for highways and highway-related
projects follow the instructions and content as described in FHWA Technical
Advisory T6640.8A, Guidance for Preparing and Processing Environmental and
Section 4(f) Documents. The technical advisory provides guidance on the format and content
of EISs needed to meet the requirements of FHWA regulations for implementing NEPA
(23 CFR 771). The regulations and technical advisory are in Appendix A-2 of that docu-
ment. The Council on Environmental Quality (CEQ) regulations stress the importance
of focusing on significant issues and avoiding detailed discussion of less important matters
in an EIS. CEQ regulations emphasize brevity. Normally, EISs should be less than 150
pages, or less than 300 pages if unusual in scope and complexity.

The preparation of a DEIS calls for the exercise of judgment in dealing with ques-
tions of selection, relevance, emphasis, and organization. Exhibits (charts, tables, maps,
and other graphics) are useful in reducing the amount of narrative required. They
should be technically accurate and of high quality. Brevity in the text, consistent with
the extent of the impact and the scale of the project, should be the objective. It is
emphasized that the elements listed in the following paragraphs require discussion
only if they are pertinent or are not adequately covered in another section. The ade-
quacy of a DEIS is measured by its functional usefulness in decision making, not by
its size or amount of detail.

Cover Sheet. The cover sheet must clearly indicate that the document is a draft
EIS and include the information indicated in Table 1.6.

Summary. The summary should be an overview of the entire statement and should
run about 10 to 15 pages. The summary must include the following information:

o Briefly describe the proposed project, including the route, termini, type of facility,
number of lanes, length, county, city, and state, along with significant appurte-
nances, as appropriate.

o List other federal actions required because of this project, such as permit approvals.
Also describe other major actions proposed by other governmental agencies in the
same geographic area as the proposed project.

o Summarize all reasonable alternatives considered.

¢ Summarize the major environmental impacts of each alternative, both beneficial
and adverse.

¢ Identify proposed mitigation measures.

e Briefly describe any areas of concern (including issues raised by agencies and the
public) and any important unresolved issues.

As with most environmental documents, replacing discussion with matrices, charts,
maps, tables, or other graphics is preferred in the interest of brevity. This is especially
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TABLE 1.6 Information That Should Be Included in a Draft Environmental Impact Statement
(DEIS)

Item Information

Title A title, location of the proposed action, and a report number are required.
The FHWA division office will add this number to the EIS cover sheet
when the document is approved for circulation.

Agencies The proposing (or lead) agency must be clearly identified, including the
name, address, and telephone number of a primary contact person. In
addition, list all agencies that were requested to serve as a cooperating
agency. These will include agencies that have special expertise with
respect to any environmental issue addressed in the statement.

Abstract The abstract is a one-paragraph description of the proposed project,
alternatives, significant impacts, and major mitigation measures.

Comments due date The ending date by which comments on the draft EIS must be received
should be clearly visible and easily identifiable.

applicable in the summary, where items relating to alternatives and their impacts and
related mitigation can often be presented in a matrix format, with impacts quantified
where possible, thus keeping the text discussion to a minimum.

Table of Contents. A table of contents must be prepared for the document. The
table of contents should closely follow the document outline that is established
through the scoping process. Among other contents it should include a lists of tables
and figures and a list of appendixes.

Purpose of and Need for Action. A statement of purpose and need is an important
section of an EIS. Unless the need for a facility is clearly and convincingly stated, the
remainder of the EIS will fail in its purpose. The discussion of the purpose and need of
a project for the EA presented in Art. 1.2.4 is applicable to an extent to the draft EIS. It is
important to be specific and to present quantifiable information about the current and
projected circumstances that are driving the decision to go forward with the project.
This would include such things as accident data, existing and projected traffic data, and
the ability of existing transportation facilities to provide for future transportation needs.

Alternatives. The purpose of the alternatives section is to describe reasonable
alternatives and identify them as either the no-project alternative, an alternative under
consideration, or an alternative that has been withdrawn from consideration. FHWA
Technical Advisory T6640.8a provides guidance in determining the purpose and need
for the proposed project. The section should begin with a concise discussion of how
and why other alternatives were eliminated. The range of alternatives to be considered
when determining reasonable alternatives includes no-action alternatives, mass transit
alternatives, and action alternatives.

No-action alternatives. The no-action alternative is always a viable alternative
and is to be discussed and evaluated in this section with equal consideration to the
other potential alternatives. The discussion is to identify the transportation, eco-
nomic, and social consequences of not building a project including the tradeoffs in
terms of benefits. This will inform the decision maker and the public of the choices
available. A helpful reference for developing this discussion of the proposed pro-
ject is Impact Assessment Guidelines: The Role of the No-Build Alternative in the
Evaluation of Transportation Projects, National Cooperative Highway Research
Program Report No. 8-11, prepared by David A. Crane and Partners et al.
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Action alternatives. Both improvement of existing highways and alternatives on new
locations should be considered. A representative number of reasonable alternatives
must be presented and evaluated in detail in the final draft EIS. For most major pro-
jects, there is a potential for a large number of reasonable action alternatives. Only a
representative number of the most reasonable approaches, covering the full range of
alternatives, should be presented. Too many action alternatives can make comparisons
difficult. The number of reasonable alternatives will depend on the project location
and pertinent project issues. Each alternative should be briefly described using maps
or other visual aids such as photographs, drawings, or sketches. A clear understanding
should be presented of concept, major design features, termini, location, and costs for
each alternative (see FHWA TA T6640.8a). At times, more detailed design of some
aspects may be necessary for one or more alternatives to evaluate impacts or mitiga-
tion measures, or to address issues raised by other agencies or the public. However,
equal consideration must be given to all alternatives. All reasonable alternatives con-
sidered should be developed to a comparable level of detail in the draft EIS so that
their comparative merits may be evaluated. Where a preferred alternative has been
identified, it should be so indicated. The draft EIS should include a statement that the
final selection of an alternative will not be made until the impacts of the alternatives
and comments on the final draft EIS have been fully evaluated. Where a preferred
alternative has not been identified, the draft EIS should state that all reasonable alter-
natives are under consideration and that a decision will be made after the impacts of
the alternatives and comments on the final draft EIS have been fully evaluated.

Affected Environment. The next section describes in concise terms the social,
economic, and environmental setting for the entire area of impact of the alternative
proposals. The setting limits should embrace areas that may be influenced by the pro-
posed project. Refer to page 17 in FHWA Technical Advisory T6640.8A for a discussion
of the content of this section. The discussion of the setting should be brief with graphics
used in lieu of verbiage. Only relevant aspects of the setting should be discussed in
detail, with other descriptions limited to that necessary to provide context.

Environmental Consequences. The major significant impacts of the project are to
be discussed in detail in the environmental consequences section and will form the
scientific and analytical foundation for evaluation of the merits of each alternative.
The treatment of the various alternatives and their impacts in this section will probably
be the best indicator of the objectivity and neutrality of the document. The text should
only attempt to present, and quantify where possible, the various impacts of the indi-
vidual alternatives and commit to mitigation as appropriate. The guidance is provided
in FHWA Technical Advisory T6640.8A.

Prior to analyzing the impacts, the project sponsor should coordinate with the FHWA to
ensure that the scope of the analyses is in accordance with FHWA requirements and guide-
lines, as well as other agency requirements. Typical elements to consider are as follows:

Land use, ownership, and potential relocation

o Existing and proposed land use

e Zoning consistency and general plan compatibility
e Impacts and mitigation

Minority considerations and environmental justice
Social considerations

Displacements and relocations

Economics

Hazardous materials

Air quality
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Noise

Utilities

Farmlands

Wildlife and scenic rivers

e Jurisdictional waters and wetlands

e Clean Water Act Section 401, 402, and 404 permits
¢ Floodplains

Biotic communities
e Threatened and endangered species
e Invasive species

Cultural resources
Section 4(f) and 6(f)
Temporary construction impacts

Mitigation Measures. Mitigation measures are the steps that can be taken to
lessen the adverse environmental impacts of an action. In order for an impact to be
successfully mitigated, the mitigation measure must be economically and practically
viable and the agency has to be capable of and committed to implementing it. Under
CEQ regulations, mitigation can be achieved by avoiding the adverse impact,
minimizing the adverse effect by reducing the scope of the project, rectifying (repairing)
the damage caused by the action, implementing a program to reduce the impact over
time, or compensating for the impact by replacing or providing substitute resources.

List of Preparers. List the names and appropriate qualifications (professional
license, academic background, certification, professional working experience, and
special expertise) of the persons who were principally responsible for preparing the
draft EIS or substantial background papers. These latter will include but not be limited
to those primarily responsible for the air quality and noise studies, biological studies,
historic and cultural resource studies, and social and economic studies. The list should
include any project sponsor and FHWA personnel who had primary responsibility for
preparation or review of the draft EIS. If a consulting firm was used for any part of the
document, then the consultant’s primary author and project manager should be listed
by name. Casual contacts for expert opinion made during the preparation of these
reports should not be listed. An optional item that may be included in the document is
a separate list giving recognition to people and organizations outside the lead agency
and FHWA that assisted in its preparation.

List of Who Received Copies. The draft EIS must list the name and address of each
agency and organization that was sent a copy of the document for review purposes.

Comments and Coordination. The draft EIS should contain pertinent correspondence
summarizing public and agency coordination, meetings, key issues, and other pertinent
information received.

Glossary and Abbreviations. A glossary and abbreviations list is helpful, particu-
larly to those not familiar with the topic. Readily accessible definitions of commonly
used terms will help expediate the document review process.

References and Bibliography. A clear, concise section of references and biblio-
graphical material supports objectivity in the draft EIS.

Appendixes. The appendixes contain the reports and documents that support the
findings of the draft EIS. Detailed technical discussions and analyses that substantiate
the concise statements within the body of the draft EIS are most appropriately placed
in the appendixes. Therefore, the appendixes will include such details of each study as
the technical approach and scope of the study, protocols and procedures, specific model-
ing or testing parameters, data generated, interpretation of the data, and findings and
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limitations of the study. Appendixes must either be circulated with the draft EIS or be
readily available for public review.

Index. Each draft EIS must contain an index that is sufficient to assist the reader in
locating topics of interest and importance with ease. The list in Table 1.7 is not intended to be
comprehensive, but to present an example of topics that might be found in a draft EIS index.

TABLE 1.7 Sample Index Showing Topics in a Draft EIS

A Flood control
Access Floodplain
Advisory Council on Historical Preservation Floodway
(ACHP)
Agency coordination G
Agency partnering Geology
Agriculture Groundwater
Air quality H
Alternatives Hazardous material
Alternatives considered Historic
Archaeological Housing
B I
Bicycle Impacts
Biological resources Income
BLM Industrial
Bus
Businesses J
Jurisdictional waters of the United States
C
Clean Air Act L
Clean Water Act Land use
Commercial Landfill
Conformity
Corps of Engineers M
Cost Major investment study (MIS)
Mitigation
D
Design criteria N

Design features

National Park Service (NPS)

Displacements National Register of Historic Places

Drainage (NRHP)
Neighborhood

E Noise

Earth fissures NPDES

Economic

Emergency P

Employment Park

Energy Partnering

Environmental justice Police

Erosion Pollutants
Population

F Preferred alternative

Farmland Prehistoric

Federal Highway Administration (FHWA)
Fire

Project purpose
Public coordination
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TABLE 1.7 Sample Index Showing Topics in a Draft EIS (Continued)

R Traffic analysis
Recreation Traffic control
Residential Traffic demand
Resource Conservation and Recovery Act Transportation demand management (TDM)
Right-of-way Transportation system demand management
Runoff (TSM/TDM)

Transportation system management (TSM)
S
Safety U
School Underground storage tank
Section 4(f) U.S. Army Corps of Engineers
Section 401 Utilities
Section 404
Section 6(f) \%
Sedimentation Vegetation
Selected alternative Visual
Socioeconomic
Soil w
State Historic Preservation Office (SHPO) Water quality
State Implementation Plan (SIP) Water resources
Superfund Wildlife
Surface water

zZ
T Zoning
Tax revenue
Topography

1.2.9 Supporting Documents

Federal actions must comply with a number of environmentally related federal laws
and regulations described in Art. 1.1. This requirement applies to categorical exclu-
sions as well as to projects requiring an environmental document. This article presents
a summary of the documentation and processing requirements for some of those laws
and regulations that are frequently applicable to highway projects. These include
Section 4(f), Section 106, and wetlands, floodplains, endangered species, hazardous
waste, and farmland protection considerations.

Section 4(f). Section 4(f) clearance is required whenever a federal action involves
the use of a publicly owned park or recreation area, a wildlife or waterfowl refuge, or
land from a historic site. Section 4(f) clearance requires that the following additional
steps be included in the environmental process:

¢ Include in the early coordination and consultation process agencies that have juris-
diction over the 4(f) property.

e Take possible planning actions to avoid the use of 4(f) property or to minimize
harm to any 4(f) property affected by the project. Each project proposal must
include a 4(f) avoidance alternative.

o Prepare a draft Section 4(f) evaluation as a section in the draft environmental document,
whether it is an EA, an EIS, or any similar document.
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o Circulate the draft environmental document to agencies involved in the 4(f) property,
and request that the agency review and comment on the 4(f) evaluation. If there is no
draft environmental document, the draft 4(f) evaluation will be circulated separately.
The comment period must be a minimum of 45 days.

o Evaluate the 4(f) comments and prepare a final 4(f) evaluation as a separate document
or as a separate section in the final environmental document.

e The regional FHWA administrator will indicate Section 4(f) approval either in
approval of the final environmental document or in the record of decision for other
actions processed with EISs.

Section 4(f) evaluation documents the considerations, consultations, and alterna-
tives. Alternatives may be considered not feasible or prudent for any of the following
reasons:

¢ Not meeting the project purpose and need

e Excessive cost of construction

» Severe operational or safety problems

¢ Unacceptable adverse social, economic, or environmental impacts
¢ Serious community disruption

¢ A combined effect of several of the foregoing types of factors though each is present
in lesser degree

If a proposed alternative involves more than one 4(f) resource, a separate 4(f) evalua-
tion must be prepared for each such resource involved. Where a project proposal
results in only minor impact upon a 4(f) resource and certain specified conditions can be
met, a programmatic section 4(f) evaluation process is available. For routine involve-
ments, a 4(f) evaluation will be a separate section of the environmental document. Including
4(f) evaluations within environmental documents serves two key purposes: (1) They are
subject to essentially the same public review process as an EIS, and (2) Section 4(f)
approval will be automatic with approval of the environmental document. In the case
of an EIS, the 4(f) approval is summarized in the record of decision (ROD). This practice
is an excellent example of the benefit to be gained by implementing environmental
processes concurrently rather than consecutively.

Additional instructions are contained in FHWA Technical Advisory T6640.8A.

Section 106 (Historic Resources). The Advisory Council on Historic Preservation
(ACHP) has established implementing regulations for the protection of historic prop-
erties (36 CFR 800). These procedures must be followed for federal undertakings. An
undertaking is defined as any project, activity, or program that can result in changes in
the character or use of historic properties, if any such historic properties are located in the
area of potential effects (APE). Following is a summary of the major steps in the project
development process when historic properties (whether eligible or potentially eligible
for the National Register of Historic Places) may be present in the APE.

An opportunity for early public involvement must be provided for federal actions
during the identification phase of the project development process. For CE projects
when National Register—eligible properties are present or are potentially present (such as
in an archaeologically sensitive area), there must be early public involvement. Projects
are excepted from this requirement if (1) they have been defined as having a minimal
APE and therefore do not fall within the Section 106 definition of undertakings and
(2) no known historic resources are present (Table 1.4). For projects that are CEs and
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are not listed in Table 1.4, the appropriate stages during the planning process to
involve the public will have to be established by the FHWA transportation engineer.
These are generally at the identification, evaluation, and consultation stages.
Interested parties are to be notified of the conclusions of the studies. When projects
listed in Table 1.4 have known historic resources, the public involvement process
would begin when resources have been identified.

For those actions requiring either a FONSI or an EIS, any notices (notice of initiation of
studies, notice of preparation, notice of intent, public hearing, opportunity for a hearing,
and notice of availability) must state whether any alternatives could potentially
involve historic properties, if the answer is known. If this potential is not known, then
the notices must request the names of those persons who may have information relating
to historic properties that may be affected or who may be interested in the effects of
the undertaking on historic properties. At any hearing, the presence of any historic
properties and the effects of any alternatives on those properties must be identified.
For categorically excluded projects, a public mailing inviting written comments must
be made. This notice need not be made for those projects that have been defined as
having minimal APEs unless resources have been identified during project studies or
the area is known to be sensitive for resources.

For projects where an EIS or a FONSI has been prepared, documentation of com-
pletion of the Section 106 process for projects with resources present is in the form of
the signature of the transportation engineer on the historic property survey report (HPSR)
form. For categorically excluded projects, Section 106 documentation is completed
separately when resources have been identified. A positive HPSR is prepared which
would conclude that the resources involved were found not to be eligible. Where no
resources have been identified, FHWA concurrence is evidenced by the transportation
engineer’s signature on the negative HPSR, or by the transportation engineer’s signa-
ture on the CE form for projects with minimal APEs.

Wetlands Involvement (Executive Order 11990). The following procedures must be
followed for any federal action that involves wetlands:

e An opportunity for early public involvement must be provided for actions involving
wetlands. For those actions requiring either a FONSI or an EIS, any notices for a
public hearing, or an opportunity for a hearing, must indicate if any alternatives are
located in wetlands. At any hearing, the location of wetlands must be identified. For
CEs, a newspaper notice inviting written comments must be published.

e Alternatives that would avoid wetlands must be considered, and if avoidance is not
possible, measures to minimize harm to wetlands must be included in the action.
Documentation of the above must be included in the environmental assessment or
EIS. Documentation for CEs should be reviewed and placed in the project files with
a copy to the FHWA area engineer.

e A wetlands-only-practicable-alternative finding must be prepared for actions
requiring a FONSI or an EIS (see FHWA Technical Advisory T6640.8A for con-
tent). Findings are not required for CEs.

Floodplain Involvement (Executive Order 11988). The following additional steps in
the environmental process are required for actions that encroach on base floodplains:

e As with wetlands and historic properties, the public must be given the opportunity
for early review and comment, and notices must reference potential encroachments
on the base floodplain. Also, all public hearings must provide an opportunity to
address any floodplain encroachments.
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¢ A floodplain-only-practicable-alternative finding must be prepared for actions
involving a significant encroachment (see FHWA Technical Advisory T6640.8A).
The finding is included in the final environmental document.

¢ A technical report entitled Floodplain Evaluation is to be prepared and summarized
in the environmental document in accordance with federal regulation 23 CFR 650,
Subpart A. If floodplain encroachments are significant, then alternatives should be
developed jointly among an interdisciplinary team that includes design, hydraulics,
and environmental analysis professionals. The detail in the report is to be kept to a
minimum commensurate with the significance of potential flooding, environmental
impact, and risk of economic loss, private or public. The report should contain a
project description, including a map of the project showing the base floodplain and
all project encroachments, as well as alternatives to encroachment. Include a dis-
cussion of the practicality of alternatives that would avoid longitudinal or signifi-
cant encroachments, or the support of incompatible floodplain development and
risk assessment, which are part of the location hydraulic and/or design studies
called for in 23 CFR 650, Subpart A; impacts of the project, including the support
of probable incompatible floodplain development and impacts on natural and bene-
ficial floodplain values; and mitigation measures to minimize floodplain impacts
including measures to restore and preserve floodplain values impacted by the
action. A matrix should be used to summarize the risk assessment and impacts.

The floodplain evaluation report should be summarized in the environmental docu-
ment. The portions of the evaluation pertaining to fish and wildlife, vegetation, wetlands,
growth inducement, etc., are to be included in the respective sections of the document.
Summaries involving floodplains in general, as well as hydraulics and risk, are to be
included in a section entitled Floodplains.

Section 7 (Endangered Species). All projects must be evaluated to determine
whether any endangered or threatened species may be affected. If it is determined that
a species could be expected or is known to occur in the project area, further study and
evaluation will be required. This additional effort may include formal consultation
with the U.S. Fish and Wildlife Service and preparation of a biological assessment.
The level of involvement with the endangered species process can vary widely from
project to project and will generally involve the following steps:

o Establish an area of potential environmental impact (APEI) and potential for conflict
with endangered species.

¢ Once preliminary alternatives are selected, determine whether a request for a species
list from the U.S. Fish and Wildlife Service (FWS) is required and then request a list,
through FHWA, if required.

e Perform a biological assessment and write up results as appropriate.

o If there are no species present or there will be no effect, obtain FWS concurrence
through FHWA before circulating the draft environmental document.

o If the preferred alternative affects species, request conference or consultation with
the U.S. Fish and Wildlife Service through FHWA, which must be completed
before the final environmental document can be approved.

Hazardous Waste.  As discussed earlier, it is prudent to avoid acquisition of right-of-
way that has been contaminated with hazardous waste. Generally, every project that
includes purchase of new right-of-way, excavation, and/or structure demolition or
modification should be evaluated to determine whether there is any known or potential



1.38 CHAPTER ONE

hazardous waste within the proposed project limits. The discovery of hazardous waste
after a project has gone to construction will usually result in a long and costly project
delay while required cleanups are being completed. Consequently, early detection,
evaluation, and remediation of hazardous waste is essential. Where hazardous sub-
stances are involved, adequate protection must be ensured for employees, workers,
and the community prior to, during, and after construction. Typical materials that may
constitute hazardous waste include pesticides, organic compounds, heavy metals,
industrial waste, or other compounds injurious to human health and the environment.
If site evaluation does not identify a known or potential hazardous waste site within the
project area, a statement to that effect should be made in the environmental document.

The field of preliminary site assessment for hazardous substances has been steadily
becoming more uniform, with several organizations establishing procedures and pro-
tocols for these studies. Generally, the studies are conducted in two stages referred to
as either phases I and II or levels I and II. Phase I (level 1) is a research and visual
observation stage to identify concerns and evaluate the likelihood that hazardous sub-
stances have affected the property. The purpose of phase II (level II) is to collect addi-
tional information (preferably quantifiable data through sampling and laboratory
analysis) to confirm that contamination is present or to set any concerns aside. Phase I
generally consists of historical research to evaluate current and past land uses and
operations with a focus on what hazardous substances may have been introduced into
the soil or water (including groundwater at the site); a search of regulatory records to
evaluate whether the site or adjacent properties are listed in files as having violations,
recorded hazardous substances releases or incidents, or a history of storing, handling,
using, transporting, or disposing of hazardous substances; physical description of the
soil geology and of surface water and groundwater, in order to evaluate the potential
for migration of contaminants from the source to another property; and a site walk to
observe the site conditions and operations as well as those of the neighboring properties.
Phase II is a specifically designed sampling and laboratory analysis program that
effectively addresses the concerns raised in the phase I study, if any. Phase II should
be designed to collect sufficient information to establish that a valid concern exists
and to indicate what level of effort may be required to address the concern.

The American Society for Testing and Materials (ASTM) has developed standards
for phase I and phase II reports that effectively cover how to conduct these studies and
prepare appropriate reports. These reports should be presented along with the draft
environmental document.

Farmland Protection Policy Act, Amended 1984. The Farmland Protection Policy
Act (FPPA) and the National Environmental Policy Act (NEPA) require that before
any federal action that would result in conversion of farmland is taken or approved,
the Department of Agriculture must examine the effects of the action using the criteria
set forth in the acts. If it is determined that there are adverse effects, alternatives to
lessen them must be considered. This process requires an inventory, description, and
classification of affected farmlands as well as early consultation with the U.S. Soil
Conservation Service (SCS) within the U.S. Department of Agriculture. Processing of
Form AD 1006 (Farmland Conversion Impact Rating) is also necessary. The FPPA
must be part of the NEPA process in accordance with 7 CFR 658.4(e).

Where the right-of-way required for a transportation project is clearly not farmland
(i.e., where it is rocky terrain, sand dunes, etc.) and the project would not indirectly
convert farmland, the FPPA does not apply. The evaluation of land for agricultural use
includes productivity, proximity to other land uses, urban and rural, impacts on
remaining farmland after the conversion, and indirect or secondary effects of the pro-
ject on agricultural and other local factors. Reports and findings about agricultural
land are to be included with the draft environmental document.
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1.2.10 Review

FHWA Review. Timely federal approvals are an outgrowth of the ongoing participation
of the FHWA division transportation engineer in preparation of the document. As a
result of document preparation, the transportation engineer should have a good working
knowledge of the project. The proposing agency should also have received FHWA
comments on individual sections of the document during their preparation. This will
minimize the rounds of comments and responses to comments made between FHWA
and the district after formal submittal to FHWA. The number of copies of the draft
document and of each technical report be sent to FHWA for review and comment
should be coordinated with the FHWA. The FHWA division and region term this a
predraft review. It is a full interdisciplinary and legal review by FHWA division,
region, and headquarters (Washington, D.C.). The FHWA division will ensure that
these reviews are concurrent, although consolidation and reconciliation of FHWA
comments will always precede their return to the district. Copies of backup reports
must be available for FHWA prior to the start of its review.

FHWA has adopted specific review periods for drafts. These periods should be
viewed as planning tools only; specific review periods will always depend upon
FHWA’s priorities. The specified periods of time can be shortened considerably if the
transportation engineer has been involved throughout document preparation. Once
comments have been addressed to the satisfaction of FHWA, the original signed cover
sheet, two copies of the DEIS, and two copies of any revised backup reports are to be
sent to FHWA for approval to circulate. However, as a result of the “predraft” review,
FHWA may require additional copies.

When comments from FHWA have been resolved and the FHWA division admin-
istrator is in agreement with the scope and content of the DEIS, the original cover
sheet will be signed and returned along with authorization to circulate. FHWA
approval may be contingent on some revisions to the DEIS prior to circulation or revisions
to be made later in a FEIS. Before distribution, the district will add to the cover sheet
the date by which public comments must be received (approximately 60 to 70 days
from the date copies are sent to the FHWA during the circulation period). This will
allow for mail time, as well as the required 45 days for comment after publication in
the Federal Register. Any comments received from FHWA are to be considered in-house
review comments. The commenting letter is not to be placed in the comments-
received section of the EIS.

Public Review and Comment. If a public hearing is to be held on the project for
project approval purposes, the draft environmental document (DED) must be circulated
for comment at least 15 days prior to the hearing. Environmental issues raised, alter-
natives proposed, and substantive comments of an environmental nature made at the
public hearing are to be included in the comments and reply section of the final envi-
ronmental document (FED) along with responses. The comments do not have to be
presented verbatim but can be paraphrased and grouped together for brevity.

All letters received on substantive environmental issues related to the project as a
result of the public hearing process are to be included in the comment section of the FED
along with letters received during circulation of the DED. There is no requirement to
respond to letters received on nonsubstantive issues. Receipt of comments may be
acknowledged. This acknowledgment can be by letter or postcard. DOT comments,
however, are to be included. Responses to comments will be made in the final environ-
mental document. Comments received on the DED must be available to the public for
review in accordance with public information procedures.

The lead agency is to make copies of the draft environmental document available
for public review in such places as public libraries and city halls. At the same time the
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document is circulated for comment, as a minimum, a notice announcing its availability
should be published in a newspaper having general circulation in the vicinity of the pro-
posed project and in any newspapers having a substantial circulation in the area concerned,
such as foreign-language and community newspapers. Contents of the public notice
should be established through coordination with the FHWA prior to publication. For
CE projects, a separate public notice must be published. The locations of public copies
are to be noted in the newspaper notices, as well. Send a copy of the notice, along
with a listing of the other publications, by name of newspaper and the date on which
the notice appeared, to FHWA immediately after publication.

Sufficient copies should be printed to be available to fill requests. Normally,
charges will not be made for individual copies, or for those distributed to persons and
organizations that may be affected by the project. Charges are appropriate, however,
for requests for multiple copies of reports and for requests from persons outside the
project area. FHWA has specified that the fee may not be more than the actual printing
cost. Technical study reports (usually called backup reports), such as noise, air, water,
cultural, and biological study reports, are to be summarized in the draft environmental
document. Copies need not be included in the DED, but should be referenced and
made available upon request. Charges for the actual printing cost may also be made
for these reports.

1.2.11 Final EIS

For FHWA-sponsored projects, FEISs can be condensed or abbreviated depending
upon the degree of change generated by the comments received on the draft EIS.
These FEIS versions are described in FHWA TA T6640.8A. Using a traditional
approach, a final EIS, or FEIS, can be prepared in basically the same format and have the
same supporting information required for a DEIS. Using this format, if few substantive
comments are received on the draft EIS, only minor changes to it will be necessary in
order to produce a final EIS suitable for the decision maker. The major difference
between the draft EIS and the final EIS is that a separate section is added to the alter-
natives section that identifies a preferred alternative and provides the supporting rationale
for its selection. In general, the need, affected environment, and environmental conse-
quences sections should not change. However, other changes that might cause revisions
in these sections are choice of an alternative that is a composite of several alternatives;
additional information that is pertinent; results of new studies; and corrections and
updating of the text as a result of comments received from circulation of the draft EIS,
the public hearing process, or changed circumstances due to the passage of time.
Table 1.8 outlines the content of the final EIS.

Any unresolved environmental issues should be described along with a description
of the efforts to resolve them through further consultation or otherwise. For instance,
when an agency comments that a draft EIS has inadequate analysis or that the agency
has reservations concerning the impacts, or believes that the impacts are too adverse
for the project to proceed, the final EIS should reflect efforts to resolve the issue and
set forth any action that will result. If the preferred alternative is in conflict with
regional or local plans, convincing arguments must be presented on why the action
should proceed and how the conflict will be resolved.

If the preferred alternative will involve the use of a 4(f) resource, a final Section 4(f)
evaluation must be prepared and included as a separate section in the FEIS or as a sepa-
rate document. If the proposed project is a federal action and is located in wetlands
and/or encroaches on a floodplain, a wetlands-only-practicable-alternative finding and/or a
floodplain-only-practicable-alternative finding must be added as a section.
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TABLE 1.8 Development of a Traditional Final Environmental Impact Statement (EIS) from

Draft EIS

Item

Content

Cover sheet

Summary sheet

Proposed need for action

Alternatives

Affected environment

Environmental consequences
and mitigation

Mitigation and other
commitments summary

List of preparers

List of who received DEIS
Appendixes

Index

Distribution list

Comments and coordination

The cover sheet must reflect that this is a final EIS.

The summary sheet is revised to be consistent with the final EIS
and to incorporate the preferred alternative identification and
information. Briefly and concisely describe all mitigation mea-
sures that are part of the preferred alternative. Monitoring and
enforcement measures are also listed, where applicable, for any
mitigation.

No substantive change unless comments warrant.

The preferred alternative is identified and described in a sepa-
rate subsection. In addition, this subsection must develop and
present in detail a defensible rationale for the preferred alterna-
tive selection decision. This rationale must reflect a comparison
of the strengths and weaknesses of the various alternatives con-
sidered. The discussions relating to alternatives that were not
selected should generally remain unchanged.

No substantive change unless comments warrant.

No substantive change unless comments warrant.

The final EIS includes a separate added section summarizing
all mitigation measures, and any other conditions, committed to
in previous sections of the document. This summary listing is to
include a page reference where each commitment is discussed.

No substantive change unless comments warrant.
No substantive change unless comments warrant.
No substantive change unless comments warrant.
No substantive change unless comments warrant.
Indicate on the list those entities commenting.

This section is to include a copy of all comments from public
agencies, all substantive comments of an environmental nature
(or summaries if comments are particularly voluminous) from
others, a summary of substantive comments of an environmen-
tal nature received at public hearings or presentations, responses
to those substantive comments needing answers and/or refer-
ences to the text where the comment has been answered, and a
summary or categorization of nonsubstantive comments
received with a list of these commentators’ names.

Record of Decision. For federal actions documented with an EIS, FHWA must pre-
pare and sign a record of decision (ROD) as part of the final project approval. At the
time the FEIS is prepared, a draft of the ROD must also be prepared for the federal
process (see FHWA Technical Advisory T6640.8A, for format and content). The ROD
should include the decision identifying the selected alternative, a description of all
alternatives considered, a summary for the basis of Section 4(f) approval (if applica-
ble), mitigation procedures committed to, and comments and related responses on the
FEIS. The final EIS is reviewed by the appropriate specialists before approval. Copies
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of the final EIS plus copies of any new or revised technical reports, the draft ROD,
and a keyed list of the disposition of FHWA comments on the draft EIS are sent to
FHWA for review (“prefinal” EIS).

Following the required reviews and approvals, the signed final EIS is distributed to
all responsible agencies, those who made substantive comments on the draft EIS, and
other appropriate parties. A notice of availability will be published in the Federal
Register and in local newspapers at the time of distribution. CEQ regulations require
that no administrative action be taken on a federal project until 30 days after publication
of a notice of availability in the Federal Register by EPA. The filing date for final
EISs received by EPA in Washington, D.C., during a given week (Monday through
Friday) will be the Friday of the following week. Following this 30-day review period
and the successful resolution of any objections raised, the FHWA regional administrator
will approve the project by issuing the ROD.

Distribution of the Final EIS. After FHWA clearance of the final EIS is received,
the document is made available to all public and agency members known to have an
interest in the project. To ensure that the statement is recognized as the formal distrib-
ution of the FHWA-adopted FEIS, specifically state in the document transmittal letter
that distribution is being made on behalf of FHWA in accordance with 23 CFR 771. A
dated copy of the transmittal letter must be sent to the Environmental Division. The
district is to publish a notice of availability at this time in a newspaper having general
circulation. Upon completion of distribution, the district will notify FHWA, which
will furnish the final EIS to EPA and request publication of a notice of availability in
the Federal Register.

1.2.12 Environmental Reevaluation

A formal, written environmental reevaluation (ER) is prepared only on projects with
federal involvement for which an EIS has been prepared when any of the following
circumstances occur:

e An acceptable FEIS is not submitted to FHWA within three years from the date of
draft EIS circulation.

e No major steps have been taken to advance a project [e.g., allocation of a substan-
tial portion of right-of-way or construction funding, or request for FHWA Plans,
Specifications and Estimates (PS&E) approval] within three years from the date of
final EIS approval.

¢ FHWA requests an ER on EIS projects or on large and complex projects with
lengthy periods of inactivity between major steps to advance the project.

An environmental reevaluation (ER) will be performed prior to the next major state
or federal approval step (e.g., an action such as allocation of right-of-way or construc-
tion funding, or a request for FHWA PS&E approval) if the time between the filing of
the notice of determination (or a previous ER) and the major approval is over 12
months. If circumstances warrant it, the reevaluation will be performed even if less
than 12 months has elapsed. Examples of this would be a project that is located in a
rapidly developing area, or imposition of a new retroactive regulation that has a bearing
on the project. The purpose of the reevaluation is to determine whether there has been
a substantial change in the social, economic, and environmental effects of the proposed
project. This could result from changes in the project itself or from changes in the cir-
cumstances under which the project is to be undertaken.
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A supplemental draft and final EIS are prepared when there are changes that result in
significant impacts not previously evaluated. A draft EIS or a final EIS may be supple-
mented or amended at any time and must be supplemented or amended when (1) changes
to the proposed project would result in significant environmental impacts that were
not evaluated in the EIS or (2) new information or circumstances relevant to environ-
mental concerns and bearing on the proposed project or its impacts would either bring to
light or result in significant environmental impacts not evaluated in the EIS. The sup-
plemental statement need only address those subjects in the EIS affected by the
changes or new information. For example, if changes in the proposed project signifi-
cantly change the number of houses involved in right-of-way acquisition, only this
issue and the associated effects need be discussed. The required sections of a supple-
mental EIS will follow the format of an EIS. There is no set ER format, but the ER
should include the project title and description, previous environmental approvals,
date of FHWA approval, filing date of the notice of determination, and project
changes including changes in setting or circumstances. Describe changes and identify
and assess the significance of any effects. If a supplemental EIS requires the prepara-
tion of additional studies—air quality, noise, water quality, etc.—these should be
treated the same as for an EIS.

In addition, where any type of environmental document (FONSI, or even CE) has
been approved for a project, some form of reevaluation is required at each major mile-
stone, such as commencement of right-of-way acquisition or approval of PS&E. The
environmental branch chief must document in the project files, to the degree necessary,
that an environmental reevaluation has been made. This must be done with the signed
endorsement of the FHWA transportation engineer.

For older FONSIs and EISs, backup documentation of predicted effects should be
reviewed in light of new retroactive regulations (such as for historic resources) and
major advancements in the state of the art regarding analytical methodologies for such
elements as air, noise, water, and social effects.

The results of the environmental reevaluation, conducted after major milestones
during the design phase, are documented in a memo to the project file. This normally
need only indicate that there are no substantial changes to the project itself or to the
project’s impacts. When a formal reevaluation is required for projects with an EIS,
two copies of the environmental reevaluation are submitted to FHWA. To prevent
delay in project approval, the reevaluation must be submitted at least three months
prior to the next approval action.

1.3 STORM WATER POLLUTION PREVENTION

1.3.1 Background

The Clean Water Act (CWA, 33 USC §251) prohibits storm waters from being used to
transport or collect wastes and requires that standards for water pollution be established
that do not diminish the uses of the water. EPA is given the authority to develop a
framework of regulation that is fully delegated to states once the EPA has approved their
regulatory program. The federal act requires states to establish a policy of nondegradation
that protects and preserves water. (J. T. Dufour, California Environmental Compliance
Handbook, California Chamber of Commerce, Sacramento, 1993, pp. 72-74.)
Amendments to the Clean Water Act in 1972 separated point sources (known indus-
trial and wastewater treatment outfall locations) from nonpoint sources (general urban
and agricultural discharges that cannot be associated with a specific location). The
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amendments provided for controlling the level of pollutants discharged into bodies of
water by way of storm water drainage. Initial programs concentrated on point sources,
since they were seen as the most immediate threat to the environment and are easily
identifiable. In 1987, further amendments to CWA added Section 402(p), which estab-
lished authority for regulating municipal and industrial storm water discharges. Thus
the National Pollutant Discharge Elimination System (NPDES) was established.

1.3.2 Municipal NPDES Permits for State-Owned Highways

Under Section 402(p)(2)(C) and (D) of the Clean Water Act, storm water permits are
necessary for discharges from a municipal separate storm sewer system serving an
incorporated or unincorporated area with a population over 100,000. The EPA defini-
tion of municipal separate storm sewer is “a conveyance or system of conveyances
(including roads with drainage systems, municipal streets, catch basins, curbs, gutters,
ditches, manmade channels, or storm drains).” The definition goes on to specify that
the system of conveyances may be owned by any of a number of types of municipal
governing bodies and specifically includes states (elsewhere in CWA, states are not
regulated as municipalities), that the conveyances must be specifically designed for
the purpose of collecting or conveying storm water, and that they are not to be part of
a combined sewer or part of a publicly owned treatment works (POTW).

In the preamble of the November 1990 amendments, EPA explains its decision to
include state-owned highways as municipal separate storm sewers. EPA identifies dis-
charges from state highways as a significant source of runoff and pollutants and as one
of the “issues and concerns of greatest importance to the public” (Federal Register, Part
II, Environmental Protection Agency 40 CFR Parts 122, 123, and 124, November 16,
1990, p. 48039). One of the primary traffic-related contaminants in storm water is lead
particulate from the exhaust of vehicles. Certain forms of lead are fairly soluble. Ionic
lead precipitates in soil as lead sulfate and has a low solubility, thus remaining relatively
immobile (K. W. Olson and R. K. Skogerboe, “Identification of Soil Lead Compounds
from Automotive Sources,” Environmental Science and Technology, vol. 9, no. 3, March
1975, pp. 227-230). In 1978, the EPA established the National Urban Runoff Program
(NURP) to evaluate average concentrations of pollutants in storm water runoff. Studies
on specific catch basins evaluated for NURP confirm that lead is a primary traffic-related
contaminant (Results of the Nationwide Urban Planning Runoff Program, U.S.
Environmental Protection Agency, Water Planning Division, Washington, D.C., 1983).

Sediment and water samples (both groundwater and surface water) collected near a
major highway interchange in Miami, Florida, revealed that lead concentrations in the
water were very low. Sediment concentrations of lead were relatively high, and it was
believed that lead had precipitated out as a result of interaction with bicarbonates. (T. R.
Beaven and B. F. McPherson, “Water Quality in Borrow Ponds near a Major Dade
County, Florida, Highway Interchange, October-November 1977,” U.S. Geological
Survey Open File Report, in Review, 1978.)

In order to avoid the problems associated with multiple permittees for systemwide dis-
charges, the CWA regulations include a method whereby interconnected systems owned
and operated by local agencies and state-owned highways in areas of medium to high
population may be combined into a single permit. The regulations allow the state trans-
portation agency to be named as a co-permittee in a systemwide permit, or to be named in
a separate municipal permit. (E. M. Jennings, “Coverage of State Highways under
Municipal Storm Water Permits,” Memorandum, Office of Chief Counsel, California
State Water Resources Control Board, Sacramento, November 2, 1992, p. 31.)

Storm water systems owned by state highway departments in low-population areas
(under 100,000) are not required to be permitted. Appendixes to Part 122 indicate the
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incorporated areas and unincorporated counties in the United States with sufficient
population to require municipal storm water permits. This information is shown in
Table 1.9.

Application requirements for a group permit for discharges from large and medium
municipal storm sewers fall into two parts. Also, an annual report must be submitted,
as discussed later.

TABLE 1.9 Population Areas That Require Storm Water Permits

A. Incorporated places with populations of 250,000 or more

State Incorporated place
Alabama Birmingham
Arizona Phoenix, Tucson
California Long Beach, Los Angeles, Oakland, Sacramento, San Diego, San Francisco,
San Jose
Colorado Denver
District of
Columbia
Florida Jacksonville, Miami, Tampa
Georgia Atlanta
Illinois Chicago
Indiana Indianapolis
Kansas Wichita
Kentucky Louisville
Louisiana New Orleans
Maryland Baltimore
Massachusetts Boston
Michigan Detroit
Minnesota Minneapolis, St. Paul
Missouri Kansas City, St. Louis
Nebraska Omaha
New Jersey Newark
New Mexico Albuquerque
New York Buffalo, Bronx Borough, Brooklyn Borough, Manhattan Borough, Queens
Borough, Staten Island Borough
North Carolina Charlotte
Ohio Cincinnati, Cleveland, Columbus, Toledo
Oklahoma Oklahoma City, Tulsa
Oregon Portland
Pennsylvania Philadelphia, Pittsburgh
Tennessee Memphis, Nashville/Davidson
Texas Austin, Dallas, El Paso, Fort Worth, Houston, San Antonio
Virginia Norfolk, Virginia Beach
‘Washington Seattle
Wisconsin Milwaukee

B. Incorporated places with populations greater than 100,000 and less than 250,000

State Incorporated place
Alabama Huntsville, Mobile, Montgomery
Alaska Anchorage

Arizona Mesa, Tempe
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TABLE 1.9 Population Areas That Require Storm Water Permits (Continued)

State Incorporated place

Arkansas Little Rock

California Anaheim, Bakersville, Berkeley, Chula Vista, Concord, El Monte,
Escondido, Fremont, Fresno, Fullerton, Garden Grove, Glendale, Hayward,
Huntington Beach, Inglewood, Irvine, Modesto, Moreno Valley, Oceanside,
Ontario, Orange

Colorado Aurora, Colorado Springs, Lakewood, Pueblo

Connecticut Bridgeport, Hartford, New Haven, Stamford, Waterbury

Florida Fort Lauderdale, Hialeah, Hollywood, Orlando, St. Petersburg, Tallahassee

Georgia Columbus, Macon, Savannah

Idaho Boise City

Illinois Peoria, Rockford

Indiana Evansville, Fort Wayne, Gary, South Bend

Towa Cedar Rapids, Davenport, Des Moines

Kansas Kansas City, Topeka

Kentucky Lexington-Fayette

Louisiana Baton Rouge, Shreveport

Massachusetts Springfield, Worcester

Michigan Ann Arbor, Flint, Grand Rapids, Lansing, Livonia, Sterling Heights, Warren

Mississippi Jackson

Missouri Independence, Springfield

Nebraska Lincoln

Nevada Las Vegas, Reno

New Jersey Elizabeth, Jersey City, Paterson

New York Albany, Rochester, Syracuse, Yonkers

North Carolina
Ohio

Oregon
Pennsylvania
Rhode Island
South Carolina
Tennessee
Texas

Utah
Virginia

Washington
Wisconsin

Durham, Greensboro, Raleigh, Winston-Salem

Akron, Dayton, Youngstown

Eugene

Allentown, Erie

Providence

Columbia

Chattanooga, Knoxville

Abilene, Amarillo, Arlington, Beaumont, Corpus Christi, Garland, Irving,
Laredo, Lubbock, Mesquite, Pasadena, Plano, Waco

Salt Lake City

Alexandria, Chesapeake, Hampton, Newport News, Portsmouth, Richmond,
Roanoke

Spokane, Tacoma

Madison

C. Counties with unincorporated urbanized areas with population of 250,000 or more

State County
California Los Angeles, Sacramento, San Diego
Delaware New Castle
Florida Dade
Georgia De Kalb
Hawaii Honolulu
Maryland Anne Arundel, Baltimore, Montgomery, Prince Georges
Texas Harris
Utah Salt Lake
Virginia Fairfax
Washington King
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TABLE 1.9 Population Areas That Require Storm Water Permits (Continued)

D. Counties with unincorporated urbanized areas with population
greater than 100,000 and less than 250,000

State County
Alabama Jefferson
Arizona Pima
California Alameda, Contra Costa, Kern, Orange, Riverside, San Bernardino
Colorado Arapahoe
Florida Broward, Escambia, Hillsborough, Lee, Manatee, Orange, Palm Beach,
Pasco, Pinellas, Polk, Sarasota, Seminole
Georgia Clayton, Cobb, Fulton, Gwinnett, Richmond
Kentucky Jefferson
Louisiana East Baton Rouge Parish, Jefferson Parish
Maryland Howard
Nevada Clark
North Carolina Cumberland
Oregon Multnomah, Washington
South Carolina Greenville, Richland
Virginia Arlington, Chesterfield, Henrico, Prince William
Washington Pierce, Snohomish

Source: Adapted from Federal Register, vol. 55, no. 222, November 16, 1990, pp. 48073, 48074.

Part 1 of the Application. For Part 1, the application must include the following
items [Environmental Protection Agency, 40 CFR 122.26(d), Application
Requirements for Large and Medium Separate Storm Sewer Discharges].

General Information. This includes applicant’s name and address, telephone number
of contact person, ownership status, and status as a state or local government entity.

Legal Authority. A description of existing legal authority to control discharges to
the municipal separate storm sewer system. The description shall list additional
authorities (if applicable) as will be necessary to meet the criteria and shall include a
schedule and commitment to seek such additional authority that will be needed to
meet the criteria.

Source Identification. This includes the following:

=

A description of the historic use of ordinances, guidance, or other controls which
limited the discharge of non-storm-water discharges to any publicly owned treat-
ment works serving the same area as the municipal separate storm sewer system.

2. A USGS 7.5-minute topographic map (or equivalent topographic map with a scale

between 1:10,000 and 1:24,000) extending 1 mi beyond the service boundaries of

the municipal storm sewer system covered by the permit application. The follow-
ing information shall be provided:

a. The location of known municipal storm sewer system outfalls discharging to
waters of the United States.

b. A description of the land use activities (e.g., divisions indicating undeveloped,
residential, commercial, agricultural, and industrial uses) accompanied with
estimates of population densities and projected growth for a 10-year period
within the drainage area served by the separate storm sewer. For each land use
type, an estimate of an average runoff coefficient shall be provided.

¢. The location and the permit number of any known discharge to the municipal
storm sewer that has been issued an NPDES permit.
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d. The location of major structural controls for storm water discharge (retention
basins, detention basins, major infiltration devices, etc.).
e. The identification of publicly owned parks, recreational areas, and other open lands.

Discharge Characterization. This involves the following:

1. Monthly mean rain and snow fall estimates (or summary of weather bureau data)
and the monthly average number of storm events.

2. Existing quantitative data describing the volume and quality of discharges from the
municipal storm sewer, including a description of the outfalls sampled, sampling
procedures, and analytical methods used.

3. A list of water bodies that receive discharges from the municipal separate storm
sewer system, including downstream segments, lakes, and estuaries, where pollu-
tants from the system discharges may accumulate and cause water degradation,
and a brief description of known water quality impacts. At a minimum, the
description of impacts shall include a description of whether the water bodies
receiving such discharges have been:

a. Assessed and reported in section 305(b) reports submitted by the state, the
basis for the assessment (evaluated or monitored), a summary of designated use
support and attainment of Clean Water Act (CWA) goals (fishable and swim-
mable waters), and causes of nonsupport of designated uses

b. Listed under section 304(1)(1)(A)(i), section 304(1)(1)(A)(ii), or section
304(1)(1)(B) of the CWA that is not expected to meet water quality standards or
water quality goals

c. Listed in State Nonpoint Source Assessments required by section 319(a) of the
CWA that, without additional action to control nonpoint sources of pollution,
cannot reasonably be expected to attain or maintain water quality standards due
to storm sewers, construction, highway maintenance, and runoff from municipal
landfills and municipal sludge adding significant pollution (or contributing to a
violation of water quality standards)

d. ldentified and classified according to eutrophic condition of publicly owned
lakes listed in state reports required under section 314(a) of the CWA

e. Areas of concern of the Great Lakes identified by the International Joint

Commission

Designated estuaries under the National Estuary Program under section 320 of

the CWA

Recognized by the applicant as highly valued or sensitive waters

Defined by the state or U.S. Fish and Wildlife Service’s National Wetlands

Inventory as wetlands

Found to have pollutants in bottom sediments, fish tissue, or biosurvey data

ESE N

~

Field Screening. A field screening analysis for illicit connections and illegal
dumping for either selected field screening points or major outfalls covered in the permit
application including narrative descriptions, methods, and findings is required as set
forth in 40 CFR Chapter 1 Part 122.26 (d)(1)(iii)(D).

Characterization Plan. A characterization plan that includes the location of outfalls
or field screening points appropriate for representative data collection, a description of
why the outfall or field screening point is representative, the seasons during which
sampling is intended, and a description of the sampling equipment. The proposed
location of outfalls or field screening points for such sampling should reflect water
quality concerns to the extent practicable.
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Management Programs. Provide a description of the existing management pro-
grams to control pollutants from the municipal separate storm sewer system including
structural and source controls along with operation and maintenance measures for
structural controls that are currently being implemented. Describe the existing pro-
gram to identify illicit connections to the municipal storm sewer system including
existing inspection procedures.

Part 2 of the Application. Part 2 of the application [Environmental Protection
agency, 40 CFR 122.26(d), Application Requirements for Large and Medium Separate
Storm Sewer Discharges] must consist of:

Demonstration of adequate legal authority to control storm sewer discharges by
industrial facilities into the system; prohibit illicit discharges to the system; control
spills, dumping, or disposal of materials other than storm water; require compliance;
and carry out inspections and monitoring procedures necessary to determine com-
pliance and noncompliance with permit conditions. Provide an inventory, organized
by watershed of the name and address, and a description (such as SIC codes)
which best reflects the principal products or services provided by each facility which
may discharge, to the municipal separate storm sewer, storm water associated with
industrial activity.

Source identification of locations of outfalls and an inventory (organized by water-
shed) of facilities that may discharge to the system.

Characterization data (quantitative data) collected in accordance with 40 CFR
122.21(g)(7) and including data from representative outfalls based on information
presented in Part 1. Outfalls selected for screening will be sampled during dis-
charges from three storm events occurring at least one month apart and shall include
a description of the event. Pollutant samples at a minimum shall include total sus-
pended solids, total dissolved solids, chemical oxygen demand, biological oxygen
demand, oil and grease, fecal coliform, fecal streptococcus, pH, total Kjeldahl nitro-
gen, nitrate plus nitrite, dissolved phosphorus, total ammonia plus organic nitrogen,
and total phosphorus. Estimate annual pollutant load of the cumulative discharges
from all the identified municipal outfalls for BODS, COD, TSS, dissolved solids,
total nitrogen, total ammonia plus organic nitrogen, total phosphorus, dissolved
phosphorus, cadmium, copper, lead, and zinc. Develop a schedule and estimate of
each major outfall of the seasonal pollutant load and of the event mean concentration
of a representative storm for detected constituents. Develop a proposed monitoring
program that includes outfalls, screening points, and parameters to be sampled and
frequency of sampling.

Proposed management program covering the duration of the permit and including
comprehensive planning with public participation and intergovernmental coordina-
tion, with the intent of reducing the discharge of pollutants using management
practices, control techniques, engineering methods, and other practical methods.

The program should include information on available staff, equipment, and

resources. The management program should be based on:

1. A description of the structural and source control measures to reduce pollution
from runoff, along with an estimate of the expected reduction of pollutant loads
and a proposed schedule for implementing such controls

2. A description of the program, including a schedule to detect and remove illicit
discharges and improper disposal into the storm sewer
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3. A description of the program to monitor and control pollutants in storm water
discharges to municipal systems from municipal landfills, hazardous waste
treatment, disposal and recovery facilities, and industrial facilities

4. A description of the program to implement and maintain structural and non-
structural best management practices (BMPs) to reduce pollutants in storm
water runoff from construction sites to the municipal storm water sewer system

Assessment of controls, including estimated reductions in loading of pollutants
from discharges of municipal storm sewer systems expected as the result of the
management program. The assessment should also identify known impacts of
storm water controls on groundwater.

Fiscal analysis for each year of the permit, including analysis of the necessary capital,
operation, and maintenance costs necessary for the activities of the entire program
and sources of funds and legal restrictions on the use of those funds.

Clear identification of roles of co-permittees, along with the responsibilities of
each and how they will be effectively coordinated.

Director exclusions, if applicable. In some instances, the director of the EPA has
discretion to exclude systems from permit requirements. If director exclusions
apply, they should be stated in the application.

Annual Report. The operator must submit an annual report by each anniversary date
of the permit. The report shall include:

The status of each component of the storm water management program, as established
in the permit

Proposed changes to the storm water management program

Proposed revisions to the assessment of controls and the fiscal analysis reported in
the permit application

A summary of data, including monitoring data, accumulated throughout the reporting
year

Projected annual expenditures and budget for the year following each annual report

A summary describing the number and nature of enforcement actions, inspections,
and public education programs

Identification of water quality improvements or degradation

1.3.3 Storm Water Permits for Construction

The U.S. EPA, as administrator of CWA, in 1990 established final regulations for con-
trolling storm water runoff from specific categories of industries and activities (40
CFR 122, 123, and 124). Any discharger of, or person who proposes to discharge, a
waste other than to a sewer system, or changes the character of a current discharge, is
required to report this activity to the local enforcement agency (Dufour, op. cit., p. 75).
Once reported, the agency will evaluate the discharge and may:

Issue waste discharge requirements

Waive discharge requirements for insignificant discharges such as well testing or
construction dewatering (no waiver is permitted if the discharge is to surface
waters)
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e Prohibit the discharge if sufficiently protective discharge requirements cannot be
met by the discharger

Permit applications are called notices of intent (NOIs). Waste discharge requirements
are issued through an NPDES permit that specifies conditions the discharger must meet.
The conditions are based on the established water quality objectives and the capacity of the
existing storm water drainage system or receiving waters to assimilate the discharge.
Discharge limitations are usually expressed as a combination of quantitative and proce-
dural specifications (Ibid.). CWA provides for three types of NPDES permits: individual,
group, and general. Issuance of waste discharge requirements must be noticed for public
comment and approved at a hearing of the local authority (Ibid., p. 74).

Industrial facilities are covered under a general permit for discharges associated with
industrial activities according to the applicable SIC (Standard Industrial Classification)
codes. These general permits are not driven by discharge standards or numerical receiving
water limits, but rather are requirements for the facility operator to establish a storm
water pollution prevention plan (SWPPP) that the operator certifies will be effective and
within the facility’s financial means. (L. D. Duke, “Industrial Storm Water Runoff:
Pollution Practices,” AIPE Facilities, January—February 1995, p. 49.)

The primary industrial category relevant to building and maintaining highways is
construction activities. Construction activities, in this context, include clearing, grading,
and excavating that result in the disturbance of five acres or more of land that is not
part of a larger (nonhighway) construction project. Construction sites were targeted
because studies showed that the runoff from construction sites has high potential for
serious water quality impacts. Sediment runoff from construction sites may be 10 to
20 times that from agricultural lands. Non-point-source pollutants from construction
sites include sediment, metals, oil and grease, nitrates, phosphates, and pesticides.

In order to obtain an NPDES construction permit, a notice of intent (NOI) must
first be filed requesting permit coverage at least 48 hours before construction begins.
The NOI contains the following information:

1. Owner of the site (legal name and address) and contact person’s name, title, and
telephone number. This entity must have control over construction plans and speci-
fications, the ability to make changes, and day-to-day operational control.

2. Construction site information—whether the construction is part of a larger project,
and the portion of the site that is impervious both before and after construction
activities. Site location must be provided as latitude and longitude. Indicate
whether endangered or threatened species or designated critical habitats are pre-
sent, as well as whether the project is on Indian Country Lands.

3. Scheduled beginning and ending dates of construction.

4. Identification of the receiving body of water, and storm water drainage informa-
tion, including a site map.

5. Type of construction activity: transportation should be indicated if the project is a
roadway; utilities should be indicated for the installation of sewer, electric, and
telephone systems.

6. Material handling and management practices indicating the type of material to be
stored and handled on-site and the management practices to be used to control
storm water pollution.

7. Regulatory status of the site, including approval status of the erosion or sediment
control plan.

8. Signature of the owner of the site certifying that the information is accurate.
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Most statewide NPDES permits for general construction activities require the per-
mit holder to develop and implement a storm water pollution prevention plan
(SWPPP) using either best available technology economically achievable (BAT), best
conventional technology (BCT), or best management practices (BMPs) to control pol-
lutant discharge both during and after construction activities. Once prepared, the
SWPPP will be maintained at the construction site by the highway department repre-
sentative and made available on request by the local enforcement agency. All contractors
and subcontractors working at the site are responsible for implementing the plan. The
plan will generally include the following components:

1. Location, including a %-mi vicinity map that shows nearby surface water bodies,
drainage systems, wells, general topography, and location where storm water
from the construction activities will be discharged, including MS4s.

2. A site map that indicates the total site area and total area to be disturbed. This
map should indicate the location of the control practices to be implemented, areas
where wastes and soils will be stored, drainage patterns for the site both before
and after construction activity, areas of soil disturbance, areas of surface water,
potential soil erosion areas, existing and planned paved areas, vehicle storage
areas, areas of existing vegetation, and areas of postconstruction controls.

w

A narrative description of the construction site, project, and activities. This should
include a description of the fill material and native soils at the construction site
and the percentage of site surface area that is impervious both before and after
construction activities.

4. A narrative description of toxic material used, treated, or disposed of at the con-
struction site.

5. Identification of potential sources of storm water pollution, and name of receiving
water.

6. Proposed controls and best management practices (BMPs) during construction,
including description of:
o State and local erosion sediment control requirements
¢ Source control practices intended to minimize contact between the construction

equipment and materials and the storm water being discharged

e Erosion and sediment control procedures to be implemented
¢ Plan to eliminate or reduce discharge of other materials into the storm water

7. Proposed postconstruction waste management and disposal activities and planned
controls, including a description of state and local erosion and sediment postclosure
control requirements.

*®

Estimated runoff coefficient for the site, estimated increase in impervious area following
the construction, nature of fill, soil data, and quality of discharge.

9. List of the contractors and their subcontractors who will be working at the con-
struction site.

10. Employee training.
11. Maintenance, inspection, and repair activities.

Control measures for sediment include grading restrictions, runoff diversion, straw
bales and filter fabric, revegetation requirements, and retention basins. Control mea-
sures for other pollutants include roof drains, infiltration trenches, grassy swales to
detain storm water to allow sediments to settle out, oil/grit separators, detention
basins, and proper management practices such as the proper application of fertilizers
and pesticides.
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1.3.4 Comprehensive Permits for Highway Departments

Another approach to implementing the NPDES program for state highway agencies is
to issue comprehensive permits for all relevant highway construction, maintenance,
and operations activities in areas meeting the population requirements outlined in 40
CFR 122.26. The benefit of a comprehensive permit is the management efficiency of
administering the permit from both the regulatory agencies’ and the highway depart-
ment’s perspectives.

In California, for instance, the California Regional Water Quality Control Board
(RWQCB) is responsible for issuing storm water discharge permits. The RWQCB in
the San Francisco Bay area has issued a comprehensive NPDES permit for storm
water discharged directly or through municipal storm drain systems to lakes, water
supply reservoirs, groundwaters, the Pacific Ocean, San Francisco Bay, San Pablo
Bay, Suisun Bay, the Sacramento River Delta, or tributary streams or watercourses
and contiguous water bodies in the San Francisco Bay region (District 4 and portions
of District 10 of the California Department of Transportation, or Caltrans).

Provisions of the permit cover maintenance operations and include requirements to
submit plans for maintenance activities that affect storm water discharges and to improve
practices that will result in reduction of pollutants in discharges. Road sweeping plans,
storm drains, catch basins, inlet and channel maintenance, and vegetation control
plans are required. Caltrans must prepare storm water pollution prevention plans for
maintenance facilities that cover such activities as vehicle and equipment mainte-
nance, cleaning, fueling practices, and storage and handling of construction materials,
fertilizers, pesticides, paints, solvents, and other chemicals.

Under the provisions of the permit, Caltrans must rank construction activities on the
basis of their potential impacts on receiving waters from pollutants in storm water dis-
charges. Plans must be developed for erosion control, chemical and waste management,
and postconstruction permanent features. Training is a key component of these plans.

The permit also encompasses permanent control measures for the management of
storm water draining from Caltrans rights-of-way in areas meeting the population cri-
teria. Consideration must be given to high-risk areas where spills may occur and must
include a plan to reduce the pollutants discharged into the system over time. This por-
tion of the permit requires Caltrans to develop mechanisms to control illegal dumping,
to respond to accidental discharges, and to identify and control procedures for dis-
charge in a category not expressly prohibited by the permit. Activities included are
listed in Table 1.10.

The RWQCB included specific provisions to assist in meeting water quality goals.
For example, requirements of the permit include specific measures to reduce the mass
load of copper in storm water discharges.

Monitoring plans and annual reports are also required in the NPDES permit and are
generally consistent with these provisions in standard construction and/or municipal
storm water permits.

1.4 LEAD-BASED PAINT REMOVAL

It is estimated that 80 percent of all state-maintained steel bridges and 35 percent of
all industrial steel structures are coated with lead-based paint. Steel bridges have been
coated with lead-based paint for more than 40 years. The coating systems have an
expected effective life of 15 to 25 years, and those on many bridges are now deteriorat-
ing. Life extension and overall protection of the bridges from corrosion are dependent
on refurbishing deteriorating coatings.
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TABLE 1.10 Examples of Activities Included in Identification and
Control Procedures for Storm Water Permits

Water line flushing

Landscape irrigation

Diverted stream flows

Rising groundwaters

Uncontaminated groundwater infiltration
Uncontaminated pumped groundwater
Discharges from potable water sources
Foundation drains

Air-conditioning condensate

Irrigation water

Springs

Water from crawl space pumps

Footing drains

Flows from riparian habitats and wetlands

Discharges or flows from emergency firefighting activities

Steel bridges are protected from corrosion with long-lasting, durable coating systems.
Use of lead in corrosion-resistant painting systems continued until the early 1980s, for
several reasons:

1. Lead-based paint systems are efficient in preventing corrosion.

2. They do not require extensive surface preparation before painting (especially an
advantage around the inaccessible angles and connections of steel structures).

3. Lead-based paints are inexpensive to formulate.

Through studies, the public has become increasingly aware that lead (and other
metals contained in paint) can represent a significant human health and environmental
threat. When intact and in good condition, the paint does not pose a threat. It is when
paint is removed to prepare the surface for coating replacement, or as the paint deteri-
orates, that the release of toxic components is likely.

Many highway structures are located in urban areas where lead-based paint
removal has the potential to affect adjacent commercial or residential properties and to
expose their occupants to hazardous concentrations of lead. Bridges are often con-
structed over water bodies where lead-containing dust from removal operations can
affect water quality and the aquatic environment.

1.4.1 Biohazards of Lead

A bioaccumulative substance such as lead can be stored in various organs and tissues
of the body. As lead-storing tissues are consumed by larger organisms in the food
chain, a cumulative effect occurs in each subsequent organism. For example, a fish in
a lead-affected environment is exposed to lead not only in the water, but also in the
insects that it eats, which have accumulated lead from their food source, and so on
down the chain. Organisms at the top of the food chain are therefore exposed to higher
concentrations of lead.
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In humans, long-term exposure can result in brain and nerve disorders, anemia,
blood pressure problems, reproductive problems, decreases in red blood cell forma-
tion, and slower reflexes. In high enough doses or after long-term bioaccumulation,
lead exposure can cause death. The Occupational Safety and Health Administration’s
(OSHA’s) Interim Final Rule on Lead Exposure in Construction (29 CFR 1926.62)
describes long-term overexposure effects of lead.

The primary methods of exposure to toxic levels of lead are inhalation and inges-
tion. For example, paint removal workers inhale leaded dust or—in the absence of proper
cleaning and preventative measures—ingest it after it has settled on food, cigarettes,
utensils, or other items that come to their mouths.

1.4.2 Regulatory Framework

Hazardous waste is regulated under the Resource Conservation and Recovery Act
(RCRA) if more than 100 kg (220 1b) is generated each month, as is the case in most
bridge paint removal projects. RCRA defines the concentrations of a waste that should be
considered hazardous and establishes procedures for handling and disposing of hazardous
waste. Disposing of waste is the responsibility of the waste generator. The lead-based
paint and blasting grit recovered in bridge paint removal projects most likely contain con-
centrations of lead sufficient to classify the waste as hazardous, and in all instances, the
owner of the structure is considered the generator (in some states the contractor removing
the paint may be considered a cogenerator). Subtitle C under RCRA is relevant to lead
removal activities. Table 1.11 provides a listing of the pertinent RCRA regulations.

Methods of testing wastes for toxicity characteristics for the purpose of determining
whether the waste is hazardous are described in 40 CFR 261. Appendix II of that regu-
lation describes the toxicity characteristic leaching procedure (TCLP, Method 1311)
that must be used to analyze hazardous constituents such as lead. Leachable levels of
various elements that will establish waste as hazardous are found in Table 1 of 40 CFR
261.24 and are presented here in Table 1.12. Under 40 CFR 261, those wastes with any
of the listed characteristics would be considered hazardous. For example, using the tox-
icity characteristic leaching procedure (TCLP) testing method, if 5.0 mg/liter or more
of lead can be extracted, lead paint debris is considered toxic and hazardous.

Through the Comprehensive Environmental Response, Compensation, and
Liability Act (CERCLA) and the Superfund Amendments and Reauthorization Act
(SARA), EPA regulates the amount of hazardous substances and waste that can be
released into the environment. Thus, the owner is required to contain the lead paint
removed from a structure. A response could be initiated at a paint removal project if
improper containment of dust or debris resulted in a release of lead to the environ-
ment. A reportable quantity of released leaded waste is 10 1b. The report must be
made to the National Response Center [(800) 424-8802] and to state and local regula-
tory authorities within 24 hours. The calculations presented in Table 1.13 demonstrate
how to estimate what unit area of paint on a bridge surface equates to a reportable
CERCLA release of lead.

TABLE 1.11 Pertinent Regulations of the Resource Conservation and Recovery Act (RCRA)

RCRA regulation Description of regulation
40 CFR 260 Hazardous waste management system
40 CFR 262 Standards applicable to generators of hazardous waste
40 CFR 261 Identification and listing of hazardous waste
40 CFR 268 Land disposal restrictions (land ban)

40 CFR 263 Standards applicable to transporters of hazardous waste
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TABLE 1.12 RCRA Toxicity Characteristics and Waste Limits

RCRA waste number Characteristic Waste limit, ppm*
D001 Ignitability
D002 Corrosivity pH<2; pH>12.5
D003 Reactivity
D004 Arsenic toxicity 5.0
D005 Barium toxicity 100.0
D006 Cadmium toxicity 1.0
D007 Chromium toxicity 5.0
D008 Lead toxicity 5.0
D009 Mercury toxicity 0.2
D010 Selenium toxicity 1.0
DO11 Silver toxicity 5.0

*Corrosivity is measured in pH units.
Source: Based on Table 1 of 40 CFR 261.24.

TABLE 1.13 Example Calculation of Surface Area Required to Generate a Unit Weight of
Lead

Assumptions:
Lead in paint = 1% (10,000 ppm)
Dry film thickness (DFT) = 10 mil (0.010 in)
Density of dried paint = 1.5 g/cm? (can range from 1.1 to 2.5)
Calculations:
1. Calculate volume of paint in 1 ft?> (1 ft2 = 929 cm?):
Volume = 929 cm? (DFT X 2.54 cm/in)
=929 cm? (0.010 in X 2.54 cm/in)
= 23.60 cm?
2. Calculate weight of paint in 1 ft%
Paint weight = density X volume
1.5 g/cm? X 23.60 cm?
=354¢g
3. Calculate weight of lead in 1 ft* of paint (1 ppm = 1 pg/g):
Lead weight = ppm lead X paint wt/ft?
= 10,000 pg/g X 35.4 g/ft?
= 354,000 pg/ft?
4. Calculate square feet required to generate 1 b of lead (1 1b = 454 g X 1,000,000 pg/g =
454,000,000 pg/g):
Area = 11b + wt of lead/ft>
= 454,000,000 pg + 354,000 pg/ft?
= 1282 f?

Source: Adapted from K. A. Trimbler, Industrial Lead Paint Removal Handbook, 2d ed., Steel
Structures Painting Council/KTA-Tator, Inc., Pittsburgh, 1993.

CERCLA and SARA regulations are found in 40 CFR 300 through 373. Discharges
into the air and water are also regulated by the Clean Air Act (CAA) and Clean Water
Act (CWA), respectively. EPA has mandated enforcement and interpretations of regula-
tions to the states, leading to nonuniformity in the procedures to be followed and the
stringency of enforcement. Permits for blasting are required in some states but not others.
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As mentioned previously, the generator of the waste is responsible for it onward
from the time the paint is removed from the structure, and is not released from that
responsibility even when the waste is disposed of in a landfill, regardless of whether it
is properly permitted, manifested, tested, and buried in a fully approved and permitted
facility. If the waste site operations are under cleanup orders, the generators of the
waste disposed of at the facility are liable for the cleanup along with the operator.

Also, because of the joint and several liability provision of CERCLA, it is possible
that any one generator (or responsible party) may be liable for the entire waste disposal
site cleanup. This is true even if there is no negligence on the part of the highway
agency or its contractors. Regulatory agencies do not recognize contractual obliga-
tions among responsible parties and will seek financial compensation from whoever
has funds and can be connected to the contamination.

In addition to these regulations, OSHA has established several regulations applicable
to worker protection during paint removal as summarized in Table 1.14.

1.4.3 Approaches

Technology is advancing to develop methods that effectively contain blasting debris
and to minimize the amount of waste generated (vacuum blasting and recycling of
grit). These methods are discussed in Art. 1.4.5. However, because there are so many
existing steel bridges with lead-based coatings and highway funding is being
stretched, highway departments are faced with the fiscal problem of prioritizing struc-
tures for coating replacement as part of the bridge maintenance program. Funding is a
crucial element in scheduling coating replacement. The problem is planning the lead-
based paint removal program and distributing funds on a time schedule that allows for
preservation of the existing infrastructure.

The problem has been approached by either deferring maintenance, overcoating the
existing paint, fully removing the paint and repainting the structure, or removing and
replacing steel members. The problems with each are as follows:

Deferring maintenance does not serve to protect the bridge, which represents an
enormous investment by the public.

Overcoating consists of applying new layers of nonleaded paint over lead-based
paint with the intent of extending the coating system for another five years or so.
This method may reduce short-term costs and buy the maintenance agency more time
while new innovations in lead paint removal are being developed. However, worker
safety and environmental issues still remain with the structure until the lead-based

TABLE 1.14 Regulations for Worker Protection during Paint Removal

RCRA regulation Description

29 CFR 1926 Safety of health regulations for construction

29 CFR 1926.33 Access to employee exposure and medical records
29 CFR 1926.51 Sanitation

29 CFR 1926.59 Hazard communication

29 CFR 1926.62 Lead

29 CFR 1926.63 Cadmium

29 CFR 1926.103 Respiratory protection
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paint is removed. For example, the volume of unleaded paint increases with each
coat, and thus a greater quantity of lead-contaminated paint must be disposed of as
hazardous waste in many cases. Additionally, performance of the overcoating
products has been highly variable, depending on operator skill and experience, appli-
cation conditions, existing paint that is being overcoated, and product consistency.

Removal and repainting entails using abrasive blasting or other means to completely
remove the existing paint, followed by application of a high-technology coating
system. This is expected to provide the most durable and effective protection.
However, its cost-effectiveness has greatly diminished because the spent paint and
blasting grit must be collected and disposed of as hazardous waste. Also, worker
safety during removal is a significant consideration.

Removing and replacing steel members involves removing portions of the bridge
during major rehabilitation efforts; removing the paint from them within an
enclosed workplace such as a fabricating shop, where the members are also
repainted; and then putting the members back into place. Containment of the lead
paint and blasting grit is more easily achieved. This method could approach cost-
effectiveness only on major rehabilitation projects.

1.4.4 Worker Protection

Workers involved in removal, containment, or other work dealing with lead paint must
be protected against lead hazards. Blood poisoning has historically been a serious job
hazard in the bridge painting industry and is likewise dangerous in removing lead-
based paint. Lead enters the body primarily through inhalation and ingestion. If not
properly protected and trained, workers can be affected by lead while they are clean-
ing power tools, sanding, scraping, and performing abrasive blasting. Enclosing the
work area to capture the blasting grit and waste paint creates a confined area for the
workers, increasing the concentrations of lead to which they are potentially exposed.

The guidance document developed by the U.S. Occupational Safety and Health
Administration (OSHA) entitled Lead in Construction sets forth proper health and safety
procedures to be observed by painting contractors. The methodology generally requires
training of employees, enclosure of the work area, decontamination of workers, the use
of personal protection and monitoring equipment, and decontamination of personnel and
equipment when leaving the work space. The structure maintenance engineer should be
aware of these procedures so that appropriate schedule adjustments and budgetary plan-
ning can be included to cover contractor health and safety compliance.

It should be recognized that unconfined removal of paint regardless of lead content
presents environmental and health and safety concerns. It will result in unacceptable
deposition of dust and debris in roadways, streams, and communities as well as pre-
senting an excessive dust hazard to workers. Some states (e.g., Minnesota) have passed
regulations dictating removal methods, depending upon whether a bridge traverses a
body of water and its proximity to sensitive receptors.

1.45 Removal Methods and Containment

Lead paint removal methods have been improving in recent years, especially with
respect to reduced impacts on the environment. Each method developed has character-
istics that may make it more desirable in certain applications. K. A. Trimbler
described and compared methods of lead paint removal. His findings are summarized
in Table 1.15 and described below. (K. A. Trimbler, Industrial Lead Paint Removal
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Handbook, 2d ed., Steel Structures Painting Council/KTA-Tator, Inc., Pittsburgh, 1993,
and personal communication, August 2002.)

Open Abrasive Blast Cleaning with Expendable Abrasives. In the first method
described by Trimbler, compressed air propels blasting grit against the coated surface. The
spent blasting grit is then collected for disposal. The major advantages of this method are
that contractors are familiar with this long-practiced method, it is very effective in creating
a superior surface preparation, it reaches areas difficult to access, and it is quick (if con-
tainment considerations are not included in the evaluation). The major disadvantage is that
it creates a high level of leaded dust and large quantities of debris that typically must be
disposed of as hazardous waste. The additional containment requirements, hygiene training,
and personal protection equipment drive the cost of the operation up. Blasting grit addi-
tives are currently being investigated that may render the grit nonhazardous.

Open Abrasive Blast Cleaning with Recyclable Abrasives. In a similar method,
metallic abrasives are used that can be separated from the debris (paint, rust, mill
scale) and reused. The volume of dust and debris is reduced as compared with open
abrasive blast cleaning with expendable abrasives, but the effectiveness and the ability
to reach inaccessible areas are the same. Additional disadvantages are contractors’
unfamiliarity with the method and the special additional care that must be taken to
keep the blasting grit moisture-free to avoid rusting and clumping. Should the abrasive
dust escape containment, it may cause rust spots on the surfaces where it settles.
Additionally, because the grit is recycled, higher concentrations of airborne lead dust
within the containment area will have to be considered for worker safety.

Closed Abrasive Blast Cleaning with Vacuum. A third method is a compressed-air
propellant method using a nozzle fitted with a localized containment assembly that
employs a vacuum. The recycled metallic grit, dust, and debris are vacuumed as the
surface is blasted. This method is rated as highly effective, both in surface preparation
and in containment of dust and debris, but the rate of cleaning is slow. The greatest
limitation of this method is that the containment mask must be held tightly to the sur-
face of the structure, reducing the method’s effectiveness on irregular and inaccessible
surfaces. The containment method confines the blast spray pattern so that only small sur-
face areas are being blasted at any one time. This, along with maintaining a tight seal,
is arduous and leads to operator fatigue.

Wet Abrasive Blast Cleaning. In the wet abrasive method, water is injected into a
stream of slag abrasive propelled by compressed air. An additional step after paint
removal to flush the surface is required using this method. Water, grit, and debris are
collected for disposal. This method is effective both in dust control and in the quality of
surface preparation; however, the amount of waste produced is substantial and difficult
to clean up. Inhalation hazard is greatly reduced, but ingestion hazard still exists.

High-Pressure Water Jetting. Highly pressurized water (20,000 1b/in?) propelled
against the surface is effective without the use of grit. This method reduces dust to
negligible levels; however, ingestion hazard still exists. The water is voluminous in
quantity and difficult to capture in containment. The method does remove paint, but is
not effective in inaccessible areas or in removing mill scale. A rust inhibitor is usually
used, which may affect the applied coating.

High-Pressure Water Jetting with Abrasive Injection. Combining the previous
method with abrasive injection results in all the disadvantages of the previous methods
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but with the additional complication of having grit in the disposal water. It is considered
highly effective in removing mill scale and paint from inaccessible areas.

Ultrahigh-Pressure Water Jetting. Even more highly pressurized water (up to
40,000 1b/in?) can be propelled against the surface without the use of grit. This method
is more efficient in removing paint than the high-pressure water jetting method; how-
ever, the main advantages and disadvantages still apply.

Ultrahigh-Pressure Water Jetting with Abrasive Injection. The ultrahigh-pressure
water jet method can also be enhanced by the addition of disposable abrasives to the
jet stream. The result is rated highly effective, with advantages and disadvantages
similar to those of the previously described water jetting methods.

Hand-Tool Cleaning. Manually operated impact tools and scrapers can be used to
remove paint and mill scale. This method is very inexpensive with regard to the con-
tractor’s investment, but it is rated poor in efficiency and effectiveness. Also, since
only small amounts of localized dust and debris are created, workers are given a false
sense of security about exposure, thus making it difficult to enforce personal protec-
tive equipment requirements.

Power-Tool Cleaning. Power tools such as chippers, needle guns, descalers, wire
brushes, sanding disks, and grinding wheels can be used to remove paint, rust, and
scale from the bridge surface. This is a labor-intensive method. The quality of prepa-
ration of the surface may be inadequate, depending on the condition of the coating
being removed. Airborne dust is generated, and workers must be properly protected.

Power-Tool Cleaning with Vacuum Attachment. In another version of the previous
method, a vacuum attachment is added around power tools and debris. This has the
additional disadvantage that accessibility in tight areas is further reduced because of
the shroud and vacuum attachment. On irregular surfaces, a seal may be difficult to
maintain, and airborne leaded dust may be present. Because a seal typically minimizes
dust, workers may not be aware when it has slipped and they thus require additional
respiratory protection.

Power-Tool Cleaning to Bare Metal. Power tools can also be used to clean to the bare
metal. This method adds such tools as scarifiers (rotary peening tools) to the power-tool
set and can achieve a generally higher level of surface preparation. More dust is created,
and higher levels of worker protection and training are required. Productivity is low, and
a high quality of surface preparation may not be achieved in inaccessible or heavily
pitted areas.

Power-Tool Cleaning to Bare Metal with Vacuum Attachment. A modification of
the previous method contains dust and debris using a shroud and a vacuum attachment
around the scarifying power tools, creating a seal with the bridge surface. This has the
same disadvantages as the method of power-tool cleaning with vacuum attachment,
but with additional training required on the equipment and greater cost to achieve
bare-metal standards.

Chemical Stripping. Chemical stripping agents can be applied to the surface, left in
place for several hours, and then scraped off along with paint, rust, and scale. The sur-
face must then be flushed with water and the chemical agent neutralized. The rinsates
must be contained and disposed of properly. This method virtually eliminates airborne
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debris. Personal protective clothing should be worn during the removal process to pre-
vent dermal contact with leaded debris. Not all chemicals are effective on all paints,
and few will remove all the rust and scale.

Sponge Jetting. In the sponge jetting method, compressed air is used to propel
polyurethane particles (sponge) that may be seeded with abrasives against the bridge
surface. The debris and sponges are collected and sorted. The sponges can then be
reused. The quality of surface preparation is similar to that from other blast cleaning
methods, but the productivity is lower. The amount of debris is significantly reduced
because of the recycling of the sponges. Visible dust is reduced, although containment
and personal protection gear must be maintained as in other blasting methods. Costs of
the equipment and abrasives are high.

Sodium Bicarbonate Blast Cleaning. Either jetted water or compressed air can be
used to propel water-soluble sodium bicarbonate against the bridge surface. This
method does not remove mill scale or rust effectively. Dust is significantly reduced
when jetted with water, and so hazards of lead inhalation are reduced (not eliminated),
but lead ingestion remains a hazard. Containment of the water is difficult. It may be
demonstrated on a case-by-case basis that the sodium bicarbonate serves to stabilize
lead in the paint so that it does not leach into the water in concentrations great enough
to render the blasting water a hazardous waste. There is no grit waste. This method
requires inhibitors to prevent flash rust from forming when the paint is removed.
Sodium bicarbonate does neutralize chlorine contamination of the steel.

Carbon Dioxide Blast Cleaning. Small pellets of dry ice can be propelled, using
compressed air, against the bridge surface. This method does not remove mill scale or
heavy rust, and production is slow. This method reduces the volume of waste to only
the actual paint being removed. It also greatly reduces sparking risk, and dust is
reduced. Worker exposure is reduced, though it must still be controlled. The equip-
ment and materials for this method are quite expensive.

Combinations of Removal Methods. Combining methods, if done effectively, will
achieve a specific advantage such as reducing the volume of waste or increasing pro-
ductivity or the quality of surface preparation. The objective is to select methods that
are complementary. An example would be first using a chemical stripper, which yields
low dust and minimizes the need for containment. The chemicals will remove the
leaded paint but not the mill scale. Once the hazardous substances are removed, another
method, such as wet blasting, can remove the mill scale and rust without necessitating
further hazardous waste disposal.

Abrasive Blasting with Proprietary Additive for Lead Stabilization. The equipment
and procedures used are identical to Method 1 (see Table 1.15), except that the abra-
sive is preblended with a proprietary material that stabilizes the lead, typically creat-
ing a nonhazardous waste for disposal.

Thermal Spray Vitrification. This method involves the application of molten glass
to the surface that binds with the coating. Upon cooling, the glass/paint composite
cracks, and spontaneously disbonds from the surface.

Laser Paint Removal. This method involves the use of lasers to instantaneously
vaporize the paint, turning it into an ash that is vacuumed for disposal.



1.64 CHAPTER ONE

1.4.6 Containment Considerations

Design of proper containment requires specialists in structural engineering, coatings, ven-
tilation, and exhaust. The following aspects of containment design should be considered:

e The environmental media (air, water, soil) that are vulnerable as a result of the
method being used, and the containment methods that will provide the best protection

e Durability, for the sake of worker safety and containment integrity

o Compatibility with the selected removal method, and noninterference with the produc-
tive removal of the paint, mill scale, and rust and the application of a new coat of paint

o Ease of construction and disassembly, and of moving from one area of the structure
to another

e Design for the natural elements such as wind and rain loads

¢ Continued usability of the structure and proximity of nearby structures and people
o Cost-effectiveness

¢ Compliance with applicable regulations

Materials used to construct containments are either rigid panels or flexible materials
such as tarpaulins and windscreens. Materials should be fire-retardant because of the spark-
ing hazard, high dust, and high ventilation requirements. For flexible materials, other con-
siderations would include resistance to ultraviolet radiation, solvents, abrasion, and bursting.

The checklist in Table 1.16 is a guideline prepared by Trimbler to follow in designing
an appropriate containment.

Various debris-recovery assessment methods are being developed. Some, such as air
monitoring and analysis of soil and water samples to evaluate whether lead content has
increased as a result of paint removal activities, have been codified in regulations. A method
for calculating debris recovery that has been used by the South Carolina Department of
Transportation is found in the Structural Steel Painting Council (SSPC) Guide 61, Guide for
Containing Debris Generated during Paint Removal Operations (SSPC 92-07, March 1992).
The following equation is used in the SSPC guideline for calculating debris recovery:

Wzl
RE = ——4— X 100
W, + W

a P
where RE = efficiency of recovery

W, = dry weight of abrasive and paint debris collected
dry weight of abrasive used
W = calculated weight of paint to be removed

S
I

This method has limitations such as not weighing the various release media (air, soil,
water), which have a great deal of bearing on the effectiveness of a containment. A 1
percent debris loss into the soil is not as significant as a 1 percent debris loss into the air.
Care must be taken when using this method to measure only the abrasive and paint from
the project and not to measure soil that may have come into contact with the debris.

The project designer should require an environmental monitoring plan to evaluate
the effectiveness of the containment methods. Reporting and record keeping within
the plan should include the following, at a minimum:

¢ Name and location of the site, along with a site plot plan
o Identification of the individual or company that is conducting the monitoring
e Name and qualifications of the analytical laboratory used
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Criteria and rationale for selecting monitoring and sampling sites and duration of
sampling

Descriptions of sampling and monitoring methods

Quality assurance and quality control plans

Examples of reporting forms

Acceptance criteria

Reporting procedures and corrective actions if acceptance criteria are not met

TABLE 1.16 Containment Design Checklist

B W oo =

. Review drawings and specifications for project familiarity.
. Investigate OSHA and EPA regulations affecting worker protection and control over emissions.
. Determine method of surface preparation to be employed.

. Examine the structure to be prepared:

e Confirm that the selected method of preparation is suitable.

e Determine if any coats of paint will be applied in containment.

o Assess the load-bearing capacity of the structure to support containment.

e Examine the structure for attachment points for the containment.

e Divide large structures into logical containment units according to size and configuration.
Consider the air movement requirements and the need to have a large enough area for pro-
ductive surface preparation and painting.

e Determine if a working platform should be used on elevated projects. Determine how far
ground covers should extend beneath or around the removal operation.

e When working over water, determine if a barge is going to be used for spent abrasive collec-
tion or staging, and assess the need for water booms to minimize problems due to inadver-
tent spills. Determine the need for U.S. Coast Guard approval and navigation restrictions.

e Determine methods for conveying the debris for recycling or disposal.

. Determine project-specific ventilation requirements.

e Consult Industrial Ventilation: A Manual of Recommended Practice (Committee on
Industrial Ventilation, American Conference of Government Industrial Hygienists,
Cincinnati; 20th ed., 1988) for engineering guidance.

e Select the air velocity (air speed) throughout the work area and exhaust volume required.

e Determine the necessary transport velocity through the exhaust ductwork required to avoid
dropout of debris.

e Lay out the ductwork as short as practical with as few bends as possible. Do not use bends
with a centerline radius less than 2 times the duct diameter. Include the use of exhaust hoods
or plenums within containment.

o Select the air-cleaning device (dust collector) on the basis of the volume of air and dust
loading of the airstream (air-to-cloth ratio).

o Select the fan that will provide an adequate volume of air, and that is able to overcome the
resistance throughout the system.

e Provide adequate makeup air (supply air), properly distributed to provide a uniform airflow.
Include properly balanced forced air if required.

e Confirm that all of the above will provide ample airflow throughout the work area. If not,
consider the use of localized ventilation and exhaust.

. Obtain and review equipment manufacturers’ technical information.

. Complete the design package. Utilize the expertise of structural and mechanical engineers,

industrial hygienists, coatings specialists, and equipment specialists.

Source: From K. A. Trimbler, Industrial Lead Paint Removal Handbook, 2d ed., Steel Structures

Painting Council/KTA-Tator, Inc., Pittsburgh, 1993, with permission.
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1.4.7 Community Relations

Bridges are public structures, exposed to public scrutiny. Lead poisoning, caused in
large part by lead-based paint, has come to the forefront of public awareness. Any
inconvenience to the public revolving around bridge maintenance activities calls atten-
tion to the structure and ongoing operations. If not handled well, lead paint removal
from bridges can become a volatile community issue. Some states have passed regula-
tions requiring public notice. The highway agency should be prepared with complete,
accurate, and current documentation on the safety procedures that are implemented to
protect the public health and the environment.

The agency’s position is very strong if it is able to demonstrate that it has an effec-
tive technical program with stringent monitoring and inspection procedures in place
for hazard containment. Soliciting regulatory agreement with the methodology and
establishing a good working relationship with the regulators will also be valuable in
smoothing public perception problems that may arise. Containments can be designed
to minimize the appearance of risk to the public in addition to fulfilling their intended
purpose. Adjusting the timing for paint removal activities to be conducted during off-
peak hours also serves to diminish the attention that the operation receives.

1.4.8 Specifications Guidelines

The specification for scraping or blasting lead-based paint from structures should be
written with worker safety and environmental issues in mind, so that qualified con-
tractors who can adhere to a high level of quality and compliance are selected for the
project. These specifications should:

e Describe the extent of surface preparation and the degree of containment required
and let the contractor propose how to accomplish this.

o Identify key health and safety and environmental regulations to ensure that the con-
tractor is aware of these regulations and plans compliance strategies in the bid.

o Clearly state that the paint to be removed is lead-based. The highway department
should have had the paint tested prior to contract bid if there is any doubt whether
the paint is lead-based. The cost differential is too great to make the assumption or
let a contract with the lead concentration factor as an unknown.

e Specify how the waste is to be treated, tested, handled, and disposed of.

e Identify the worker protection standards and requirements that the contractor’s
health and safety plan must meet at a minimum.

1.4.9 Management of Industrial Lead Paint Removal Projects

The following steps have been developed as guidelines for managing lead paint
removal projects and are set forth in Trimbler’s Industrial Lead Paint Removal
Handbook:

Initial project evaluation. In the initial project evaluation, the owner or specifier
must determine whether the coating contains lead-based paint either by reviewing
earlier plans and specifications for the structure or by sampling and analysis.

Prebid assessment of paint removal methods and debris generated. The owner or
specifiers should estimate how much waste will be generated by methods evaluated
to be appropriate to the size and circumstances of the project. Designing a testing
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program to evaluate the toxicity of waste generated may be appropriate for large
paint removal projects.

Understanding the regulations before preparing the specifications. The regula-
tions regarding air quality, water quality, soil cleanup, unauthorized releases,
worker protection, and hazardous waste generators should be thoroughly under-
stood. How these regulations are enforced should be discussed with both state and
local officials.

Preparing the project specifications. Both painting and lead removal require-
ments should be addressed in the specifications. These should identify the methods
for surface preparation and the coating system to be applied. The relevant regula-
tions, the degree of containment, and the evaluation of performance criteria should
all be specified.

Developing a worker protection plan.  Prior to start-up, the contractor should provide
a worker safety plan that addresses exposure monitoring, the compliance program,
the respiratory protection program, personal protective equipment, housekeeping
issues, hygiene facilities and procedures, medical surveillance, employee removal
for exposure to lead, employee training, signage, record keeping, and employees’
right to observe and review monitoring information.

Preparing environmental protection monitoring plans. The procedures developed
to verify environmental protection should include high-volume air samplers, tests
for visible air emissions (opacity), personal air quality monitors, measurement (and
reporting requirements) of unauthorized releases, and pre- and postproject soil
quality and water quality sampling.

Developing procedures for the control and handling of hazardous waste.
Assuming that hazardous waste is to be generated, plans should be developed for
identifying the waste, obtaining a hazardous waste generator identification number
from the EPA, preparing for proper notification and certifications with each ship-
ment, preparing waste manifests, packaging and labeling waste, implementing con-
tingency plans, conducting waste treatment and analysis for on-site handling, and
record keeping.

Designing a containment and ventilation plan. The contractor should develop
detailed plans to select appropriate support structures and containment, address
ventilation and other worker safety issues, provide emissions control, achieve
water and soil protection and debris recovery, and verify the integrity of the con-
tainment structure.

Monitoring the project. The project manager should develop a plan to monitor the
adequacy of all of the control measures; visually monitor the project regularly and
use approved testing methods to evaluate adequacy of controls; regularly monitor the
ventilation system and the integrity of the containment; regularly examine waste storage
facilities, and the handling and transportation methods and procedures; and verify
worker protection and hygiene procedures. OSHA standards must be observed.

Figure 1.2 illustrates a decision tree to aid in the management of lead paint removal.

1.5 RESOURCE RECOVERY AND USE OF WASTE
MATERIAL

Solid waste production in the United States exceeds 4.5 billion tons annually for non-
hazardous waste alone. Dividing the waste by classification, agricultural waste
accounts for 46 percent of the total, mineral waste 40 percent, industrial waste less
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FIGURE 1.2 Decision chart for management of lead paint removal. (From K. A. Trimbler, Industrial
Lead Paint Removal Handbook, 2d ed., Steel Structures Painting Council/KTA-Tator, Inc., Pittsburgh,
1993, with permission.)

than 10 percent, and domestic waste less than 5 percent. Because of the vast amount
of building materials required to construct and maintain the transportation infrastruc-
ture in the United States, our highway systems represent a tremendous potential for
beneficial use of reclaimed and recycled resources.

The generation, handling, and safe disposal of solid wastes are a growing national
concern that is reflected in the promulgation of increasingly comprehensive and restric-
tive land disposal legislation. Increased cost of complying with this legislation and other
environmental laws has enhanced the appeal of recycling and resource management.

Because solid waste material is not as uniform as raw materials, the characteristics,
performance, cost of preparing, and therefore appropriate uses vary with the source of
the material. Results in highway applications vary considerably and depend on several
parameters including climate differences, composition, material handling practices,
and construction procedures. Factors to be considered when recycling a waste to a
highway construction end use include the following [National Cooperative Highway
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Research Program (NCHRP), Transportation Research Board, Synthesis 199,
Recycling and Use of Waste Materials and By-Products in Highway Construction: A
Synthesis of Highway Practice, Washington D.C., 1994]:

Environmental threats and benefits. Along with the considerable environmental
benefit of reducing the landfill burden, potential threats to the environment caused
by the use of recycled material must be considered and compensated, mitigated, or
otherwise overcome before using recycled material is feasible.

Regulatory requirements, guidelines, and restrictions. The federal and state legis-
lation and guidance regarding recycled materials reflects reduced landfill capacity in
the United States and the recognition that there is a net benefit to producing
resources from waste. The federal government as well as some states now have
recycling mandates in place. Permits are often required when conducting recycling
activities, and/or when effectively creating an authorized disposal site in using certain
wastes as embankment fill. If the recycling activity falls under the RCRA classifica-
tion of “use constituting disposal,” additional regulations apply (see the discussion
on recycling hazardous waste, Art. 1.5.10).

Economic cost and benefit. Economic considerations are often the driving force
behind recycling efforts on the county and city level, because of the increased land-
fill costs and increasingly limited capacity. Recycling for highway departments may
become more attractive as budget cuts increase and the price for recycled waste
materials decreases. In some cases, recycled materials extend the service life of
highway components, making the life-cycle costs of using such materials attractive.

Engineering properties and technical performance. Because of inconsistencies in
the constitution of some waste materials, performance results for some end products
may vary significantly and careful evaluation of appropriate applications is necessary.
The primary question is, Does the performance of the material compare favorably
with the same material constituted from raw materials? In some instances, the use
of waste material has consistently improved performance. For instance, silica fume
use in portland cement results in higher compressive strength and higher resistance
to corrosion of steel reinforcement due to the increased density and reduced porosity
of the resulting concrete. (“Silicon,” Minerals Yearbook, U.S. Bureau of Mines,
Washington, D.C., 1989.)

Construction materials shortages and alternative resource availability. Millions
of tons of aggregate are used each year in the construction of highways. Resources
from existing quarry mining are being depleted and the new sources are often not
accessed because of restrictive regulation and preferred uses of the land. In areas
experiencing shortages, recycling construction materials, waste minerals, and other
products into aggregate is more cost-effective than shipping aggregate from distant
quarries. Steel is one of the most widely recycled materials used in highways. Steel
reinforcement can be composed completely of recycled scrap steel, and steel girders
can contain as much as 25 percent recycled scrap steel. Recycling scrap steel greatly
reduces reliance on foreign sources for raw materials in the steel industry.
(NCHRP Synthesis 199, p. 6.)

1.5.1 Legislation

Under RCRA, the approach was established to classify solid waste management facilities
and practices, and to direct states to develop comprehensive state plans for solid waste
management. (Dufour, op. cit., p. 99). The solid waste disposal emphasis of RCRA
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called attention to the growing landfill capacity problem and the need to develop
approaches to handling wastes. In the preamble of RCRA, attention was called to the
millions of tons of recoverable materials that are placed in landfills and to the fact that
the recovery or conservation of many of these materials would benefit the United
States by reducing projected landfill capacity requirements, retaining and expanding
on our national resources, reducing the country’s dependence on foreign resources,
and thus also reducing the balance-of-payments deficit.

In reference to recycled materials, Section 6002 of RCRA requires that federal
agencies and state or local agencies receiving funds from the federal government must
procure supplies and other items composed of the highest practical percentage of
recovered or recycled materials, consistent with maintaining satisfactory levels of:

¢ Product quality

e Technical performance

e Price competition

e Availability (appropriate quantities for the required project)

Also, under RCRA, specifications cannot be written to discriminate against materials
with recycled constituents. In addition, EPA was authorized to prepare guidelines for
recycling, and resource recovery guidelines addressing procurement practices and
information on research findings about the uses and availability of recycled materials.
Guidelines covering coal fly ash in portland cement, recycled paper, retreaded tires,
building insulation, and re-refined oil have been developed. While not specifically
required by EPA, the guidelines have encouraged most state highway programs to pre-
pare specifications allowing the substitution of fly ash in concrete.

The Intermodal Surface Transportation Efficiency Act of 1991 (ISTEA) authorized
DOT to coordinate with EPA and state programs in developing information on the
economic savings, technical performance qualities, and environmental and public
health threats and benefits of using recoverable resources in highway construction.
The Transportation Equity Act for the 21st Century (TEA-21) provided technical cor-
rections to ISTEA. ISTEA specifically calls out requirements for the percentage of
asphalt pavement containing recycled rubber from scrap tires.

In addition to RCRA and TEA-21, an executive order has been signed with the
intent of promoting cost-effective waste reduction and recycling, developing policy
options and procurement practices for recycled materials within the federal govern-
ment, and encouraging the use of such materials through procurement specifications
favoring such practices. The executive order also establishes a federal recycling coor-
dinator and recycling coordinators for every federal agency.

State legislation has been developing to promote both research into the performance
and viability of recycled materials and the procurement of such materials. The results of a
study conducted by the National Solid Wastes Management Association indicated that 42
states have passed laws to stimulate recycling markets by encouraging state agencies to
purchase products with recycled content and 33 states had enacted other legislation related
to recycling (Recycling in the States: 1990 Review, National Solid Wastes Management
Association, Washington, D.C., 1990). In a study performed by the National Cooperative
Research Program of the National Research Council Transportation Research Board, 26
of the 45 responding states surveyed indicated that state legislation had been passed
requiring the state department of transportation and other state agencies to investigate
waste material use. Seventeen of these have established mandatory recycling laws.
Projections from 18 of the states responding indicated that they do not expect to have
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sufficient landfill capacity in the next 5 to 10 years. Thirty of the states responding have
used wastes or waste by-products in their highway programs.

1.5.2 Waste Material Generated

Generated waste material can be categorized as either construction wastes, industrial
wastes, mining or mineral wastes, agricultural wastes, or domestic wastes (of which
scrap tires are a significant subset). Many advanced recycling programs have been
established to make use of these wastes, such as requiring identifying codes for the
base resin in plastic products to enable more refined recycling of plastics. Some of
these wastes are not suitable for or do not make a significant recycling contribution to
highway use. For example, only an insignificant amount of the total crop waste (esti-
mated to be about 9 percent of all the total nonhazardous solid waste generated each
year in the United States) has a beneficial highway use. These uses are as an asphalt
extender or portland cement additive and are experimental. (NCHRP Synthesis 199, p. 7.)
In another example, it was shown that wastes can be rendered essentially benign when
used in asphaltic concrete installations. In a demonstration to the Minnesota
Department of Transportation, the toxicity of bottom ash from a municipal sewage
sludge incinerator was shown to be less than or equal to the toxicity of the asphaltic
concrete matrix to which it was attached (“Request for Approval of WIA in MnDOT
Asphaltic Concrete Non-Wear Course Projects,” Final report, S. David, Jan 16, 2002).

The following articles contain brief descriptions of the types of wastes generated that
have at least been researched for use in highway projects (NCHRP Synthesis 199, pp. 7-25).

1.5.3 Construction Waste

Much construction demolition debris consists of wastes with little recycling value for
highways, such as wood and plaster. However, demolition debris also includes concrete,
glass, metal, brick, and asphalt, most of which can be reused in highways as aggre-
gate. In order to be a viable resource and meet the standard specifications as aggregate
when crushed, the construction and/or demolition rubble must be separated from the
other debris and cleaned of detritus. Construction wastes generated and the associated
annual tonnage produced are presented below. These tonnage estimates were collected
from numerous sources and presented in NCHRP Synthesis 199.

Reclaimed Asphalt. The asphalt pavement from the demolition of parking lots,
roads, and highways can be reclaimed. Most states are making at least some use of
reclaimed asphalt pavement (RAP) in highways, with recycling back into asphalt
pavement the most prevalent use. Although 18 states see their stockpiles of RAP
growing, there are so many uses for RAP that state transportation agencies do not con-
sider this a problem. Estimated tonnage is 50 million tons annually. Because the use
of RAP interferes with the ability to control hot-mix temperatures during formulation,
asphalt mixtures can contain only between 20 and 50 percent RAP. Achieving 50 per-
cent RAP content is practical only in a laboratory setting, where thorough blending of
the RAP and new aggregate can be controlled. When plant efficiency is a concern, 50
percent RAP in hot mix is not practical. The differential between the temperature of
the discharged gases and the discharged asphalt mix reaches 70°F. High exhaust gas
temperatures can lead to premature corrosion of plant equipment. Thus the percentage
of RAP that can be incorporated efficiently is based on the plant efficiency that can be
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maintained. (U.S. Army Corps of Engineers, Hot-Mix Asphalt Paving Handbook, AC
150/5370-14, July 1991, Appendix 1, pp. 1-21, and 2-45.)

Reclaimed Concrete Pavement (RCP). Recycling concrete pavement began in this
country more than 25 years ago, first as unbound aggregate, then in asphalt-wearing
surfaces, and now as concrete aggregate. Improved methods of breaking up concrete
and separating out the rebar have made the use of RCP more cost-competitive. At least
16 states now recycle concrete pavements either as new concrete or as aggregate in
subbase material or base course. This does not include demolition debris of concrete
structures.

Roofing Shingles. Scrap from and leftover materials from composite shingle manu-
facturing operations amount to an estimated 10 million tons of waste annually. The
waste includes fragments, asphalt binder, and granules. These wastes can be recycled
as asphalt paving material. Shingle waste from roofing contractors and demolition
operations is less viable because of possible contamination.

Sandblasting Residue. Many uses of sandblasting grit are possible if the removed
paint was not lead-based. If the paint was lead-based or contained other metals, the
debris would have to be analyzed to determine if it was nonhazardous before it would
be deemed suitable for recycling use.

Demolition Debris. Demolition debris is estimated to produce 25 million tons of
waste annually. Much of this debris is restricted from landfills, and alternatives are
being sought. In order to be viable for recycling, the debris has to be separated into
homogeneous materials. Rubble material has many recycling uses in highways. Wood
debris can be chipped and used for lightweight fill and mulch, but only if it is untreated.
Disposing of asbestos-containing material (ACM, prevalent in buildings constructed
before 1979) is difficult because chrysotile asbestos fibers are known to increase cancer
risk if inhaled. If demolition of buildings with ACM from state transportation right-of-way
is required in a project, it is possible in some states to arrange for on-site disposal in a
state-monitored landfill.

1.5.4 Industrial Waste

Approximately 150 million tons of the types of industrial waste that can be reused to
some degree in highway projects is produced annually in the United States. Dredge
spoils are not included in this estimate. Very little of this waste can be landfilled.
Many kinds of industrial wastes are not suitable for highway use because they are haz-
ardous or because once they are in place, leachate or breakdown products from these
materials are a threat to the environment. Through treatment, some industrial wastes
otherwise deemed a threat to the environment may be rendered usable. Petroleum-con-
taminated soils, for instance, once thermally treated, can be used as fill material and
have been used in asphalt mixtures as fine aggregates. Petroleum-contaminated soils
are not currently being recycled into highway projects but have been used on road and
street construction at the local level. The principal recoverable wastes from industrial
activities are described below.

Coal Ash By-Products. NCHRP Synthesis 199 cites an American Coal Ash Association
publication, 1992 Coal Combustion By-Product Production and Consumption, when noting
that 66 million tons of coal ash are produced annually from the 420 coal-burning
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power plants across the country. Only six states do not have coal-burning power
plants. Coal is either anthracite, bituminous, or lignite (subbituminous); the particular
form has a bearing on the characteristics of the by-products.

Fly Ash. The American Society for Testing and Materials (ASTM) divides fly ash
into two classes: class F, from anthracite coal; and class C, from lignite coal.
Anthracite coal is mined from areas east of the Mississippi River and is more plentiful
and has a higher sulfur content than lignite coal. Its fly ash reacts with calcium and
water at ordinary temperatures to form a cementlike compound. Class C fly ash has a
higher lime content than class F fly ash and therefore can be self-setting. To be usable
as a cementitious substitute for portland cement, the fly ash must meet quality stan-
dards established by ASTM (Standard C-618). Approximately 25 percent of the fly ash
produced meets this standard, yet only about half of the viable resource is being used.

Bottom Ash and Boiler Slag. Bottom ash and boiler slag are also by-products of
coal burning, amounting to approximately 18 million tons of waste produced annually.
These by-products are being researched for use in embankments, unbound aggregate,
and asphalt paving and antiskid material.

Blast-Furnace Slag. The slag that is the by-product of producing iron in a blast fur-
nace is nonferrous and consists of silicates and aluminosilicates of lime. Of the three
types of slag produced from blast furnaces (expanded, granular, and air-cooled), about
90 percent of that recovered for use in construction is air-cooled. Air-cooled slag is
porous and suitable for use as aggregate in lightweight concrete, in asphalt, in roadway
bases, and in fill material. Granulated slag can be finely ground as slag cement, and
expanded slag can be used as aggregate in lightweight concrete. The primary barrier in
the past to using slag that accumulated is that it was not separated into homogeneous
piles and it was mixed with steel slag.

Steel Slag. Steel slag is the product of lime flux reacting with products in a steel
furnace such as pig iron. Steel slag consists of calcium, iron, unslaked lime, and magne-
sium. It can be very expansive if not properly treated with water to “age” it. Because
of its characteristics of being very hard, stable, and abrasion-resistant, it is used in
paving material and snow control. It is heavier than most aggregate and has been used
as fill material and as railroad ballast. However, some concern has developed recently
that the leachate from these two uses clogs drains and can affect receiving waters.
About 7.9 million tons of steel slag is sold in the United States annually.

Nonferrous Slag. Slag from the smelting operations for other ores such as copper, lead,
zinc, nickel, and phosphates is grouped together under a single heading for discussion
only. Each must be evaluated and treated separately because of the varying properties
these slags possess. Phosphate slag, copper oxide blasting slag, and zinc slag have been
used as aggregate in paving mixtures. Aluminum slag was used experimentally for
asphalt paving aggregate, but the material was not durable and is no longer used.

Foundry Wastes. Foundry wastes are estimated at just under 3 million tons produced
annually in the United States, including furnace dust, arc furnace dust, and sand residue.
There are more than 2300 foundries operating in the United States, concentrated pri-
marily in the Great Lakes states. Foundry dust is often disposed of as hazardous material
because of its high concentration of metals. Foundry sand, however, is not generally
hazardous and has been used as fill material, pipe bedding, and fine aggregate in
paving mixtures. Tests must be conducted on the material prior to reuse to determine
the properties of the leachate and to ensure that it is environmentally safe. Research
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into the use of foundry sand is being conducted by departments of transportation in
five states, and limited use has begun with limited success. The permanence of
foundry sand as pipe bedding in Illinois, however, was not considered acceptable.

Flue Gas Desulfurization Sludge (FGD). Flue gas desulfurization sludge (FGD) is
the product of wet scrubbing of flue gases at coal-burning plants and consists of calcium
sulfate or sulfite slurry. These slurries are generally landfilled through various
processes. By dewatering FGD (especially the sulfate slurries) and blending it with a
reactant like portland cement, or cement fly ash, the mixture can be used as stabilized
base material or as fill material. FGD has also been used as a dust control palliative,
and additional uses are being investigated.

Paper Mill Wastes. Inorganic paper mill sludge has been used occasionally for dust
control on highway projects. Although some research has indicated that spent sulfide
liquor from the paper milling process may have application in soil stabilization, it is
believed that a higher level of use exists for the material within the paper industry.
The ash residue from burning bark at paper mills, when pulverized with coal and
burned, has been shown to be as effective a portland cement substitute as class F fly
ash and is being considered for use in highway projects.

1.5.5 Mining Waste

Coal Refuse. Coarse coal refuse from mining operations is produced at a rate of 120
million tons per year. Coarse material is banked, while fine coal refuse is put into a
silt-sized slurry mix and placed in impoundments. It is estimated that between 3 and 4
billion tons of coal mining refuse has accumulated in the United States. Concern about
spontaneous combustion and leachate of the material (composed of slate and shale
with sandstone and clay mixed in) has impeded in-depth studies of the use of coal
waste. It is currently being evaluated for use in embankments and as subbase material,
two applications that reportedly have been used in the past.

Quarry Wastes. Fairly consistent wastes are produced at any one quarry consisting
of fines from stone washing, crushing, and screening and wet, silty clay from washing
of sand and gravel. Most quarry waste materials are not generated as reusable material
and are therefore not sized within standard specifications, but are stockpiled in ponds.
Reclamation through dewatering and segregating coarse and fine materials would be
necessary to use the 175 million tons of quarry waste produced each year, or any of
the approximately 4 billion tons that have accumulated in the United States. The min-
eral properties and characteristics of the waste differ from quarry to quarry, limiting
the beneficial end use, but quarry wastes have been used as fill and borrow material,
flowable fill, and cement-treated subbase.

Mill Tailings. Mill tailings are the remains left after processing ore to concentrate it.
Large amounts of mill tailing are generated from copper, iron, lead, zinc, and uranium
ores. They have been used as fill materials, in base courses, and in asphalt mixtures
for years in areas where they are abundant and conventional sources are limited.
Because of the metal content in the mill tailings, the stockpiles must be carefully ana-
lyzed for leachate properties before use of the material is deemed appropriate.

Waste Rock. Surface mining operations and subsurface mining operations produce
an estimated billion tons of waste rock annually in the United States. Some has been
used as construction aggregate and in embankments; however, transportation costs
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from remote mines to construction areas often render the use of the rock economically
infeasible. Where transportation is reasonable, waste rock can be used as stone fill for
embankments or as riprap, or crushed for aggregate. These uses have been shown to
be successful. Environmental considerations of leachate, low-level radiation, and sul-
furic acid content should be investigated before use is deemed appropriate.

1.5.6 Agricultural Waste

Recycled agricultural waste has a high potential for use in applications not related to
highways. Uses of agricultural wastes (with a few notable exceptions) in highways are
usually in landscaping applications as an extension of their use in the agricultural
industry. It is estimated that more than 2 billion tons of agricultural wastes are pro-
duced each year in the United States annually. This represents about 46 percent of the
total waste produced in the United States each year.

Animal Manure. Animal manure is produced at a rate of 1.6 billion tons annually in
the United States. Other than its use as fertilizer or as composting material for land-
scaping rights-of-way, it has little recycling value for highways.

Crop (Green) Waste. Of the 400 million tons of crop waste produced annually from
harvesting operations and grain processing, the potential to use rice husk ash to
increase compressive strength in concrete is the most promising highway use.
Research has also been conducted into converting cellulose waste to an oil appropriate
as an asphalt extender.

Logging and Wood Waste. 1t is estimated that about 70 million tons of lumber waste
from logging and milling operations is produced each year. Only about one-third of
the wood from logged trees is used as lumber. Much of this is used in other industry
applications. Uses in highways include mulching and lightweight fill material for
embankments or to repair slides. Application as lightweight fill material has been well
documented and proven to be successful. Life expectancy of such embankments is
estimated at 50 years.

1.5.7 Domestic Waste

It is estimated that approximately 4 pounds of domestic refuse is generated every day
for every person in the United States; about 3 pounds per day goes to domestic land-
fills and only 11 percent is recycled. It is estimated that about 185 million tons of
domestic waste is generated per year in the United States. Several of these wastes
have a potential for reuse in highways.

Refuse. Landfill refuse is not sought for its reuse potential in highway construction.
There is no homogeneity among landfills, and so a great deal of expensive analysis must
be performed on individual landfills to determine the potential future use. However,
there have been occasions when a highway right-of-way traverses a landfill. In such
cases, analysis to find appropriate on-site placement of the refuse instead of costly relo-
cation and disposal has been found to be cost-effective. The refuse was spread in thin
layers and compacted into embankment material or used for raised medians.

Paper and Paperboard. Approximately 40 percent of the domestic waste generated is
paper or cardboard. Approximately 25 percent of the wastepaper products are recycled



1.76 CHAPTER ONE

each year and used primarily in making more paper, cardboard, and related materials. A
highway use of wastepaper, particularly slick paper such as magazine paper, is in the
production of mulch material.

Yard Waste and Compost. There are approximately 1400 yard waste composting
stations in the country now, and this number is growing. Yard waste is banned com-
pletely from landfills in 17 states, and this trend is also growing. Compost material
must meet pathogen control, pH, metal concentration, nitrogen ratio, water-bearing
capacity, maturity, particle size, and nutrient content control standards set by the EPA.
Compost materials are used for mulching, soil amendment, fertilizers, and erosion
control. Concerns related to leaching potential, odors, worker health and safety, long-
term exposure, and public acceptance have limited use in highways to the experimental
stage, except in landscape use. Studies are ongoing in several states.

Plastics. 'The amount of plastic waste generated each year is growing. Recycling plastics
is complicated by the fact that plastics are developed from at least six different resin
bases, which must be sorted for the most effective recycling. About 30 percent of the plastics
made from polyethylene terephthalate (PET), the resin base of soda bottles, is recycled.
One use of PET is as a geotextile. Low-density polyethylene (LDPE) resin from film
and trash bags can be recycled into pellets for use as an asphalt modifier in paving
mixes. High-density polyethylene (HDPE) from milk jugs has been used in manufacturing
plastic posts. Reuse of commingled plastics is more difficult but has been applied in
fencing and posts. Such plastics have also been used as traffic delineators.

Glass. The amount of glass containers produced each year is declining, but about
12.5 million tons of glass is disposed of as domestic waste each year. To be reused in
glass manufacturing, the glass must be sorted according to color. Uses in highways
include fine aggregate in unbound base courses, as pipe bedding, as aggregate in
asphalt mixes, and as glass beads in traffic paint.

Ceramics. Ceramic waste consists of factory rejects as well as discarded housewares
and plumbing fixtures. Only in infrequent instances are large quantities of waste
ceramics available for reuse in large projects, such as highway projects. In California,
crushed porcelain has been used as an unbound base course aggregate. Crushed porce-
lain has been found to meet or exceed quality requirements for concrete aggregate.

Incinerator Ash. Incinerator ash results from burning municipal waste. About 26
million tons of incinerator ash is produced each year, of which 90 percent is bottom ash
and the remainder is fly ash. The fly ash separately often exceeds regulatory limits for
concentrations of lead and cadmium; however, fly ash is most often mixed in with the
bottom ash, and this mixture generally does not contain sufficient concentrations of
metals to render it hazardous. Incinerator ash has been used successfully as a partial
replacement of coarse aggregate in asphalt mixtures, as roadway fill, and in base course
construction when stabilized with portland cement. Concerns on the part of the EPA
about the leaching of heavy metals have initiated several studies. While these studies
are in progress, no field applications of incinerator ash in highways are anticipated.

Sewer Sludge Ash. The more than 15,000 municipal wastewater treatment plants in
the country produce more than 8 million tons of dry solids of sewage sludge. Following
dewatering, sludge cake has from 18 to 24 percent solids consisting mostly of nitrogen
and phosphorus, but may be contaminated from various wastewater streams. Much of
this sludge cake is incinerated, producing about 1 million tons of ash a year. Sludge ash
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has the potential for use as an asphalt filler and use in brick manufacturing. Studies
indicate that with heat treatment, the ash can produce lightweight pellets that can
increase concrete compressive strength by 15 percent when replacing aggregate.
Sewage sludge ash has been used as a mineral filler in asphalt paving in Iowa,
Minnesota, and other states. Sewage sludge can be composted for agricultural uses
such as soil amendments, compost, or fertilizer. Recycled municipal sewage sludge can
be a health and safety concern for highway workers using it in landscaping.

Scrap Tires. In 1994, the National Cooperative Highway Research Program
(NCHRP) published findings of a five-year review and synthesis of all of the states’
highway practices involving the use of waste tires. This document, entitled Uses of
Recycled Rubber Tires in Highways, is the result of a vast compilation of over 500
sources of information on the topic. The discussion in this section is a synopsis of the
information provided in that document. For those interested in more detailed informa-
tion on the uses of recycled tires, a copy of the document with a listing for specific
references can be obtained through the Transportation Research Board of the National
Research Council, 2101 Constitution Avenue, NW, Washington, D.C. 20418.

It is estimated that 2 to 3 billion waste tires have accumulated in the United States,
about 70 percent of which are dumped illegally throughout the countryside or disposed
of in unauthorized, uncontrolled stockpiles. Also, scrap tires account for about 2 percent
of the solid waste that is disposed in regulated landfills. Each year an additional 242
million more scrap tires add to the nation’s solid waste dilemma. Scrap tires are regu-
lated under RCRA Subtitle D as a nonhazardous waste. However, if they are burned,
the resulting residue, which may consist of oils, carbon black, and metal-concentrated
ash, may be hazardous. In addition, leachate from tire-based products may also be a
hazardous or toxic concern. Potential uses of scrap tires in highways and related facilities
are numerous.

Table 1.17 details the uses of tires in transportation facilities in several states. The
environmental implications of the use of scrapped tires in pavement are issues of
emissions from the manufacture and placement of rubber asphalt. Leachate is also a
major concern, particularly of metals (arsenic, barium, cadmium, chromium, lead,
selenium, and zinc) and PAHs (polyaromatic hydrocarbons). A Minnesota study con-
ducted in wetland areas concluded that the use of waste tires in asphalt-rubber pave-
ments may affect groundwater quality. The study’s results were comparable to two
other studies with regard to metal leachates, but PAH leachate concentrations were not
confirmed by the other studies. Mitigation measures suggested in the Minnesota study
would be to place tire materials only in unsaturated zones of the subgrade or fill areas
and not below the water table or within surface water boundaries. A Wisconsin study
found [through EP TOX (extraction procedure for toxicity characteristics) analysis]
that scrap, shredded, and crumbed tires were not hazardous, nor did they release sig-
nificant amounts of priority pollutants. Several studies have indicated that the emis-
sions in asphalt-rubber operations are not significantly higher than with conventional
asphalt concrete. The one exception to this may be the release of methyl isobutyl
ketone, which appears to be consistently slightly higher than with the conventional
mixture. It is important to point out the difficulty and limitations presented by the
large number of variables within the studies. First of all, the tires from which asphalt
rubber is made are not of the same chemical composition, and are continuing to
change. The rubber-asphalt formulation process also varies significantly, changing the
emissions and leachable properties of the asphalt rubber. Comparison difficulties are
compounded in that the composition and formulation processes for the conventional
concrete asphalt that is being used for a standard vary tremendously also. Common
and innovative uses of scrap tires are summarized in Table 1.18.
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TABLE 1.18 Highway Uses of Scrap Tires

Common uses Innovative uses
Fills and embankments Railroad grade crossing
Erosion control Valve box coverings
Shoulder stabilization Drainable materials
Channel slope protection Planks and posts
Windbreak Culverts
Side slope fill Interlocking blocks

Slope reinforcement
Retaining wall
Membranes

Safety hardware

Tire-sand inertial barrier

Source: Based on National Cooperative Highway Research
Program (NCHRP), Transportation Research Board, Uses of
Recycled Rubber Tires in Highways, Washington, D.C., 1994.

1.5.8 Research and Failed Attempts

Because highways represent such a large potential for use of reclaimed and recycled
materials, the building and maintenance of highways can be integrated with national
solid waste reduction goals. Our ability to recycle materials and reduce the growing
amount of waste collecting in piles, landfills, and ponds across the United States will
not improve without dedicated research.

All state transportation agencies have been actively involved with either research
and development of innovative solid waste uses or the testing and practical application
of new technologies. Research in the different states tends to vary, understandably,
with the type of waste generated in highest abundance within the state. Some waste
problems, such as scrap tire accumulation, are nationwide problems that have been
addressed in virtually every state. Aside from the accepted technologies described
above, several research projects and technology developments are currently under way
and show a great deal of promise. Additionally, several end uses of recycled wastes
have been shown to be unacceptable either in performance of the material or because
of environmental or health threats that develop with use of the material. Failed
attempts are also valuable. The information that is gathered can assist in developing
evaluation criteria for other materials in similar uses and perhaps can redirect the
research on the particular waste toward overcoming the difficulties or toward more
appropriate uses. The following is a list of waste products that are currently being
researched for use in highways or have been found to be unacceptable in a particular
highway end use.

Spent Oil Shale. During the oil crisis of the 1970s, several pilot programs were ini-
tiated to extract oil from shale deposits in Colorado. Though discontinued, several
million tons of shale ash remains at the processing sites. Through research, it has been
determined that the use of shale ash to replace 10 percent of the asphalt-concrete
binder improved the stability, cohesion, stiffness, and resistance to stripping of asphalt
mixtures. No use of this material has been reported in highways in the United States.
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Cement and Lime Kiln Dust. Much of the cement kiln dust produced (60 percent) is
recycled at the cement batch plant. Approximately 8 million tons per year is not recy-
cled at the plant. Successful nonhighway uses of cement kiln dust include substitution
for agricultural lime and use as a stabilizer for municipal sludge. Experimental uses of
cement kiln dust as embankment material, soil stabilization, stabilized base material, and
mineral filler were all deemed unsuccessful. Lime kiln dust can be considerably reactive
because of the high lime content and has also been used as a stabilization material for
sewage sludge and in agricultural uses. One reported successful highway application of
lime kiln dust as the reagent in stabilized base material was reported in Kentucky.

Advanced Sulfur Dioxide Control By-Products. Wastes are developed when burning coal
in advanced sulfur dioxide control processes. Examples of such coal burning include flu-
idized bed combustion, spray drying, and dry furnace injection. This technology is often
used in cogeneration plants.

Carpet Waste. It is estimated that 2 million tons of carpet wastes are disposed of
each year. Research on the use of polypropylene fibers as reinforcement of concrete is
being performed. Adding polypropylene fibers to concrete mixtures improves flexural
strength and toughness but compromises the compressive strength somewhat. Carpet
waste is not currently being used, but is promising.

Carbide Lime Waste. Carbide lime waste is a by-product of the acetylene manufacturing
process. It comes either in powdered form, or in a slurry, depending on the processing
method. Research has been conducted indicating that carbide lime as a mineral filler in
asphalt paving mixtures improves viscosity and temperature susceptibility and otherwise per-
forms satisfactorily. No field use in highway projects or current research has been reported.

Washery Rejects (Alumina Mud). Washery rejects are phosphate slimes from pro-
cessing phosphatic clay and alumina mud from extracting alumina from bauxite.
Because they have very low solids content, only settling out to higher concentrations
after many years, and because of the difficulties in handling the slurries or slimes, no
highway use has been found for them. Lack of strength and durability has rendered
attempts at using alumina brown mud as base and subgrade material unsuccessful.

Phosphogypsum. Phosphogypsum is a by-product of finely ground phosphate rock.
Approximately 35 million tons is produced each year. Much research and some effec-
tive uses have been carried out, mainly in Florida, Louisiana, and Texas, where total
accumulations of phosphogypsum stacks are estimated at 700 million tons. In 1989,
concerns about radon emanations from phosphogypsum stacks were the reason EPA
imposed a ban on the use of and research on uses for phosphogypsum, pending studies
on the health and environmental safety implications of the radon emissions.

1.5.9 End Uses in Highways

It is apparent that there are many uses of recycled materials in highway construction
and related applications. Table 1.19 provides a summary of these uses for reference.

1.5.10 Recycling Hazardous Wastes

Under Subtitle C of RCRA, EPA has the authority to regulate recyclable hazardous
waste material. If the intent is to recycle a waste, what the waste is and how it is to be
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TABLE 1.19 Applications of Recycled Materials in Highways

Asphalt: Crop waste and other cellulose material may be reduced to an oil suitable for asphalt
extender.

Asphalt paving aggregate: Incinerator ash.

Asphalt mineral filler: Sewage sludge ash, fly ash, baghouse fines, cement kiln dust, lime waste.

Asphalt-rubber binder: Scrap tires.

Asphalt stress-absorbing membranes: Scrap tires.

Asphalt rubberized crack sealant: Scrap tires.

Asphalt aggregate: Mill tailings, phosphogypsum, slag.

Asphalt fine aggregate: Glass and ceramics.

Asphalt cement modifier: Plastic waste.

Asphalt plant fuel: Used motor oil.

Asphalt paving: Bottom ash, boiler slag, blast furnace slag, steelmaking slag, nonferrous slag,
reclaimed asphalt pavement, foundry sand, roofing shingle waste, petroleum-contaminated
soils (after thermal treatment).

Base course: Glass and ceramic waste, construction and demolition debris, nonferrous slags,
reclaimed asphalt pavement, reclaimed concrete pavement, mill tailings.

Pipe bedding: Foundry sand, glass, and ceramic waste.

Borrow material: Quarry waste, construction and demolition material.

Slope stabilization and erosion control: Sawdust and wood waste.

Mulch: Wood waste, paper waste (especially slick, magazine-type paper), compost.

Fertilizer: Animal manure and farm waste.

Embankments: Lumber and wood waste, sawdust and wood chips, recycled sanitary landfill
refuse, fly ash, bottom ash, construction and demolition waste, sulfate waste, waste rock, mill
tailings, coal refuse.

Cement stabilized base: Incinerator ash, fly ash, bottom ash, advanced SO, control by-products,
cement kiln dust, reclaimed asphalt pavement, petroleum-contaminated waste (after thermal
treatment), coal refuse, and rice husk ash may be used as supplementary cementing material.

Concrete: Incinerator ash from sewage sludge cake as vitrified aggregate or palletized aggregate.

Lightweight fill material: Wood waste, sawdust, chipped wood, scrap tires.

Geotextile: Plastic waste.

Sealant: Scrap tires.

Safety hardware, fencing, signposts: Plastic wastes.

Flowable fill and grout: Quarry waste, fly ash.

Soil stabilization: Fly ash, advanced SO, control by-product, cement kiln dust, lime waste.

Antiskid material: Bottom ash, steelmaking slag.

Blasting grit: Nonferrous slags.

recycled must be known to determine whether it is regulated under Subtitle C. The
definition of solid waste under Section 261.2 identifies four types of recycling activities
for which recycled wastes may be subject to Subtitle C regulation: use constituting
disposal, burning waste-derived fuels for energy recovery, reclamation, and specula-
tive reclamation.

Use Constituting Disposal. Use constituting disposal is defined as placing or applying
a solid waste or a material contained in a product that was a solid waste on the land in
a manner constituting disposal. In this case, land disposal regulations under RCRA
Parts 264 and 265 apply. Use constituting disposal may include the following uses
involved in the construction of highways or maintenance of highway landscaping: fill
material, cover material, fertilizer, soil conditioner, dust suppressor, asphalt additive,
and foundation material.
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TABLE 1.20 Specification Levels for Used Oil Fuels

Specification Maximum allowable level
Arsenic concentration 5 ppm
Cadmium concentration 2 ppm
Chromium concentration 10 ppm
Lead concentration 100 ppm
Flash point 1000°F
Total halogen concentration (unmixed) 4000 ppm
Total halogen concentration (mixed) 1000 ppm

Source: Adapted from Travis Wagner, Complete Handbook of Hazardous
Waste Regulation, Perry-Wagner Publishing, Brunswick, Maine, 1988, p. 46.

Burning and Blending of Waste Fuels. Burning and blending would be the applicable
method for recycling used oil for fuel in asphalt plants. Used oil is not currently con-
sidered a hazardous waste unless it has a characteristic of ignitability, corrosivity,
reactivity, or extraction procedure toxicity (ICRE characteristic). If the used oil is
mixed with a hazardous waste, it is regulated as a hazardous waste fuel under RCRA,
Part 266, Subpart D. Specifications for nonhazardous used oil fuel are described in
Table 1.20. Used oils that do not meet one or all of these specifications and are not
mixed with hazardous waste may still be burned in industrial boilers, but they must
have an EPA identification number for this activity and must meet a higher standard
of reporting than used oil meeting the specifications. A burner of either specification
or off-specification used oil fuel must notify EPA of its used-oil fuel activities and
state the location and a general description of the used-oil management activities.
Copies of invoices and waste analysis conducted on the used oil must be maintained
for at least three years.

Reclamation. Reclamation is the recovery of materials with value from a waste
material and involves regeneration of waste material from the reclamation activities.
Recovering precious metals from a waste stream (such as silver from x-ray film) is an
example of reclamation. When the lead plates from lead-acid batteries are recovered,
the activity is regulated under RCRA as reclamation. Use of material as feed stocks or
ingredients in the production of a new product is not considered reclamation.

Speculative Accumulation. Any hazardous secondary material is considered a solid
waste if accumulated before recycling unless 75 percent of the stockpile is recycled
during a calendar year.
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CHAPTER 2

HIGHWAY LOCATION,
DESIGN, AND TRAFFIC

Larry J. Shannon, P.E.

Highway Department Manager
DLZ Ohio, Inc.
Columbus, Ohio

This chapter begins with a description of the overall transportation development
process, and then presents comprehensive information on the various elements of
highway location and design. Included is the determination of horizontal and vertical
alignment, with attention to obtaining proper sight distance and superelevation. The
design of roadway cross sections, intersections, ramps, and service roads is addressed.
Traffic aspects include an introduction to intelligent vehicle highway systems and the
use of high-occupancy vehicle lanes. A presentation on preparation of highway con-
struction plans and organizing CADD drawings is also provided. A list of references,
which are noted in the text, concludes the chapter. Some design issues related to roadside
safety are also discussed in Chap. 6.

2.1 TRANSPORTATION DEVELOPMENT
PROCESS

2.1.1 Statewide Systems Planning

The beginnings of any roadway project involving government money are found in a
statewide transportation planning program. The state transportation department develops
a set of goals and objectives which take into account social, economic, environmental,
and developmental goals of other state, federal, and local agencies. Based on these
goals and objectives, the department identifies transportation improvement needs
throughout the state. The approach is from a multimodal standpoint; that is, not just
highways are considered, but all forms of transportation, including public transporta-
tion, railroads, water, aviation, bikeways, and pedestrian ways (Ref. 6).

2.1
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2.1.2 Transportation Programming Phase

In order to evaluate various projects from various parts of the state, information is col-
lected consisting of the following items: transportation inventories, traffic analyses,
modal forecasts, future system requirements, levels of service, population data and
forecasts, land use inventories, public facilities plans, and basic social, economic, and
environmental data. This information comes from various sources, both public and
private, is updated on a regular basis, and is used in developing the state’s transporta-
tion improvement program.

The statewide fiscal program is also considered in developing the plan.
Transportation investment, fiscal forecasts, and consideration of expenditure tradeoffs
between modes are some of the financial considerations affecting the project selection
process.

Public input is sought from regional to local levels. Local and regional planning
organizations, as well as private individuals, have a chance to express opinions and
provide input to the project selection process. Once all factors have been evaluated,
the state announces and publishes its recommended transportation improvement plan.
This usually consists of a one-year plan and a five-year plan, with remaining projects
grouped under long-range plans.

2.1.3 Project Evaluation

Once projects reach the selected lists, the next phase is project evaluation. This phase
will determine which projects can advance to detail design and which will require a
more detailed evaluation in preliminary development.

Projects that can advance directly to design phase meet the following criteria:

e No additional right-of-way (permanent or temporary) will be required to accom-
plish the work and there will be no adverse effect on abutting real properties.

e No major changes in the operation of access points, traffic volumes, traffic flows,
vehicle mix, or traffic patterns.

e No involvement with a live stream or an intermittent stream having significant
year-round pools, upstream or downstream, in the immediate vicinity.

¢ No involvement with a historic site.
Examples of these types of improvement are:

¢ Restoration and/or reconstruction of existing pavement surfaces
e Modernization of an existing facility by adding or widening shoulders

e Modernization of existing facilities by adding auxiliary lanes or pavement widening
to accomplish a localized purpose (weaving, climbing, speed change, protected
turn, etc.)

o Intersection improvements
« Reconstruction or rehabilitation of existing grade separation structures

e Reconstruction or rehabilitation of existing stream crossings which do not involve
any modification of a live stream or otherwise affect the water quality

e Landscaping or rest area upgrading projects

e Lighting, signing, pavement marking, signalization, freeway surveillance and con-
trol systems, railroad protective devices, etc.
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e Minor safety-type improvements, such as guiderail replacement or installation of
breakaway sign hardware

¢ Outdoor advertising control programs
¢ Bicycle or pedestrian facilities provided within existing right-of-way

All projects that do not fall into the above categories must undergo additional eval-
uation in a preliminary development phase.

2.1.4 Preliminary Development Phase

Two types of projects are considered here: (1) projects that involve studies outside the
existing corridor or where a facility for more than one alternative mode of transporta-
tion may be involved, and (2) projects where feasible alternatives are limited to the
existing corridor but did not qualify to pass directly to the design phase. The main dif-
ference between the two as far as processing is concerned is that the first group has
not yet narrowed its alternatives down to feasible alternatives.

In each case, a project inventory is developed. This information includes historical
sites; public recreational facilities; school, church, fire, and police districts; proposed
development; land use; existing and other proposed transportation facilities; prelimi-
nary traffic assignments; and other similar social, economic, and environmental fea-
tures which are pertinent to the area under study. Using this information as a guide, all
preliminary alternatives are developed together with documentation of the anticipated
effects on community, preliminary cost estimates, and other technical considerations.
Advantages and disadvantages of each alternative are studied. Where appropriate,
coordination with other modes is considered. The “no-build” alternative is also con-
sidered and provides a reference point for defining potential beneficial and adverse
impacts. Public hearings are held to gain input from the local public in the affected
areas. Following an evaluation of all input received, alternatives are weighed and only
those considered to be feasible are forwarded to the next step. From this point on, all
projects in the preliminary development phase are on the same path.

Among the environmental concerns which must be considered for each alternative
are the following (see also Chap. 1):

Air quality. A study of the effect of a proposed transportation improvement on
the quality of the air

Historic or prehistoric. A study of the effect of the proposed transportation
improvement on historic or prehistoric objects or on lands or structures currently
entered into the National Register or which may be eligible for addition to the
National Register

Endangered species. A study of the effect of the proposed transportation
improvement on rare or endangered plants or animals having national or state
recognition

Natural areas. A study of the effect of the proposed transportation improvement
on natural areas designated as having regional, state, or national significance

Parks and recreation. A study of the effect of the proposed transportation
improvement on publicly owned parks, recreation areas, or wildlife and waterfowl
refuges designated as having national, state, or local significance

Prime farmlands. A study of the effect of the proposed transportation improve-
ment on farmlands with high productivity due to soil and water conditions or hav-
ing other unique advantages for growing specialty crops
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Scenic rivers. A study of the effect of the proposed transportation improvement
on any scenic rivers of state or national significance

Streams and wetlands. A study of the effect of the proposed transportation
improvement on streams and wetlands on project and abutting land areas

Water quality. A study of the effect of the proposed transportation improvement
on the quality of live streams or bodies of water

The next step is a refinement of feasible alternatives. This requires additional work
sufficient to prepare an environment document. This could include such items as
approximate construction costs; alignment and profile studies; typical section develop-
ment; preliminary designs for geometric layout, drainage, right-of-way, and utilities;
location of interchanges, grade separations, and at-grade intersections; preliminary
bridge designs at critical locations; channel work; air, noise, and water studies; flood
hazard evaluations; and other supplemental studies and right-of-way information.
Once again, input is sought from the public sector through advertisement and public
hearings.

Figure 2.1 shows the corridors for the feasible alternatives for an 11-mile reloca-
tion of U.S. 30 in Ohio (Ref. 13). The map is part of a study evaluating crossroad
treatment for each alternative. Figures 2.2 and 2.3 show the projected crossroad treat-
ments for the various alternatives. The options are (1) interchange, (2) grade separa-
tion, or (3) closing roads with cul-de-sacs. Since the proposed segment will be a limit-
ed-access highway, the option of at-grade intersection was not considered. Figures 2.4
and 2.5 show current and 20-year projected traffic volumes for all roadways. These
are examples of maps used in the study of feasible alternatives.

After consideration of all the input and comparing the benefits and disadvantages
of each alternative, the next step is to make a selection of the recommended alterna-
tive. This selection is certified by the state’s transportation director. Following
approval of the environmental document, the project may proceed to the design phase.

2.1.5 Detail Design Phase

During the detail design phase, various design elements are finalized and construction
plans are developed. Project development in this phase can include many intermediate
reviews prior to final plan submission. These may include some or all of the follow-
ing, depending on the complexity of the plan:

Traffic request/validation

Traffic signal warrant analysis

Airway-highway clearance study

Alignment, grade, and typical section review

Conceptual maintenance of traffic review

Structure type study

Retaining wall justification

Service road justification

Preliminary drainage review

Preliminary right-of-way review

Bridge type, size, and location study

Drive review
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FIGURE 2.1 Example of map used in study of alternate routes showing four possible corridors.
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Slope review

Traffic control

Lighting

Waterline

Sanitary sewer

Final roadway, field and office check

This is not intended to be an all-inclusive list. The designer should contact the gov-
ernment agency having review and final acceptance authority to see what reviews are
required during this phase of plan development.

Following acceptance of the final plans, specifications, and estimates, the project is
processed for letting. Any necessary consent legislation is obtained. The project is then
advertised, bids are taken, and the construction contract is awarded.

2.2 GEOMETRIC DESIGN

2.2.1 Design Controls

Once a route has been selected for a new highway, or a decision has been made to perform
major work on an existing facility, the next step is to establish the design controls.
The various factors considered for design controls may be generally grouped into five
categories: functional classification, traffic data, terrain, locale, and design speed.

Functional classification is a way of grouping roadways together by the character
of service they provide. The initial division is between urban and rural roadways. The
urban classification may be defined differently in various parts of the country, but one
definition is incorporated areas having a population of 5000 or more (Ref. 15). Rural
areas are those areas outside of urban areas.

Each of these may be further subdivided into other classifications defined as
follows:

Interstate. Roadways on the federal system with the highest design speeds and
the highest design standards.

Freeway. An expressway with full access control and no at-grade intersections.

Expressway. A divided arterial highway with full or partial control of access and
generally having grade separations at major intersections.

Arterial. A facility primarily used for through traffic, usually on a continuous
route.

Collector. An intermediate roadway system which connects arterials with the
local road or street systems.

Local road or street. A road whose primary function is to provide access to resi-
dences, businesses, or other abutting properties.

Traffic data are an important foundation in highway design. The information used
in design is usually a future forecast on the basis of existing traffic counts and expand-
ed on the basis of normal expected growth in the area or enhanced by estimates of
future business, commercial, or residential development. Most highway design is
based on what traffic demands will be 20 years from the current year. Shorter time
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periods, such as 10 years, may apply to resurfacing projects or other minor repair projects.
It is important that, within the same jurisdiction, traffic data be forecast using the
same methods and techniques, in order to ensure similar designs for similar type road-
ways. This is especially true for roadways in a given state jurisdiction.

The following types of traffic numbers are used most frequently in design:

Average daily traffic (ADT). The average number of vehicles using a roadway in
a 24-hour period.

Design hourly volume (DHV). The estimated number of vehicles using the road-
way in the 30th highest hour of the year. This number is generally 8 to 12 percent
of the ADT and is used extensively in determining lane widths and shoulder char-
acteristics of the roadway cross section.

Directional design hourly volume (DDHV). The estimated number of vehicles
traveling in one direction of a two-way roadway in the 30th highest hour of the
year. This number must be at least 50 percent of the DHV and is usually in the range
of 50 to 60 percent. A higher value would indicate that the roadway is a major link
in the commuter network, carrying a heavy inbound load in the morning and
reversing that flow in the evening.

Truck percentage (T). The portion of the ADT which consists of B and C trucks.
Traffic counts are usually separated according to vehicle type:

P = passenger cars (%)

A = commercial (%), consisting of light delivery trucks, panel trucks, and pickup
trucks

B = commercial (%), consisting of semitrailer and truck-trailer combinations

C = commercial (%), consisting of buses or dual-tired trucks having single or tandem
rear axles

Traffic counts sometimes group the P and A vehicles together and the B and C together.

Terrain is a factor that can significantly influence design features, especially in
rural areas. Various categories of terrain are level, rolling, and hilly. They are further
described as follows:

Level terrain. Any combination of grades and horizontal and vertical alignment
permitting heavy vehicles to maintain approximately the same speed as passenger
cars. Grades are generally limited to 1 or 2 percent.

Rolling terrain. Any combination of grades and horizontal and vertical alignment
causing heavy vehicles to reduce their speeds substantially below those of passen-
ger cars, but not to operate at crawl speeds.

Hilly terrain. Any combination of grades and horizontal and vertical alignment
causing heavy vehicles to operate at crawl speed.

Heavy vehicles are defined as any vehicle having a weight (pounds) to horsepower
ratio of 200 or greater (Ref. 15). Crawl speed is defined as the maximum sustained
speed heavy vehicles can maintain on an extended uprade. See Ref. 15 for graphs
showing the effect of grades on acceleration and deceleration of heavy vehicles.

Locale describes the character and extent of development in the vicinity. It can be
considered commercial, industrial, or residential, as well as rural or urban.



212 CHAPTER TWO

Design speed is defined as “a selected speed used to determine the various geometric
design features of the roadway” (Ref 15). When designing new or reconstructed road-
ways, the design speed should always equal or exceed the proposed legal speed of the
roadway.

Table 2.1 shows the relationship of the functional classification, traffic data, terrain,
locale, and design speed to the various geometric design features listed on the chart.

It should be noted that there are situations when it will not be possible or reason-
able to meet the design standard for a particular feature in a given project. When this
occurs, the designer must bring this to the attention of the reviewing authority for
approval of what is being proposed, or suggestions on what other course of action to
take. A design exception must be approved by the reviewing authority when a sub-
standard feature is allowed to remain as part of the design. In this way, it can be docu-
mented that this was not an error or oversight on the part of the designer and that
every effort has been made to provide the best design possible in the given situation.

2.2.2 Sight Distance

A primary feature in the design of any roadway is the availability of adequate sight
distance for the driver to make decisions while driving. In the articles that follow, the
text contains conclusions based on information contained in Ref. 15. Derivation of
formulas and references to supporting research are contained in that document and
will not be repeated here. The reader is encouraged to consult that document for more
detailed background information. The following paragraphs discuss various sight dis-
tances and the role they play in the design of highways.

TABLE 2.1 Relationship between Design Controls and Design Features

Design controls

Functional ~ Traffic Design

Design features classification  data Terrain  Locale speed
Lane width, rural X X X X
Lane width, urban X X
Rural shoulder width, type X X
Urban shoulder width, type X X
Guiderail offset X X
Degree of curve X X
Grades X X X X
Bridge clearances (horizontal and vertical) X X
Stopping sight distance X
Passing and intersection sight distance X
Decision sight distance X
Superelevation X X
Widening on curves X

Rural design speeds X

Urban design speeds X X

Vertical alignment X

Horizontal alignment X X

Source: Location and Design Manual, Vol. 1, Roadway Design, Ohio Department of Transportation,
with permission.
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Stopping Sight Distance. Stopping sight distance is the distance ahead that a motorist
should be able to see so that the vehicle can be brought safely to a stop short of an
obstruction or foreign object in the road. This distance will include the driver’s reaction
or perception distance and the distance traveled while the brakes are being applied. The
total distance traveled varies with the initial speed, the brake reaction time, and the coeftfi-
cient of friction for wet pavements and average tires. The values in Table 2.2 were
developed using a reaction time of 2.5 s and a braking deceleration rate of 11.2 ft/s?.
The height of eye was taken as 3.50 ft and the height of the object as 2.00 ft.

When considering the effect of stopping sight distance, it is necessary to check both
the horizontal and the vertical stopping sight distance. Horizontal sight distance may be
restricted on the inside of horizontal curves by objects such as bridge piers, buildings,
concrete barriers, guiderail, cut slopes, etc. Figure 2.6 shows a diagram describing how
horizontal sight distance is checked along an extended curve. Both formulas and a
nomograph are provided to enable a solution. Many times, where the curve is not long
enough or there are a series of roadway horizontal curves, a plotted-out “graphic” solu-
tion will be required to determine the available horizontal sight distance.

TABLE 2.2 Stopping Sight Distance (SSD) for Design
Speeds from 20 to 70 mi/h

Design Design Design Design
speed, mi/h SSD, ft speed, mi/h SSD, ft

20 115 46 375
21 120 47 385
22 130 48 400
23 140 49 415
24 145 50 425
25 155 51 440
26 165 52 455
27 170 53 465
28 180 54 480
29 190 55 495
30 200 56 510
31 210 57 525
32 220 58 540
33 230 59 555
34 240 60 570
35 250 61 585
36 260 62 600
37 270 63 615
38 280 64 630
39 290 65 645
40 305 66 665
41 315 67 680
42 325 68 695
43 340 69 715
44 350 70 730
45 360

Source: Location and Design Manual, Vol. 1, Roadway

Design, Ohio Department of Transportation, with permission.
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When a cut slope is the potential restriction, the offset should be measured to a
point on the backslope having the same elevation as the average of the roadway where
the driver is, and the location of the lane downstream where a potential hazardous
object lies. In this way, an allowance of 2.75 ft of vegetative growth on the backslope
can be made, since the driver’s eye is assumed to be 3.5 ft above the pavement and the
top of a 2.0-ft hazardous object downstream may still be seen.

Vertical sight distance may be restricted by the presence of vertical curves in the
roadway profile. The sight distance on a crest vertical curve is based on a driver’s
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ability to see a 2.0-ft-high object in the roadway without being blocked by the pave-
ment surface. The height of eye for the driver used in the calculations is 3.5 ft.

The sight distance on a sag vertical curve is dependent on the driver’s being able to
see the pavement surface as illuminated by headlights at night. The height of the headlight
is assumed to be 2.0 ft, and the height of the object is 0.0 in. The upward divergence
angle of the headlight beam is assumed to be 1°.

Intersection Sight Distance. A motorist attempting to enter or cross a highway from
a stopped condition should be able to observe traffic at a distance that will allow safe
movement. In cases where traffic is intermittent or moderate in flow, the motorist will
wait to find an acceptable “gap.” The driver approaching the intersection on the
through road should have a clear view of the intersection including any vehicles
stopped, waiting to cross, or turning. The methods described in the following para-
graphs produce distances that provide sufficient sight distance for the stopped driver
to make a safe crossing or turning maneuver. If these distances cannot be obtained, the
minimum sight distance provided should not be less than the stopping sight distance
for the through roadway. This would allow a driver on the through roadway adequate
time to bring the vehicle to a stop if the waiting vehicle started to cross the intersec-
tion and suddenly stopped or stalled. If this distance cannot be provided, additional
safety measures must be provided. These could include, but are not limited to,
advance warning signals and flashers and/or reduced speed limit zones in the vicinity
of the intersection.

There are three possible maneuvers for a motorist stopped at an intersection to
make. The motorist can (1) cross the intersection by clearing oncoming traffic on both
the left and right of the crossing vehicle, (2) turn left into the crossing roadway after
first clearing the traffic on the left and then making a safe entry into the traffic stream
from the right, or (3) turn right into the crossing roadway by making a safe entry into
the traffic stream from the left.

In order to evaluate the amount of sight distance available to a stopped vehicle
waiting to make a crossing or turning maneuver, the American Association of State
Highway and Transportation Officials (AASHTO) adopted the concept of using “sight
triangles” (Ref. 15). The vertices of the triangles are (a) the waiting driver’s position,
(b) the approaching driver’s position, and (c) the intersection of the paths of the two vehi-
cles, assuming a straight-ahead path for the waiting vehicles. Figure 2.7 shows the
concept of sight triangles, emphasizing both the horizontal and vertical elements to be
considered. The shaded area in the triangles is to be free of objects that would obstruct
the field of vision for either driver. The profile view shows the limiting effect of vertical
curvature of the through roadway. Notice that the height of eye of the drivers (3.50 ft)
is used for both the waiting and approaching vehicles. This stresses the importance of
both drivers being able to see each other.

Table 2.3A provides intersection sight distance values for through vehicle speeds
from 15 to 70 mi/h. The distances are based on a time gap of 7.5 s for a passenger
vehicle turning left and a gap of 6.5 s for a crossing or right-turning vehicle. The
height of eye and object were taken as 3.50 ft. The table also provides K values for
crest vertical curves that would provide the required sight distance. (See Art. 2.2.4 for
a discussion of vertical curvature.) Formulas are provided so that distances can be cal-
culated for trucks requiring a longer time gap and for time adjustments due to
upgrades or multiple lane crossings. See the notes in Table 2.3A, which explain how
to adjust the timings.

Passing Sight Distance. In Table 2.3B, the “Passing” column lists the distances required
for passing an overtaken vehicle at various design speeds. These distances are applicable
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FIGURE 2.7 Intersection sight triangles. (a) Sight triangles. (b) Vertical components. a, = the distance, along
the minor road, from the decision point to / the lane width of the approaching vehicle on the major road. a,
= the distance, along the minor road, from the decision point to 1’4 the lane width of the approaching vehicle on
the major road. b = intersection sight distance (ISD). d = the distance from the edge of the traveled way of the
major road to the decision point; the distance should be a minimum of 14.4 ft and 17.8 ft preferred. (From
Location and Design Manual, Vol. 1, Roadway Design, Ohio Department of Transportation, with permission)

to two-lane roadways only. Among the assumptions that affect the required distance calcu-
lations are that (1) the passing vehicle averages 10 mi/h faster than the vehicle being
passed, (2) the vehicle being passed travels at a constant speed and this speed is the aver-
age running speed (which is less than the design speed), and (3) the oncoming vehicle is
traveling at the same speed as the passing vehicle. Table 2.3B contains K values for
designing crest vertical curves to provide passing sight distance. These values assume that
the height of the driver’s eye is 3.5 ft for both the passing and the oncoming vehicle. The
equations at the bottom of the table provide mathematical solutions for sight distance on
the crest curves.

On two-lane roadways, it is important to provide adequate passing sight distance
for as much of the project length as possible to compensate for missed opportunities
due to oncoming traffic in the passing zone. On roadways where the design hourly
traffic volume exceeds 400, the designer should investigate the effect of available
passing sight distance on highway capacity using procedures outlined in the 1985
Transportation Research Board “Highway Capacity Manual” (Ref. 10). If the available
passing sight distance restricts the capacity from meeting the design level of service

Clear Sight
Triangle
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TABLE 2.3A Intersection Sight Distance (ISD) for Design Speeds
from 15 to 70 mi/h

Passenger cars completing

Passenger cars completing a right turn from a stop

a left turn from a stop or crossing maneuver

(assuming a t, of 7.5 s) (assuming az, of 6.5 s)

K-crest K-crest

Design ISD, vertical ISD, vertical

speed, mi/h ft curve ft curve

15 170 10 145 8
20 225 18 195 14
25 280 28 240 21
30 335 40 290 30
35 390 54 335 40
40 445 71 385 53
45 500 89 430 66
50 555 110 480 82
55 610 133 530 100
60 665 158 575 118
65 720 185 625 140
70 775 214 670 160

If ISD cannot be provided due to environmental or R/W constraints, then
as a minimum, the SSD for vehicles on the major road should be provided.

ISD = 147 X Vmﬂ]o.- X, Using S = intersection sight distance
L = length of crest vertical curve
ISD = intersection sight A = algebraic difference in grades
distance, ft (%), absolute value
K = rate of vertical curvature

= design speed of
major road, mi/h

{7
e e For a given design speed and an A

value, the calculated length L = K X A.
¢, = time gap for minor o To determine S with a given L and 4,
“ " road vehicle to enter use the following:
the major roads, s For§ < L:§ = 5292 VK, where K = L/A
For § > L: S = 1400/A + L/2

Note: For design criteria pertaining to collectors and local roads with
ADT less than 400, please refer to the AASHTO Publication Guidelines
for Geometric Design of Very Low-Volume Local Roads (ADT = 400).

Time gaps
Time gap(s) at design
Design vehicle speed of major road (z,), s

A. Left turn from astop ~ Passenger car 7.5
Single-unit truck 9.5

Combination truck 11.5

B. Right turn from a Passenger car 6.5
stop or crossing Single-unit truck 8.5

maneuver Combination truck 10.5
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TABLE 2.3A Intersection Sight Distance (ISD) for Design Speeds
from 15 to 70 mi/h (Continued)

A. Note: The ISD and time gaps shown in the above tables are for a
stopped vehicle to turn left onto a two-lane highway with no medi-
an and grades of 3 percent or less. For other conditions, the time
gap must be adjusted as follows:

e For multilane highways: For left turns onto two-way highways
with more than two lanes, add 0.5 s for passenger cars or 0.7 s for
trucks for each additional lane, from the left, in excess of one, to
be crossed by the turning vehicle.

e For minor road approach grades: If the approach grade is an
upgrade that exceeds 3 percent, add 0.2 s for each percent grade
for left turns.

B. Note: The ISD and time gaps shown in the above tables are for a
stopped vehicle to turn right onto a two-lane highway with no medi-
an and grades of 3 percent or less. For other conditions, the time
gap must be adjusted as follows:

e For multilane highways: For crossing a major road with more
than two lanes, add 0.5 s for passenger cars or 0.7 s for trucks for
each additional lane to be crossed and for narrow medians that
cannot store the design vehicle.

e For minor road approach grades: If the approach grade is an upgrade
that exceeds 3 percent, add 0.1 s for each percent grade.

Source: Location and Design Manual, Vol. 1, Roadway Design, Ohio
Department of Transportation, with permission.

requirement, then adjustments should be made to the profile to increase the distance.
If the problem cannot be resolved in this manner, then consideration should be given
to providing passing lane sections or constructing a multilane facility.

Decision Sight Distance. Stopping sight distances are usually sufficient to allow
reasonably competent drivers to come to a hurried stop under ordinary circumstances.
However, these distances may not be sufficient for drivers when information is diffi-
cult to perceive, or when unexpected maneuvers are required. In these circumstances,
the decision sight distance provides a greater length for drivers to reduce the likeli-
hood of error in receiving information, making decisions, or controlling the vehicle.
The following are examples of locations where it is desirable to provide decision sight
distance: (1) exit ramps, (2) diverging roadway terminals, (3) intersection stop bars,
(4) changes in cross section, such as toll plazas and lane drops, and (5) areas of concen-
trated demand where there is apt to be “visual noise” (i.e., where sources of information
compete, such as roadway elements, traffic, traffic control devices, and advertising signs).
Table 2.4 shows decision sight distances based on design speed and avoidance
maneuvers. The table lists values for five different avoidance maneuvers. Maneuvers
A (rural stop) and B (urban stop) are calculated similar to the standard stopping sight dis-
tance values, except that perception times are increased to 3.0 s for rural environment
and 9.1 s for urban. For maneuvers C (rural area), D (suburban area), and E (urban
area), the braking component is replaced by an avoidance maneuver. This can be a
change in speed, path, or direction. Values shown are calculated based on distance
traveled during the perception-maneuver time. This time varies with speed and ranges
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TABLE 2.3B Minimum Passing Sight
Distance (PSD) for Design Speeds from 20

to 70 mi/h
PSD
Design Minimum K-crest

speed, mi/h PSD, ft vertical curve
20 710 180
25 900 289
30 1090 424
35 1280 585
40 1470 772
45 1625 943
50 1835 1203
55 1985 1407
60 2135 1628
65 2285 1865
70 2480 2197

Using S = minimum passing sight distance
L = length of crest vertical curve
A = algebraic difference in grades
(%), absolute value
K = rate of vertical curvature

e For a given design speed and an A value,
the calculated length L = K X A.

e To determine S with a given L and A, use
the following:
For § < L: § = 52.92 VK, where K = LIA.
For § > L: S = 1400/A + L/2.

Source: Location and Design Manual, Vol. 1,
Roadway Design, Ohio Department of Transportation,
with permission.

from 10.2 to 10.7 s for rural areas, 12.1 to 12.4 s for suburban areas, and 14.0 to 14.1 s
for urban areas. To calculate available distance on a crest vertical curve, the driver’s
eye height is 3.5 ft and the height of the object to be avoided is 2.0 ft.

Where conditions call for the use of a decision sight distance in design that cannot
be achieved, every effort should be made to provide the stopping sight distance values
from Table 2.2. Consideration should also be given to using suitable traffic control devices
to provide advance warning of the unexpected conditions that may be encountered.

2.2.3 Horizontal Alignment and Superelevation

The horizontal alignment of a roadway should be designed to provide motorists with a
facility for driving in a safe and comfortable manner. Adequate stopping sight distance
should be furnished. Also, changes in direction should be accompanied by the use of
curves and superelevation when appropriate in accordance with established guidelines.
Some changes in alignment are slight and may not require curvature. Table 2.5 lists the
maximum deflection angle which may be permitted without the use of a horizontal
curve for each design speed shown. It is assumed that a motorist can easily negotiate
the change in direction and maintain control over the vehicle without leaving the lane.
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TABLE 2.4 Decision Sight Distance (DSD) for Design Speeds from 30 to 70 mi/h

Decision sight distance, ft

Avoidance maneuver

Design speed, mi/h A B C D E
30 220 490 450 535 620
35 275 590 525 625 720
40 330 690 600 715 825
45 395 800 675 800 930
50 465 910 750 890 1030
55 535 1030 865 980 1135
60 610 1150 990 1125 1280
65 695 1275 1050 1220 1365
70 780 1410 1105 1275 1445

e The avoidance maneuvers are as follows: A—rural stop; B—urban stop; C—rural
speed/path/direction change; D—suburban speed/path/direction change; E—urban
speed/path/direction change

e Decision sight distance (DSD) is calculated or measured using the same criteria as
stopping sight distance: 3.50-ft eye height and 2.00-ft object height.

Source: Location and Design Manual, Vol. 1, Roadway Design, Ohio Department of
Transportation, with permission.

TABLE 2.5 Maximum Centerline Deflection Not
Requiring a Horizontal Curve

Design speed, mi/h Maximum deflection*
25 5°30”
30 3°45°
35 2°45°
40 2°15°
45 1°15”
50 1°15°
55 1°00”
60 1°00”
65 0°45°
70 0°45°

Based on the following formulas:
Design speed 45 mi/h or over: tan A = 1.0/V
Design speed under 45 mi/h:  tan A = 60/V?
where V = design speed, mi/h
A = deflection angle

Note: The recommended minimum distance between
consecutive horizontal deflections is:

200 ft where design speed > 40 mi/h
100 ft where design speed < 40 mi/h
*Rounded to nearest 15 minutes.

Source: Location and Design Manual, Vol. 1, Road-
way Design, Ohio Department of Transportation, with
permission.
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When centerline deflections exceed the values in Table 2.5, it is necessary to introduce
a horizontal curve to assist the driver. Curves are usually accompanied by supereleva-
tion, which is a banking of the roadway to help counteract the effect of centrifugal
force on the vehicle as it moves through the curve. In addition to superelevation, cen-
trifugal force is also offset by the side friction developed between the tires of the vehicle
and the pavement surface. The relationship of the two factors when considering curvature
for a particular design speed is expressed by the following equation:

e+f=Lz Q.1

where e = superelevation rate, ft per ft of pavement width
side friction factor
= design speed, mi/h
radius of curve, ft

= <

In developing superelevation guidelines for use in designing roadways, it is neces-
sary to establish practical limits for both superelevation and side friction factors.
Several factors affect the selection of a maximum superelevation rate for a given highway.
Climate must be considered. Regions subject to snow and ice should not be superele-
vated too sharply, because the presence of these adverse conditions causes motorists
to drive slower, and side friction is greatly reduced. Consequently, vehicles tend to
slide to the low side of the roadway. Terrain conditions are another factor. Flat areas
tend to have relatively flat grades, and such conditions have little effect on supereleva-
tion and side friction factors. However, mountainous regions have steeper grades,
which combine with superelevation rates to produce steeper cross slopes on the pave-
ment than may be apparent to the designer. Rural and urban areas require different
maximum superelevation rates, because urban areas are more frequently subjected to
congestion and slower-moving traffic. Vehicles operating at significantly less than
design speeds necessitate a flatter maximum rate. Given the above considerations, a
range of maximum values has been adopted for use in design. A maximum rate of
0.12 or 0.10 may be used in flat areas not subject to ice or snow. Rural areas where
these conditions exist usually have a maximum rate of 0.08. A maximum rate of 0.06
is recommended for urban high-speed roadways (50 mi/h or greater), while 0.04 is
used on low-speed urban roadways and temporary roads.

Various factors affect the side friction factors used in design. Among these are
pavement texture, weather conditions, and tire condition. The upper limit of the side
friction factor is when the tires begin to skid. Highway curves must be designed to
avoid skidding conditions with a margin of safety. Side friction factors also vary with
design speed. Higher speeds tend to have lower side friction factors. The result of various
studies leads to the values listed in Table 2.6, which shows the side friction factors by
design speed generally used in developing superelevation tables (Ref. 1).

Taking into account the above limits on superelevation rates and side friction factors, and
rewriting Eq. (2.1), it follows that for a given design speed and maximum superelevation
rate, there exists a minimum radius of curvature that should be allowed for design purposes:

2
Rmin = Vi (22)
15(e + /)

To allow a lesser radius for the design speed would require the superelevation rate or
the friction factor to be increased beyond the recommended limit.

Highway design using English units defines horizontal curvature in terms of
degree of curve as well as radius. Under this definition, the degree of curve is defined
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TABLE 2.6 Friction Factors for Design
Speeds from 20 to 70 mph Used in
Developing Superelevation Tables

Design Side friction
speed, mi/h factor f
20 0.17
30 0.16
40 0.15
50 0.14
55 0.13
60 0.12
65 0.11
70 0.10

as the central angle of a 100-ft arc using a fixed radius. This results in the following
equation relating R (radius, ft) to D (degree of curve, degrees):

D 57296 2.3)
R

Substituting in Eq. (2.2) gives the maximum degree of curvature for a given design
speed and maximum superelevation rate:

_85,660(c + /)
max T (24)

Before presenting the superelevation tables, one final consideration must be
addressed. Because for any curve, superelevation and side friction combine to offset
the effects of centrifugal force, the question arises how much superelevation should be
provided for curves flatter than the “maximum” allowed for a given design speed. The
following five methods have been used over the years (Ref. 1):

Method 1. Superelevation and side friction are directly proportional to the degree
of curve.

Method 2.  Side friction is used to offset centrifugal force in direct proportion to
the degree of curve, for curves up to the point where f,  is required. For sharper
curves, f,,.« Femains constant and e is increased in direct proportion to the increasing
degree of curvature until e is reached.

Method 3. Superelevation is used to offset centrifugal force in direct proportion
to the degree of curve for curves up to the point where e is required. For sharper
curves, e, temains constant and fis increased in direct proportion to the increasing
degree of curvature until £ is reached.

Method 4. Method 4 is similar to method 3, except that it is based on average
running speed instead of design speed.

Method 5. Superelevation and side friction are in a curvilinear relationship with
the degree of curve, with resulting values between those of method 1 and method 3.

Figure 2.8 shows a graphic comparison of the various methods. Method 5 is most
commonly used on rural and high-speed (50 mi/h or higher) urban highways. Method
2 is used on low-speed urban streets and temporary roadways.
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FIGURE 2.8 Methods of distributing superelevation and side fric-
tion. (a) Superelevation. (b) Corresponding friction factor at design
speed. (¢) Corresponding friction factor at running speed. (From A
Policy on Geometric Design of Highways and Streets, American
Association of State Highway and Transportation Officials, Washington,
D.C., 1990, with permission)

Recommended superelevation rates for horizontal curves in relation to other design
elements are given in Tables 2.7 through 2.11, where each table represents a different
maximum superelevation rate. Table 2.7 shows values for a maximum rate of 0.04;
Table 2.8, for 0.06; Table 2.9, for 0.08; Table 2.10, for 0.10; and Table 2.11, for 0.12.
Method 5 was used to assign the appropriate superelevation rate to each degree of
curve listed. Transition runoff lengths are discussed subsequently.
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TABLE 2.7 Recommended Superelevation Rates (to e, . = 0.04) and Runoff Lengths for Design Speeds
from 15 to 60 mi/h and Curves up to 75-ft Radius

V,= 15 mi/h V, =20 mi/h V, =25 mi/h V, =30 mi/h V, =35 mi/h
L ft L ft L ft L ft L ft
R, e, 2 4 e 2 4 e 2 4 e 2 4 e, 2 4
ft % Lns Lns % Lns Lns % Lns Lns % Lns Lns % Lns Lns
23000 NC 0 0 NC 0 0 NC 0 0 NC 0 0 NC 0 0
20000 NC 0 0 NC 0 0 NC 0 0 NC 0 0 NC 0 0
17000 NC 0 0 NC 0 0 NC 0 0 NC 0 0 NC 0 0
14000 NC 0 0 NC 0 0 NC 0 0 NC 0 0 NC 0 0
12000 NC 0 0 NC 0 0 NC 0 0 NC 0 0 NC 0 0
10000 NC 0 0 NC 0 0 NC 0 0 NC 0 0 NC 0 0
8000 NC 0 0 NC 0 0 NC 0 0 NC 0 0 NC 0 0
6000 NC 0 0 NC 0 0 NC 0 0 NC 0 0 NC 0 0
5000 NC 0 0 NC 0 0 NC 0 0 NC 0 0 NC 0 0
4000 NC 0 0 NC 0 0 NC 0 0 NC 0 0 NC 0 0
3500 NC 0 0 NC 0 0 NC 0 0 NC 0 0 RC 39 58
3000 NC 0 0 NC 0 0 NC 0 0 NC 0 0 RC 39 58
2500 NC 0 0 NC 0 0 NC 0 0 RC 36 55 RC 39 58
2000 NC 0 0 NC 0 0 RC 34 51 RC 36 55 23 45 67
1800 NC 0 0 NC 0 0 RC 34 51 21 38 57 24 46 70
1600 NC 0 0 NC 0 0 RC 34 51 22 40 60 26 50 75
1400 NC 0 0 NC 0 0 RC 34 51 24 44 65 27 52 78
1200 NC 0 0 RC 32 49 22 38 57 25 45 68 29 56 84
1000 NC 0 0 RC 32 49 24 4 62 27 49 74 31 60 90
900 NC 0 0 21 3 51 25 43 64 29 53 79 32 62 93
800 NC 0 0 22 35 54 26 45 67 30 55 82 34 66 99
700 RC 31 46 23 37 56 27 46 69 32 58 87 36 70 105
600 RC 31 46 25 41 61 29 50 75 34 62 93 38 74 110
500 21 32 48 26 42 63 31 53 80 36 65 98 39 75 113
450 22 34 51 27 4 66 32 55 8 37 67 101 40 77 116
400 23 35 53 29 47 71 34 58 87 38 69 104  p _ig
350 24 37 55 30 49 73 36 6 93 39 71 106
300 26 40 60 32 52 78 37 63 95 40 73 109
250 27 42 62 34 55 8 39 67 100 R =300
200 30 46 69 37 60 90 R =205
150 33 51 76 39 63 95
100 38 58 88 R _-125
75 40 62 92

min

R =radius of curve

V, = assumed design speed

e =rate of superelevation

L = minimum length of runoff (does not include tangent runout)

NC = normal crown section

RC = remove adverse crown, superelevate at normal crown slope

Note: In recognition of safety considerations, use of ¢ = 0.04 should be limited to urban conditions.

Source: A Policy on Geometric Design of Highways and Streets, American Association of State Highway and
Transportation Officials, Washington, D.C., 2001, with permission.
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TABLE 2.8 Recommended Superelevation Rates (to e, = 0.06) and Runoff Lengths for Design Speeds
from 15 to 80 mi/h and Curves up to 75-ft Radius

V,= 15 mi/h V, =20 mi/h V,=25mi/h V, =30 mi/h V, =35 mi/h

L ft L ft L, ft L, ft L, ft

ft % Lns Lns % Lns

=
]
Z
R

Lns Lns % Lns  Lns % Lns

=
=]
3

23000 NC 0 0 NC 0 0 NC 0 0 NC 0 0 NC 0 0
20000 NC 0 0 NC 0 0 NC 0 0 NC 0 0 NC 0 0
17000 NC 0 0 NC 0 0 NC 0 0 NC 0 0 NC 0 0
14000 NC 0 0 NC 0 0 NC 0 0 NC 0 0 NC 0 0
12000 NC 0 0 NC 0 0 NC 0 0 NC 0 0 NC 0 0
10000 NC 0 0 NC 0 0 NC 0 0 NC 0 0 NC 0 0
8000 NC 0 0 NC 0 0 NC 0 0 NC 0 0 NC 0 0
6000 NC 0 0 NC 0 0 NC 0 0 NC 0 0 NC 0 0
5000 NC 0 0 NC 0 0 NC 0 0 NC 0 0 NC 0 0
4000 NC 0 0 NC 0 0 NC 0 0 NC 0 0 RC 39 58
3500 NC 0 0 NC 0 0 NC 0 0 NC 0 0 RC 39 58
3000 NC 0 0 NC 0 0 NC 0 0 RC 3 55 RC 39 58
2500 NC 0 0 NC 0 0 NC 0 0 RC 36 55 23 45 67
2000 NC 0 0 NC 0 0 RC 34 51 22 40 60 28 54 81
1800 NC 0 0 NC 0 0 RC 34 51 24 44 65 30 58 87
1600 NC 0 0 NC 0 0 21 35 54 27 49 74 33 64 96
1400 NC 0 0 RC 32 49 23 39 59 29 53 79 36 70 105
1200 NC 0 0 RC 32 49 26 45 67 33 60 9 39 75 113
1000 NC 0 0 22 3 54 30 51 77 37 67 101 43 83 125
900 NC 0 0 24 39 58 32 55 8 39 71 106 45 87 131
800 RC 31 46 27 44 66 34 58 87 41 75 112 48 93 139
700 RC 31 46 29 47 71 37 63 95 44 80 120 51 99 148
600 20 32 48 32 52 78 40 59 103 47 85 128 54 105 157
500 24 37 55 36 58 88 43 74 111 51 93 139 57 110 165
450 27 42 62 38 62 92 45 77 116 53 96 145 59 114 171
400 2.9 45 67 40 65 97 48 82 123 56 102 153 6.0 116 174
35 32 49 74 42 68 102 51 8 131 58 105 158 R =380
300 35 54 81 45 73 109 54 93 139 60 109 164 o
250 3.8 58 88 48 78 117 57 98 147 T p _575
200 41 63 95 53 8 129 6.0 103 154 "
150 47 72 108 58 94 141 T p o5
100 55 85 127 R _—115
75 59 91 136
R =65

min

R = radius of curve

V, = assumed design speed

e = rate of superelevation

L = minimum length of runoff (does not include tangent runout)
NC = normal crown section

RC =remove adverse crown, superelevate at normal crown slope

Source: A Policy on Geometric Design of Highways and Streets, American Association of State Highway
and Transportation Officials, Washington, D.C., 2001, with permission.
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V, =40 mi/h V, =45 mi/h V, =50 mi/h V,=55mi/h V, =60 mi/h
L, ft L, ft L, ft L, ft L, ft
e, 2 4 e, 2 4 e, 2 4 e, 2 4 e, 2 4
% Lns Lns % Lns Lns % Lns Lns % Lns Lns % Lns Lns
NC 0 0 NC 0 0 NC 0 0 NC 0 0 NC 0 0
NC 0 0 NC 0 0 NC 0 0 NC 0 0 NC 0 0
NC 0 0 NC 0 0 NC 0 0 NC 0 0 NC 0 0
NC 0 0 NC 0 0 NC 0 0 NC 0 0 NC 0 0
NC 0 0 NC 0 0 NC 0 0 NC 0 0 NC 0 0
NC 0 0 NC 0 0 NC 0 0 NC 0 0 RC 53 80
NC 0 0 NC 0 0 NC 0 0 RC 51 77 RC 53 80
NC 0 0 RC 44 67 RC 48 72 22 56 84 26 69 104
RC 41 62 RC 4 61 22 53 79 26 66 100 3.0 80 120
RC 41 62 23 51 77 27 65 97 3.1 79 119 3.6 96 144
2.1 43 65 26 58 87 30 72 108 35 89 134 39 104 156
24 50 74 29 64 97 34 82 122 39 100 149 43 115 172
28 58 87 3.3 73 110 36 91 137 43 110 165 48 128 192
33 68 102 3.6 84 127 43 103 155 49 125 188 54 144 216
36 74 112 41 91 137 46 110 166 51 130 195 56 149 224
38 79 118 44 98 147 49 118 176 54 138 207 59 157 236
4.1 85 127 47 104 157 52 125 187 57 146 218 60 160 240
45 93 140 50 111 167 56 134 202 59 151 226 R = 1340
49 101 152 55 122 183 59 142 212 R 1065 "
51 106 158 57 127 190 6.0 144 216 e
54 112 168 59 131 197 T _835
57 118 177 6.0 133 200 m
59 122 183 R - 660

R, =510
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CHAPTER TWO

TABLE 2.8 Recommended Superelevation Rates (to €, = 0.06) and Runoff Lengths
for Design Speeds from 15 to 80 mi/h and Curves up to 75-ft Radius (Continued)

V, =65 mi/h V, =70 mi/h V,=175 mi/h V, =80 mi/h
L ft L ft L ft L ft

R, e, 2 4 e, 2 4 e, 2 4 e, 2 4

ft %o Lns Lns % Lns Lns %o Lns Lns % Lns Lns
23000 NC 0 0 NC 0 0 NC 0 0 NC 0 0
20000 NC 0 0 NC 0 0 NC 0 0 NC 0 0
17000 NC 0 0 NC 0 0 NC 0 0 NC 0 0
14000 NC 0 0 NC 0 0 RC 63 95 RC 69 103
12000 RC 56 8 RC 60 90 RC 63 95 21 72 108
10000 RC 56 84 21 63 95 23 73 109 25 86 129
8000 23 64 96 25 75 113 28 88 133 31 106 159
6000 2.9 81 121 32 96 144 3.6 114 171 40 137 206
5000 34 95 142 37 111 167 42 133 199 47 161 242
4000 4.0 112 167 44 132 198 49 155 232 55 189 283
3500 4.4 123 184 49 147 221 54 171 256 59 202 303
3000 4.8 134 201 53 159 238 58 183 275 T p _3060
2500 5.3 148 222 58 174 261 ~ 2510
2000 5.8 162 243 R =2050
1800 60 167 251 "

R, = 1660

R = radius of curve
V, = assumed design speed
e = rate of superelevation

L = minimum length of runoff (does not include tangent runout)

NC = normal crown section

RC = remove adverse crown, superelevate at normal crown slope

Source:
State Highway and Transportation Officials, Washington, D.C., 2001, with permission.

A Policy on Geometric Design of Highways and Streets, American Association of
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TABLE 2.9 Recommended Superelevation Rates (to e, = 0.08) and Runoff Lengths
for Design Speeds from 15 to 80 mi/h and Curves up to 75-ft Radius

V, =15 mi/h V, =20 mi/h V, =25 mi/h V, =30 mi/h
L, ft L, ft L ft L ft
R, e, 2 4 e, 2 4 e, 2 4 e, 2 4
ft % Lns Lns % Lns Lns % Lns Lns % Lns Lns
23000 NC 0 0 NC 0 0 NC 0 0 NC 0 0
20000 NC 0 0 NC 0 0 NC 0 0 NC 0 0
17000 NC 0 0 NC 0 0 NC 0 0 NC 0 0
14000 NC 0 0 NC 0 0 NC 0 0 NC 0 0
12000 NC 0 0 NC 0 0 NC 0 0 NC 0 0
10000 NC 0 0 NC 0 0 NC 0 0 NC 0 0
8000 NC 0 0 NC 0 0 NC 0 0 NC 0 0
6000 NC 0 0 NC 0 0 NC 0 0 NC 0 0
5000 NC 0 0 NC 0 0 NC 0 0 NC 0 0
4000 NC 0 0 NC 0 0 NC 0 0 NC 0 0
3500 NC 0 0 NC 0 0 NC 0 0 NC 0 0
3000 NC 0 0 NC 0 0 NC 0 0 RC 36 55
2500 NC 0 0 NC 0 0 NC 0 0 RC 36 65
2000 NC 0 0 NC 0 0 RC 34 51 24 44 65
1800 NC 0 0 NC 0 0 RC 34 51 26 47 71
1600 NC 0 0 RC 32 49 22 38 57 29 53 79
1400 NC 0 0 RC 32 49 24 41 6 32 58 87
1200 NC 0 0 RC 32 49 28 48 72 36 65 98
1000 NC 0 0 24 39 58 33 57 8 42 76 115
900 RC 31 46 26 42 63 35 60 90 45 8 123
800 RC 31 46 29 47 71 39 67 100 49 89 134
700 RC 31 46 32 52 76 43 74 111 53 96 145
600 22 34 51 36 58 8 48 8 123 58 105 158
500 2.6 40 60 4.1 66 100 53 91 135 64 116 175
450 29 45 67 44 71 107 56 96 144 67 122 183
400 32 49 74 48 78 117 60 103 154 7.1 129 194
350 35 54 81 52 8 126 64 110 165 7.5 136 205
300 39 60 90 56 91 136 68 117 176 7.8 142 213
250 45 69 104 61 99 148 7.4 127 190 8.0 145 218
200 51 78 118 67 109 163 7.9 135 203 R =250
150 59 91 136 75 122 182 T p _179
100 7.0 108 162 R -105 m
75 77 118 178 m
R =60

R = radius of curve

V, = assumed design speed

e = rate of superelevation

L = minimum length of runoff (does not include tangent runout)
NC = normal crown section

RC =remove adverse crown, superelevate at normal crown slope

Source: A Policy on Geometric Design of Highways and Streets, American Association of
State Highway and Transportation Officials, Washington, D.C., 2001, with permission.
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TABLE 2.9 Recommended Superelevation Rates (to e
from 15 to 80 mi/h and Curves up to 75-ft Radius (Continued)

CHAPTER TWO

max

=0.08) and Runoff Lengths for Design Speeds

V, =35 mi/h V, =40 mi/h V, =45 mi/h V, =50 mi/h V,=55mi/h
L, ft L, ft L, ft L, ft L, ft
R, e, 2 4 e, 2 4 e, 2 4 e, 2 4 e, 2 4
ft % Lns Lns % Lns Lns % Lns Lns % Lns Lns % Lns Lns
23000 NC 0 0 NC 0 0 NC 0 0 NC 0 0 NC 0 0
20000 NC 0 0 NC 0 0 NC 0 0 NC 0 0 NC 0 0
17000 NC 0 0 NC 0 0 NC 0 0 NC 0 0 NC 0 0
14000 NC 0 0 NC 0 0 NC 0 0 NC 0 0 NC 0 0
12000 NC 0 0 NC 0 0 NC 0 0 NC 0 0 NC 0 0
10000 NC 0 0 NC 0 0 NC 0 0 NC 0 0 NC 0 0
8000 NC 0 0 NC 0 0 NC 0 0 NC 0 0 RC 51 77
6000 NC 0 0 NC 0 0 RC 44 67 RC 48 72 24 6l 92
5000 NC 0 0 RC 41 62 RC 44 67 24 58 8 26 71 107
4000 RC 39 58 RC 41 62 24 53 80 29 70 104 34 87 130
3500 RC 39 58 23 48 71 27 60 90 32 77 115 38 97 145
3000 2.1 41 61 26 54 81 31 69 103 37 8 133 43 110 165
2500 2.5 48 73 30 62 93 37 8 123 43 103 155 50 128 191
2000 3.0 58 87 37 77 115 44 98 147 51 122 184 59 151 226
1800 33 64 9 40 83 124 47 104 157 55 132 196 63 161 241
1600 36 70 105 44 91 137 52 116 173 59 142 212 67 171 257
1400 40 77 116 48 99 149 56 124 187 6.4 154 230 7.2 184 276
1200 45 87 131 54 112 168 62 138 207 7.0 168 252 7.7 197 295
1000 51 99 148 60 124 185 68 151 227 7.6 182 274 8.0 204 306
900 55 106 160 6.4 132 199 7.2 160 240 7.8 187 281 R —965
800 5.9 114 171 6.8 141 211 76 169 253 80 192 288 e
700 63 122 183 7.2 149 223 7.9 176 263 T —760
600 6.8 132 197 7.6 157 236 8.0 178 267 m
500 7.4 143 215 80 166 248 R =600
450 7.7 149 224 R 465 m
400 7.9 153 229
350 8.0 155 232

R = radius of curve
V, = assumed design speed

e =rate of superelevation

L = minimum length of runoff (does not include tangent runout)

NC = normal crown section

RC = remove adverse crown, superelevate at normal crown slope

Source:

A Policy on Geometric Design of Highways and Streets, American Association of State Highway
and Transportation Officials, Washington, D.C., 2001, with permission.
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2.31

V, =60 mi/h V, =65 mi/h V, =70 mi/h V, =75 mi/h V, =80 mi/h
L, ft L, ft L, ft L, ft L, ft

e, 2 4 e, 2 4 e, 2 4 e, 2 4 e, 2 4
% Lns Lns % Lns Lns % Lns Lns % Lns Lns % Lns Lns
NC 0 0 NC 0 0 NC 0 0 NC 0 0 NC 0 0
NC 0 0 NC 0 0 NC 0 0 NC 0 0 NC 0 0
NC 0 0 NC 0 0 NC 0 0 NC 0 0 RC 69 103
NC 0 0 NC 0 0 RC 60 90 RC 63 95 RC 69 103
NC 0 0 RC 56 8 RC 60 90 RC 63 95 22 75 113
RC 53 8 RC 56 84 2.1 63 95 24 76 114 26 89 134
2.1 56 84 24 67 100 25 78 117 29 92 137 33 113 170
27 72 108 3.1 87 130 34 102 153 3.8 120 180 43 147 221
32 8 128 36 100 151 41 123 184 45 142 213 51 175 262
39 104 156 44 123 184 49 147 221 55 174 261 62 213 319
44 117 176 49 137 205 55 165 248 62 196 294 7.0 240 360
50 133 200 56 156 234 63 189 283 7.0 221 332 78 267 401
57 152 228 64 179 268 7.2 216 324 7.8 246 369 — 2675
6.6 176 264 74 207 310 79 237 356 R _—215 "
7.0 189 284 7.7 215 322 R = 1820 -
75 200 300 80 223 335
7.8 208 312 R — 1485

R, = 1205 "

mi
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TABLE 2.10 Recommended Superelevation Rates (to e, = 0.10) and Runoff Lengths for Design Speeds
from 15 to 80 mi/h and Curves up to 75-ft Radius

V, =15 mi/h V, =20 mi/h V, =25 mi/h V, =30 mi/h V, =35 mi/h
L ft L, ft L, ft L ft L ft
R, e, 2 4 e, 2 4 e, 2 4 e, 2 4 e, 2 4
ft % Lns Lns % Lns Lns % Lns Lns % Lns Lns % Lns Lns
23000 NC 0 0 NC 0 0 NC 0 0 NC 0 0 NC 0 0
20000 NC 0 0 NC 0 0 NC 0 0 NC 0 0 NC 0 0
17000 NC 0 0 NC 0 0 NC 0 0 NC 0 0 NC 0 0
14000 NC 0 0 NC 0 0 NC 0 0 NC 0 0 NC 0 0
12000 NC 0 0 NC 0 0 NC 0 0 NC 0 0 NC 0 0
10000 NC 0 0 NC 0 0 NC 0 0 NC 0 0 NC 0 0
8000 NC 0 0 NC 0 0 NC 0 0 NC 0 0 NC 0 0
6000 NC 0 0 NC 0 0 NC 0 0 NC 0 0 NC 0 0
5000 NC 0 0 NC 0 0 NC 0 0 NC 0 0 NC 0 0
4000 NC 0 0 NC 0 0 NC 0 0 NC 0 0 RC 39 58
3500 NC 0 0 NC 0 0 NC 0 0 NC 0 0 RC 39 58
3000 NC 0 0 NC 0 0 NC 0 0 RC 36 55 21 41 61
2500 NC 0 0 NC 0 0 NC 0 0 RC 36 55 25 48 73
2000 NC 0 0 NC 0 0 RC 34 51 24 44 65 31 60 90
1800 NC 0 0 NC 0 0 RC 34 51 27 49 74 34 66 99
1600 NC 0 0 RC 32 49 22 38 57 30 55 8 38 74 110
1400 NC 0 0 RC 32 49 25 43 64 34 62 93 43 8 125
1200 NC 0 0 21 34 51 29 50 75 38 69 104 48 93 139
1000 NC 0 0 25 41 61 34 58 8 45 8 123 56 108 163
900 RC 31 46 27 44 66 37 63 95 49 89 134 61 118 177
800 RC 31 46 30 49 73 41 70 105 54 98 147 6.6 128 192
700 RC 31 46 34 55 8 46 79 118 59 107 161 72 139 209
600 23 35 53 38 62 92 52 8 134 6.6 120 180 8.0 155 232
500 2.7 42 62 45 73 109 60 103 154 7.4 135 202 88 170 255
450 3.0 46 69 48 78 117 64 110 165 7.9 144 215 92 178 267
400 33 51 75 53 8 129 69 118 177 84 153 229 9.6 186 279
350 37 57 85 56 94 141 74 127 190 9.0 164 245 99 192 287
300 42 65 97 64 104 156 81 139 208 95 173 260  p _350
250 49 75 113 7. 115 173 88 151 226 10.0 181 271 m
200 57 88 132 80 130 195 9.6 165 247 R =230
150 6.6 105 157 9.1 148 221 R =160 m
100 84 129 194 10.0 162 243
75 9.4 145 217 R =100
R, =55 "

min —

R = radius of curve

V, = assumed design speed

e = rate of superelevation

L = minimum length of runoff (does not include tangent runout)
NC = normal crown section

RC =remove adverse crown, superelevate at normal crown slope

Source: A Policy on Geometric Design of Highways and Streets, American Association of State Highway
and Transportation Officials, Washington, D.C., 2001, with permission.
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V, =40 mi/h V, =45 mi/h V, =50 mi/h V, =55 mi/h V, =60 mi/h
L ft L, ft L ft L ft L, ft
e, 2 4 e, 2 4 e, 2 4 e, 2 4 e, 2 4
% Lns Lns % Lns Lns % Lns Lns % Lns Lns % Lns Lns
NC 0 0 NC 0 0 NC 0 0 NC 0 0 NC 0 0
NC 0 0 NC 0 0 NC 0 0 NC 0 0 NC 0 0
NC 0 0 NC 0 0 NC 0 0 NC 0 0 NC 0 0
NC 0 0 NC 0 0 NC 0 0 NC 0 0 NC 0 0
NC 0 0 NC 0 0 NC 0 0 NC 0 0 NC 0 0
NC 0 0 NC 0 0 NC 0 0 NC 0 0 RC 53 80
NC 0 0 NC 0 0 RC 48 72  RC 51 77 22 59 88
NC 0 0 RC 4 67 21 50 76 24 6l 92 28 75 112
RC 41 62 RC 4 67 24 58 8 29 74 111 34 91 138
RC 41 62 25 56 8 30 72 108 35 8 134 41 109 164
23 48 71 28 62 93 34 82 122 40 102 153 46 123 184
27 56 84 33 73 110 39 94 140 46 117 176 53 141 212
32 66 99 38 84 127 46 110 166 53 135 203 62 165 248
39 81 121 47 104 157 55 132 198 64 163 245 74 197 296
42 87 130 51 113 170 60 144 216 7.0 179 268 81 216 324
47 97 146 56 124 187 66 158 238 7.6 194 291 87 232 348
52 108 161 62 138 207 73 175 263 84 214 322 94 251 376
59 122 183 7.0 156 233 81 194 292 92 235 352 99 264 396
65 141 211 79 176 263 9.0 216 324 9.8 250 375 R . =1095
73 151 227 85 189 283 94 226 338 100 255 383
79 163 245 9.0 200 300 9.8 235 353 R 880
85 176 264 95 211 317 100 240 360 m
92 190 286 9.9 220 330 R =695
9.8 203 304 R 555 -
10.0 207 310 m
R, =430

mi
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CHAPTER TWO

TABLE 2.10 Recommended Superelevation Rates (to e, . = 0.10) and Runoff Lengths
for Design Speeds from 15 to 80 mi/h and Curves up to 75-ft Radius (Continued)

V, =65 mi/h V, =70 mi/h V, =75 mi/h V, =80 mi/h
L, ft L, ft L, ft L, ft

R, e, 2 4 e, 2 4 e, 2 4 e, 2 4

ft % Lns Lns % Lns Lns % Lns Lns % Lns Lns
23000 NC 0 0 NC 0 0 NC 0 0 NC 0 0
20000 NC 0 0 NC 0 0 NC 0 0 NC 0 0
17000 NC 0 0 NC 0 0 NC 0 0 RC 69 103
14000 NC 0 0 RC 60 9 RC 63 95 RC 69 103
12000 RC 56 8 RC 60 90 RC 63 95 22 75 113
10000 RC 56 8 22 66 99 24 76 114 27 93 139
8000 24 67 100 27 81 122 3.0 95 142 33 113 170
6000 32 89 134 36 108 162 40 126 189 44 151 226
5000 3.8 106 159 42 126 189 47 148 223 53 182 273
4000 4.6 128 193 52 165 234 58 183 275 65 223 334
3500 52 145 218 59 177 266 6.6 208 313 7.4 254 381
3000 6.0 167 251 6.7 201 302 7.6 240 360 8.6 295 442
2500 7.0 195 293 7.9 237 356 89 281 422 99 339 509
2000 84 234 352 9.4 282 423 100 316 474 R = 2380
1800 9.0 251 377 9.9 297 446 R 1980 -
1600 9.6 268 402 R = 1640
1400 10.0 279 419 m

R . =1345

min

R = radius of curve
V, = assumed design speed
e = rate of superelevation

L = minimum length of runoff (does not include tangent runout)

NC = normal crown section

RC = remove adverse crown, superelevate at normal crown slope

Source:

State Highway and Transportation Officials, Washington, D.C., 2001, with permission.

A Policy on Geometric Design of Highways and Streets, American Association of
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TABLE 2.11 Recommended Superelevation Rates (to e..x = 0-12) and Runoff Lengths
for Design Speeds from 15 to 80 mi/h and Curves up to 75-ft Radius

V,= 15 mi/h V, =20 mi/h V, =25 mi/h V, =30 mi/h

L, ft L, ft L, ft L ft

ft % Lns  Lns % Lns

=
=3
2
RN

Lns Lns %o Lns Lns

23000 NC 0 0 NC 0 0 NC 0 0 NC 0 0
20000 NC 0 0 NC 0 0 NC 0 0 NC 0 0
17000 NC 0 0 NC 0 0 NC 0 0 NC 0 0
14000 NC 0 0 NC 0 0 NC 0 0 NC 0 0
12000 NC 0 0 NC 0 0 NC 0 0 NC 0 0
10000 NC 0 0 NC 0 0 NC 0 0 NC 0 0
8000 NC 0 0 NC 0 0 NC 0 0 NC 0 0
6000 NC 0 0 NC 0 0 NC 0 0 NC 0 0
5000 NC 0 0 NC 0 0 NC 0 0 NC 0 0
4000 NC 0 0 NC 0 0 NC 0 0 NC 0 0
3500 NC 0 0 NC 0 0 NC 0 0 NC 0 0
3000 NC 0 0 NC 0 0 NC 0 0 RC 36 55
2500 NC 0 0 NC 0 0 NC 0 0 RC 36 55
2000 NC 0 0 NC 0 0 RC 34 51 25 45 68
1800 NC 0 0 NC 0 0 RC 34 51 27 49 74
1600 NC 0 0 RC 32 49 23 39 59 3.1 56 85
1400 NC 0 0 RC 32 49 26 45 67 34 62 93
1200 NC 0 0 21 34 51 3.0 51 77 4.0 73 109
1000 NC 0 0 25 41 61 3.5 60 90 4.7 85 128
900 RC 31 46 2.8 45 68 3.9 67 100 5.1 93 139
800 RC 31 46 3.1 50 75 43 74 111 56 102 153

700 RC 31
600 2.4 37
500 2.8 43

~
=)
w
W
o)
Q
o0
[
IS
o0
o0
)

123 63 115 172
141 7.1 129 194
114 64 110 165 82 149 224

[
D O
Falby
= o
e}
a O
o
2
W
n
=)
£

450 3.1 48 72 5.1 83 124 69 118 177 88 160 240
400 3.4 52 78 5.6 91 136 7.5 129 193 95 173 259
350 3.8 58 88 6.2 101 151 83 142 213 102 185 278

300 44 68 102 7.0 114 170 9.1 156 234 11.0 200 300
250 5.1 78 118 79 128 192 10.1 173 260 11.7 213 319

200 61 94 141 9.0 145 219 112 192 288 R =215
150 7.5 115 173 105 170 255 12.0 206 309 .
100 9.6 148 222 119 193 289 ~ p _ 45
75 110 169 254 R —90
R =50

min

R = radius of curve

V, = assumed design speed

e = rate of superelevation

L = minimum length of runoff (does not include tangent runout)
NC = normal crown section

RC = remove adverse crown, superelevate at normal crown slope

Source: A Policy on Geometric Design of Highways and Streets, American Association of
State Highway and Transportation Officials, Washington, D.C., 2001, with permission.
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TABLE 2.11 Recommended Superelevation Rates (to e, = 0.12) and Runoff Lengths for Design Speeds
from 15 to 80 mi/h and Curves up to 75-ft Radius (Continued)
V,=35mi/h V, =40 mi/h V, =45 mi/h V, =50 mi/h V,=55mi/h
L, ft L, ft L, ft L, ft L, ft
R, e, 2 4 e, 2 4 e, 2 4 e, 2 4 e, 2 4
ft % Lns Lns % Lns  Lns % Lns Lns % Lns Lns % Lns Lns
23000 NC 0 0 NC 0 0 NC 0 0 NC 0 0 NC 0 0
20000 NC 0 0 NC 0 0 NC 0 0 NC 0 0 NC 0 0
17000 NC 0 0 NC 0 0 NC 0 0 NC 0 0 NC 0 0
14000 NC 0 0 NC 0 0 NC 0 0 NC 0 0 NC 0 0
12000 NC 0 0 NC 0 0 NC 0 0 NC 0 0 NC 0 0
10000 NC 0 0 NC 0 0 NC 0 0 NC 0 0 NC 0 0
8000 NC 0 0 NC 0 0 NC 0 0 RC 48 72 RC 51 77
6000 NC 0 0 NC 0 0 RC 44 67 2.1 50 76 2.5 64 96
5000 NC 0 0 RC 41 62 2.1 47 70 25 60 90 2.9 74 111
4000 RC 39 58 2.1 43 65 25 56 83 3.1 74 112 3.6 92 138
3500 RC 39 58 24 50 74 29 64 97 35 84 126 4.1 105 157
3000 2.2 43 64 2.7 56 84 33 73 110 4.0 9 144 4.7 120 180
2500 2.6 50 75 32 66 99 4.0 89 133 47 113 169 56 143 214
2000 32 62 93 4.0 83 124 48 107 160 58 139 209 6.8 174 260
1800 3.5 68 102 44 91 137 5.3 118 177 6.3 151 227 7.4 189 283
1600 3.9 75 113 49 101 152 5.9 131 197 7.0 168 252 82 209 314
1400 4.4 85 128 55 114 171 6.6 147 220 7.8 187 281 9.1 232 349
1200 5.1 99 148 62 128 192 7.5 167 250 8.8 211 317 103 263 394
1000 59 114 171 7.3 151 227 8.7 193 290 10.1 242 364 114 291 437
900 6.5 126 189 79 163 245 94 209 313 108 259 389 11.8 301 452
800 7.1 137 205 86 178 267 102 227 340 114 274 410 R =810
700 7.9 153 229 95 197 295 11.0 244 367 119 286 428 e
600 88 170 255 105 217 326 11.7 260 390 R . =545
500 10.0 194 290 114 236 354 R. =510 .
450 10.6 205 308 11.6 244 366 e
400 11.2 217 325 12.0 248 372
350 11.7 226 340 R . =395
300 12.0 232 348 """
R, =300

R = radius of curve
V, = assumed design speed
e =rate of superelevation

L = minimum length of runoff (does not include tangent runout)

NC = normal crown section

RC = remove adverse crown, superelevate at normal crown slope

Source:

and Transportation Officials, Washington, D.C., 2001, with permission.

A Policy on Geometric Design of Highways and Streets, American Association of State Highway
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V, =60 mi/h V, =65 mi/h V,=70 mi/h V, =75 mi/h V, =80 mi/h
L, ft L, ft L, ft L, ft L, ft
e, 2 4 e, 2 4 e, 2 4 e, 2 4 e, 2 4
% Lns  Lns % Lns  Lns % Lns  Lns % Lns Lns % Lns Lns
NC 0 0 NC 0 0 NC 0 0 NC 0 0 NC 0 0
NC 0 0 NC 0 0 NC 0 0 NC 0 0 NC 0 0
NC 0 0 NC 0 0 NC 0 0 NC 0 0 RC 69 103
NC 0 0 NC 0 0 RC 60 90 RC 63 95 RC 69 103
NC 0 0 RC 55 84 RC 60 90 2.1 66 929 2.3 79 118
RC 53 80 RC 55 84 22 66 99 2.5 79 118 2.7 93 139
22 59 88 25 70 105 2.7 81 122 3.1 98 147 3.4 117 175
2.9 77 116 32 89 134 36 108 162 4.1 129 194 4.5 154 231
34 91 136 3.9 109 163 43 129 193 4.6 152 227 54 185 278
42 112 168 4.5 134 201 54 162 243 6.0 189 284 6.7 230 345
48 128 192 54 151 226 6.1 183 274 6.8 215 322 7.7 264 396
55 147 220 6.2 173 260 7.0 210 315 79 249 374 8.9 305 458
65 173 260 74 207 310 83 249 374 94 297 445  10.6 363 545
79 211 316 9.0 251 377 102 306 459 115 363 545 R =2140
86 229 344 98 273 410 11.1 333 499 120 379 568 e
9.5 253 380 10.8 301 452 119 357 536 R . =1790
10.6 283 424 117 327 490 R = 1490 m
115 307 460 R, =1230 "
R _. =1005

min
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TABLE 2.12 Recommended Superelevation Rates (to S = 0.04) and Runoff Lengths for Design Speeds
from 20 to 45 mi/h and Curves up to 72° for Urban Streets and Temporary Roads

Design speed, mi/h

20 25 30 35 40 45

DC Radius e, Lr e, Lr e, L, e, L, e, Lr e, L’
3°00° 1910 NC — NC — NC — NC — NC — NC —
3°30° 1637 NC — NC — NC — NC — NC — 016 45
4°00° 1432 NC — NC — NC — NC — NC — 019 55
5°00 1146 NC — NC — NC — NC — 017 50 .023 70
6°00 955 NC — NC — NC — NC — .020 60  .028 85
7°00 819 NC — NC — NC — 017 50 .024 70  .033 100
8°00 716  NC — NC — NC — 019 55 027 75 .037 115
8°30" 674 NC — NC — NC —  .021 55 029 80 .040 125
9°00 637 NC — NC — NC — 022 60 031 85 D =

10°00 573 NC — NC — 016 45 024 65 034 95 8‘:; o

11°00 521 NC — NC — 018 50 .026 70 038 105

11°30 498 NC — NC — 018 50 .028 75 039 110

12°00" 477  NC — NC — 019 55 029 75 D =

13°00 441 NC — NC — 021 55 .031 80 1 1"225,

14°00 409 NC — NC — 022 60 .034 85

15°00 382 NC — NC —  .024 60 .036 90

16°00 358 NC — .016 45 026 65 .039 100

16°30 347 NC — .016 45 027 65 .040 100

18°00 318 NC — .018 50 .029 70 D =

20°00 286 NC — .020 55 032 75 1 g:’d; o

22°00 260 NC — .022 55 035 80

24°00 239  NC — .024 60 .038 85

24°45 231 NC — .025 60 .040 90

26°00 220 NC — .026 60 D =

28°00 205 NC — .028 65 2445

30°00 191 016 45 .030 65
35°00 164 019 50 035 75
40°007 143 022 55 .040 80
50°00 116 .027 60 D =
72°45 78 040 70 o

max

72°45
Adjustments to L, when more than one lane is rotated about the centerline or the lane width is other than 12 ft:

L/ =L, (from table) X N X (%)

where N = the number of lanes (or fraction thereof) from the point of rotation
w = width of one lane

See superelevation notes, Table 2.13.
e, = design superelevation rate
L, = min. runoff length, 2-lane highway rotated about the centerline, lane width of 12 ft

Note: For design criteria pertaining to collectors and local roads with ADT less than 400, please refer to the AASHTO
publication, Guidelines for Geometric Design of Very Low-Volume Local Roads (ADT < 400).

Source: Location and Design Manual, Vol. 1, Roadway Design, Ohio Department of Transportation, with permission.
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The superelevation rates on low-speed urban streets are set using method 2 described
above, in which side friction is used to offset the effect of centrifugal force up to the
maximum friction value allowed for the design speed. Superelevation is then introduced
for sharper curves. The design data in Table 2.12, based on method 2 and a maximum
superelevation rate of 0.04, can be used for low-speed urban streets and temporary roads.

In attempting to apply the recommended superelevation rates for low-speed urban
roadways, various factors may combine to make these rates impractical to obtain.
These factors include wide pavements, adjacent development, drainage conditions,
and frequent access points. In such cases, curves may be designed with reduced or no
superelevation, although crown removal is the recommended minimum.

Effect of Grades on Superelevation. On long and fairly steep grades, drivers tend to
travel somewhat slower in the upgrade direction and somewhat faster in the downgrade
direction than on level roadways. In the case of divided highways, where each pave-
ment can be superelevated independently, or on one-way roadways such as ramps, this
tendency should be recognized to see whether some adjustment in the superelevation
rate would be desirable and/or feasible. On grades of 4 percent or greater with a length
of 1000 ft or more and a superelevation rate of 0.06 or more, the designer may adjust
the superelevation rate by assuming a design speed 5 mi/h less in the upgrade direction
and 5 mi/h greater in the downgrade direction, provided that the assumed design speed
is not less than the legal speed. On two-lane, two-way roadways and on other multilane
undivided highways, such adjustments are less feasible, and should be disregarded.

Superelevation Methods. There are three basic methods for developing superelevation
on a crowned pavement leading into and coming out of a horizontal curve. Figure 2.9
shows each method. In the most commonly used method, case I, the pavement edges are
revolved about the centerline. Thus, the inner edge of the pavement is depressed by half
of the superelevation and the outer edge raised by the same amount. Case II shows the
pavement revolved about the inner or lower edge of pavement, and case III shows the pave-
ment revolved about the outer or higher edge of pavement. Case II can be used where
off-road drainage is a problem and lowering the inner pavement edge cannot be
accommodated. The superelevation on divided roadways is achieved by revolving the
pavements about the median pavement edge. In this way, the outside (high side) roadway
uses case II, while the inside (low side) roadway uses case III. This helps control the
amount of “distortion” in grading the median area.

Superelevation Transition. The length of highway needed to change from a normal
crowned section to a fully superelevated section is referred to as the superelevation
transition. This length is shown as X in Fig. 2.9, which also shows the various other
elements described below. The superelevation transition is divided into two parts: the
tangent runout, and the superelevation runoff.

The tangent runout (7 in Fig. 2.9) is the length required to remove the adverse
pavement cross slope. As is shown for case I of Fig. 2.9, this is the length required to
raise the outside edge of pavement from a normal cross slope to a half-flat section.
The superelevation runoff (L in Fig. 2.9) is the length required to raise the outside
edge of pavement from a half-flat section to a fully superelevated section. The length
of transition required to remove the pavement crown (R in Fig. 2.9) is generally equal
to twice the T distance.

The minimum superelevation transition length X should be equal in feet to 3 times
the design speed in miles per hour. This includes the tangent runout (7) as previously
described. The reason to specify this minimum is to avoid the appearance of a “kink”
in the roadway that a shorter transition would provide. The distance is approximately
equal to that traveled by a vehicle in 2 s at design speed. This requirement does not
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FIGURE 2.9 Superelevation transition between tangent and simple or spiral curves for three cases. (From
Location and Design Manual, Vol. 1, Roadway Design, Ohio Department of Transportation, with permission)

apply to low-speed roadways, temporary roads, superelevation transitions near inter-
sections, or transitions between adjacent horizontal curves (reverse or same direction)
where normal transitions would overlap each other. In these cases, the minimum tran-
sition length is determined by multiplying the edge of pavement correction by the
equivalent slope rate (G) shown in Table 2.13. The rate of change of superelevation
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TABLE 2.13 Superelevation Notes for Adjusting Runoff Lengths in Tables 2.6 to
2.12

(a) Maximum relative gradients for profiles between the edge of pavement and the
centerline or reference line

Design Relative Equivalent
speed, mi/h gradient slope rate G

20 0.75 133:1

25 0.71 141:1

30 0.67 150:1

35 0.625 160:1

40 0.58 175:1

45 0.54 185:1

50 0.50 200:1

55 0.475 210:1

60 0.45 222:1

65 0.425 235:1

70 0.40 250:1

()
Calculate X Casel: X = W(S + N)G Cases I, III: X = WSG
IfX>3D L = WSG L = W(S — NI2)G
T = WNG T = W(N/I2)G
IfX<3D X =3D X =3D
L= 3D< S ) L= 3D<2SJ>
N+S 28

res(i2) 7o)
N+S§S 28

1. The L values in Tables 2.7 to 2.12 are based on a two-lane, 24-ft-wide pavement revolved
about the centerline.

2. Adjustments to L for varying pavement widths can be made by direct proportion. For a 20-ft
pavement revolved about the centerline, L” = L(20/24).

3. As shown in Fig. 2.9, the minimum X for each case is dependent on design speed and is
approximately the distance traveled in 2 s. This number has been rounded off to a figure in feet to
3 times the design speed. The numbers that appear in the L columns of Tables 2.7 to 2.12 represent
those situations where the minimum length controls and L plus 7 would equal 3 times the design
speed.

4. Determination of X, L, and T when more than one lane is revolved about the centerline (or
other reference line, such as a baseline or edge of pavement) is shown in part (b). In part (b), W =
pavement width (ft) from point of rotation to farthest edge, and D = linear-foot equivalent of
design speed in mi/h (example: 55 ft for 55 mi/h). See Fig. 2.9 for other symbol definitions and
case descriptions.

5. The L value is also the recommended spiral length where spirals are used.

Source: Location and Design Manual, Vol. 1, Roadway Design, Ohio Department of
Transportation, with permission.

should be constant throughout the transition X. Some agencies use a flatter rate of
transition through the 7 or R sections than that recommended in Table 2.13, an acceptable
but unnecessary practice.

The values given for L in Tables 2.7 through 2.12 are based on two and four lanes
revolved about the centerline. Table 2.13 provides a summary of ways to adjust the
table values of L for cases involving other lane widths or where more than one lane is
being revolved about the centerline or baseline. Note that when using the formula
W(S + N)G from Table 2.13 to calculate the transition length for revolving multiple
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lanes, the result is considered to be the minimum transition length for interstate or
freeway-type design. It is the desirable length for all other roadways. The minimum
length for these roadways is calculated similarly; however, the G value from the table
is selected for a speed 15 mi/h less than the design speed.

Superelevation Position. Figure 2.9 shows the recommended positioning of the pro-
posed superelevation transition in relationship to the horizontal curve. For those
curves with spirals, the transition from adverse crown removal to full superelevation
should occur within the limits of the spiral. In other words, the spiral length should
equal the L value, usually rounded to the nearest 25 ft.

For simple curves without spirals, the L transition should be placed so that 50 to 70
percent of the maximum superelevation rate is outside the curve limits (point of curvature
PC to point of tangency PT). It is recommended that whenever possible, two-thirds of the
full superelevation rate be present at the PC and PT. See the case diagrams in Fig. 2.9
for a graphic presentation of the recommended positioning.

Profiles and Elevations. Breakpoints at the beginning and end of the superelevation
transition should be rounded to obtain a smooth profile. One suggestion is to use a
“vertical curve” on the edge of the pavement profile with a length in feet equal to the
design speed in mi/h (i.e., 45 ft for 45 mi/h). The final construction plans should have
the superelevation tables or pavement details showing the proposed elevations at the
centerline, pavement edges, and, if applicable, lane lines or other breaks in the cross
slopes. Pavement or lane widths should be included where these widths are in transition.
Pavement edge profiles should be plotted to an exaggerated vertical profile within the
limits of the superelevation transitions to check calculations and to determine the loca-
tion of drainage basins. Adjustments should be made to obtain smooth profiles.
Special care should be taken in determining edge elevations in a transition area when
the profile grade is on a vertical curve.

Superelevation between Reverse Horizontal Curves. When two horizontal curves are
in close proximity to each other, the superelevation transitions calculated independently
may overlap each other. In these cases, the designer should coordinate the transitions
to provide a smooth and uniform change from the full superelevation of the first curve
to the full superelevation of the second curve. Figure 2.10 shows two diagrams sug-
gesting ways in which this may be accomplished. In both diagrams each curve has its
own L value (L,, L,) depending on the degree of curvature, and the superelevation is
revolved about the centerline.

The top diagram involves two simple curves. In the case of new or relocated align-
ment, the PT of the first curve and the PC of the second curve should be separated by
enough distance to allow a smooth, continuous transition between the curves at a rate
not exceeding the G value for the design speed (Table 2.13). This requires that the dis-
tance be not less than 50 percent nor greater than 70 percent of L, + L,. Two-thirds is
the recommended portion. When adapting this procedure to existing curves where no
alignment revision is proposed, the transition should conform as closely as possible to
the above criteria. When the available distance between the curves is less than 50 per-
cent of L, + L,, the transition rate may be increased and/or the superelevation rate at
the PT or PC may be set to less than 50 percent of the full superelevation rate.

The lower diagram involves two spiral curves. Where spiral transitions are used,
the spiral-to-tangent (ST) point of the first curve and the tangent-to-spiral (TS) transi-
tion of the second curve may be at, or nearly at, the same location, without causing
superelevation problems. In these cases, the crown should not be reestablished as
shown in Fig. 2.9, but instead, both pavement edges should be in continual transition
between the curves, as shown in the lower diagram of Fig. 2.10. The total superelevation
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FIGURE 2.10 Superelevation transition between reverse horizontal curves, simple or spiral. (From
Location and Design Manual, Vol. I, Roadway Design, Ohio Department of Transportation, with permission)

transition length is the distance between the curve-to-spiral (CS) point and spiral-to-
curve (SC) point.

Spiral Transitions. When a motor vehicle enters or leaves a circular horizontal
curve, it follows a transition path during which the driver makes adjustments in steering
to account for the gain or loss in centrifugal force. For most curves, the average driver
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can negotiate this change in steering within the normal width of the travel lane.
However, combinations of higher speeds and sharper curvature may cause the driver
to move into an adjacent travel lane while accomplishing the change. To prevent this
occurrence, the designer should use spirals to smooth out transitions.

There are several advantages to using spiral transitions for horizontal curves:

e They provide an easy-to-follow path for the driver to negotiate.
e They provide a convenient area in which to place the superelevation transition.

e They provide an area where the pavement width can be transitioned when required
for curve widening.

e They provide a smoother appearance to the driver.

The Euler spiral is the one most commonly used in highway design. The degree of
curve varies gradually from zero at the tangent end to the degree of the circular arc at
the curve end. By definition, the degree of curve at any point along the spiral varies
directly with the length measured along the spiral. In the case where a spiral transition
connects two simple curves, the degree of curve varies directly from that of the first
circular arc to that of the second circular arc. As a general guideline, spirals should be
used on roadways where the design speed is 50 mi/h or greater and the degree of cur-
vature is 1°30” or greater.

Horizontal Alignment Considerations. The following items should be considered
when establishing new horizontal alignment:

e The alignment should be as directional as possible while still consistent with topog-
raphy and the preservation of developed properties and community values.

e Maximum allowable curvature should be avoided whenever possible.
¢ Consistent alignment should be sought.

e Curves should be long enough to avoid the appearance of a kink.

e Tangents and/or flat curves should be provided on high, long fills.

e Compound curves should be used only with caution.

e Abrupt alignment reversals should be avoided.

e Two curves in the same direction separated by a short tangent (broken-back or flat-
back curves) should be avoided.

2.2.4 \Vertical Alignment

The design of the vertical alignment of a roadway also has a direct effect on the safety and
comfort of the driver. Steep grades can slow down large, heavy vehicles in the traffic
stream in the uphill direction and can adversely affect stopping ability in the downhill direc-
tion. Grades that are flat or nearly flat over extended distances will slow down the rate at
which the pavement surface drains. Vertical curves provide a smooth change between two
tangent grades, but must be designed to provide adequate stopping sight distance.

Tangent Grades. The maximum percent grade for a given roadway is determined by its
functional classification, surrounding terrain, and design speed. Table 2.14 shows how
the maximum grade can vary under different circumstances. Note that relatively flat grade
limits are recommended for higher functional class roadways and at higher design speeds,
whereas steeper grade limits are permitted for local roads and at lower design speeds.
Concerning minimum grades, flat and level grades may be used on uncurbed road-
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TABLE 2.14 Maximum Grades as Determined by Function, Terrain, and Speed, %

Design speed

20 30 40 50 60 70
Functional to to to to to and
classification Terrain 29 39 49 59 69 over
Urban:
Interstate,* other
freeways, and
expressways Level 4 3 3
Rolling 5 4 37
Hilly 6 6 5
Arterial street} Level 8 7 6 5
Rolling 9 8 7 6
Hilly 11 10 9 8
Collector streetst Level 9 9 9 7 6
Rolling 12 11 10 8 7
Hilly 14 12 12 10 9
Local streets Level 10 9 9 8 7
Rolling 13 12 11 10 8
Hilly 15 15 14 12 10
Rural:
Interstate,* other
freeways, and
expressways Level 4 3 3
Rolling 5 4 37
Hilly 6 6 5
Arterialst Level 4 3 3
Rolling 5 4 4
Hilly 7 6 5
Collectorsi Level 7 7 7 6 5
Rolling 10 9 8 7 6
Hilly 12 10 10 9 8
Local roadst Level 8 7 7 6 5
Rolling 11 10 9 8 6
Hilly 15 14 12 10 8

*Grades 1% steeper may be used for extreme cases where development in urban areas precludes the use of
flatter grades. Grades 1% steeper may also be used for one-way down-grades except in hilly terrain.

+Grades 1% steeper may be used for 70 mph design on non-Interstate freeways and expressways in rolling
terrain.

fGrades 1% steeper may be used for short lengths (less than 500 ft.) and on one-way down-grades. For
rural highways with current ADT less than 400, grades may be 2% steeper.

Source: Location and Design Manual, Vol. 1, Roadway Design, Ohio Department of Transportation,
with permission.

ways without objection, as long as the pavement is adequately crowned to drain the
surface laterally. The preferred minimum grade for curbed pavements is 0.5 percent,
but a grade of 0.3 percent may be used where there is a high-type pavement accurately
crowned and supported on firm subgrade.
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Critical Length of Grade. Freedom and safety of movement on two-lane highways
are adversely affected by heavily loaded vehicles operating on upgrades of sufficient
lengths to result in speeds that could impede following vehicles. The term critical
length of grade is defined as the length of a particular upgrade which reduces the
operating speed of a truck with a weight-to-horsepower ratio of 200 to 10 mi/h below
the operating speed of the remaining traffic. Figure 2.11 provides the amount of speed
reduction for these trucks given a range of percent upgrades and length of grades. The
entering speed is assumed to be 70 mi/h. The curve representing a 10-mi/h reduction
is the design guideline to be used in determining the critical length of grade.

If after an investigation of the project grade line, it is found that the critical length of
grade must be exceeded, an analysis of the effect of the long grades on the level of service
of the roadway should be made. Where speeds resulting from trucks climbing up long
grades are calculated to fall within the range of service level D or lower, consideration
should be given to constructing added uphill lanes on critical lengths of grade. Refer to the
“Highway Capacity Manual” (Ref. 10) for methodology in determining level of service.
Where the length of added lanes needed to preserve the recommended level of service on
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FIGURE 2.11 Critical lengths of grade based on typical heavy truck of 200 Ib/hp at entering speed of 70 mi/h.
Notes: (1) This graph can also be used to compute the critical length of grade for grade combinations. For
example, find the critical length of grade for a 4 percent upgrade preceded by 2000 ft of 2 percent upgrade
and a tolerable speed reduction of 15 mi/h. From the graph, 2000 ft of 2 percent upgrade results in a speed
reduction of 7 mi/h. Subtracting 7 mi/h from the tolerable speed reduction of 15 mi/h gives the remaining
tolerable speed reduction of 8 mi/h. The graph shows that the remaining tolerable speed reduction of 8 mi/h
would occur on 1000 ft of the 4 percent upgrade. (2) The critical length of grade is the length of tangent
grade. When a vertical curve is part of the critical length of grade, an approximate equivalent tangent grade
should be used. Where A < 3 percent, the vertical tangent lengths can be used (VPI to VPI). Where A > 3
percent, about % of the vertical curve length should be used as part of the tangent grade. (From Location
and Design Manual, Vol. 1, Roadway Design, Ohio Department of Transportation, with permission)
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sections with long grades exceeds 10 percent of the total distance between major termini,
consideration should be given to the ultimate construction of a divided multilane facility.

Vertical Curves. A vertical curve is used to provide a smooth transition between
vertical tangents of different grades. It is a parabolic curve and is usually centered on
the intersection point of the vertical tangents. One of the principles of parabolic curves
is that the rate of change of slope is a constant throughout the curve. For a vertical
curve, this rate is equal to the length of the curve divided by the algebraic difference
of the grades. This value is called the K value and represents the distance required for
the vertical tangent to change by 1 percent. The K value is useful in design to deter-
mine the minimum length of vertical curve necessary to provide minimum stopping
sight distance given two vertical grades.

Allowable Grade Breaks. There are situations where it is not necessary to provide a
vertical curve at the intersection of two vertical grades because the difference in
grades is not large enough to provide any discomfort to the driver. The difference
varies with the design speed of the roadway. At 25 mi/h, a grade break of 1.85 percent
without a curve may be permitted, while at 55 mi/h the allowable difference is only
0.40 percent. Table 2.15 lists the maximum grade break permitted without using a vertical

TABLE 2.15 Maximum Change in
Vertical Alignment Not Requiring a
Vertical Curve

Design Maximum grade
speed, mi/h change, %*
25 1.85
30 1.30
35 0.95
40 0.75
45 0.55
50 0.45
55 0.40
60 0.30
65 0.30
70 0.25

Based on the following equation:
A= 46.5L _ 1162.5
V2 V2
where A = maximum grade change, %
L = length of vertical curve, ft;
assume 25
V = design speed, mi/h

Note: The recommended minimum distance
between consecutive deflections is 100 ft where
design speed > 40 mi/h and 50 ft where design
speed = 40 mi/h.

*Rounded to nearest 0.05%.

Source: Location and Design Manual, Vol.
1, Roadway Design, Ohio Department of Trans-
portation, with permission.
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curve for various design speeds. The equation used to develop the distances is indicat-
ed as well as a recommended minimum distance between consecutive grade breaks.
Where consecutive grade breaks occur within 100 ft for design speeds over 40 mi/h, or
within 50 ft for design speeds at 40 mi/h and under, this indicates that a vertical curve
may be a better solution than not providing one.

Crest Vertical Curves. The major design consideration for crest vertical curves is
the provision of ample stopping sight distance for the design speed. Calculations of
available stopping sight distance are based on the driver’s eye 3.5 ft above the road-
way surface with the ability to see an object 2 ft high in the roadway ahead over the
top of the pavement. Table 2.16 lists the calculated design stopping sight distance
values and the corresponding K values for design speeds from 20 to 70 mi/h in 1-mi/h
increments. The values shown are based on the assumption that the curve is longer
than the sight distance. In those cases where the sight distance exceeds the vertical
curve length, a different equation is used to calculate the stopping sight distance pro-
vided. The equations are shown in the table.

Another consideration in designing crest vertical curves is passing sight distance,
especially when dealing with two-lane roadways. This has already been discussed under
“Passing Sight Distance” earlier in this chapter. Also, in addition to being designed for
safe stopping sight distance, crest vertical curves should be designed for comfortable
operation and a pleasing appearance whenever possible. To accomplish this, the length of
a crest curve in feet should be, as a minimum, 3 times the design speed in miles per hour.

Sag Vertical Curves. The main factor affecting the design of a sag vertical curve is head-
light sight distance. When a vehicle traverses an unlighted sag vertical curve at night,
the portion of highway lighted ahead is dependent on the position of the headlights
and the direction of the light beam. For design purposes, the length of roadway lighted
ahead is assumed to be the available stopping sight distance for the curve. In calculating
the distances for a given set of grades and a length of curve, the height of the head-
light is assumed to be 2 ft and the upward divergence of the light beam is considered
to be 1°. Table 2.17 lists the calculated design stopping sight distance values and the
corresponding K values for design speeds from 20 to 70 mi/h in 1-mi/h increments. As
was the case with crest curves, the values shown are based on the assumption that the
curve is longer than the sight distance. In those cases where the sight distance exceeds
the vertical curve length, a different equation is used to calculate the actual stopping
sight distance provided as indicated in the table.

Note for sag curves, when the algebraic difference of grades is 1.75 percent or less,
stopping sight distance is not restricted by the curve. In these cases, the equations in
Table 2.17 will not provide meaningful answers. Minimum lengths of sag vertical
curves are necessary to provide a pleasing general appearance of the highway. To
accomplish this, the minimum length of a sag curve in feet should be equal to 3 times
the design speed in miles per hour.

Vertical Alignment Considerations. The following items should be considered
when establishing new vertical alignment:

e The profile should be smooth with gradual changes consistent with the type of
facility and the character of the surrounding terrain.

e A “roller-coaster” or “hidden dip” profile should be avoided.

e Undulating grade lines involving substantial lengths of steeper grades should be appraised
for their effect on traffic operation, since they may encourage excessive truck speeds.
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TABLE 2.16 Stopping Sight Distance (SSD) for Crest Vertical Curves
at Design Speeds from 20 to 70 mi/h

Height of eye, 3.50 ft; height of object, 2.00 ft

Design Design Design Design Design Design

speed, mi/h  SSD, ft K, ft/% speed, mi/h  SSD, ft K, ft/%
20 115 7 46 375 66
21 120 7 47 385 69
22 130 8 48 400 75
23 140 10 49 415 80
24 145 10 50 425 84
25 155 12 51 440 90
26 165 13 52 455 96
27 170 14 53 465 101
28 180 15 54 480 107
29 190 17 55 495 114
30 200 19 56 510 121
31 210 21 57 525 128
32 220 23 58 540 136
33 230 25 59 555 143
34 240 27 60 570 151
35 250 29 61 585 159
36 260 32 62 600 167
37 270 34 63 615 176
38 280 37 64 630 184
39 290 39 65 645 193
40 305 44 66 665 205
41 315 46 67 680 215
42 325 49 68 695 224
43 340 54 69 715 237
44 350 57 70 730 247
45 360 61

Using S = stopping sight distance, ft
L = length of crest vertical curve, ft
A = algebraic difference in grades, %, absolute value
K = rate of vertical curvature, ft per % change
e For a given design speed and A value, the calculated length L = KA.
e To determine S with a given L and A, use the following:
ForS<L: §=4645VK where K=IL/A
ForS>L: S=1079/A + L2

Note: For design criteria pertaining to collectors and local roads wih ADT
less than 400, please refer to the AASHTO publication, Guidelines for Geometric
Design of Very Low-Volume Local Roads (ADT < 400).

Source: Location and Design Manual, Vol. 1, Roadway Design, Ohio
Department of Transportation, with permission.

Broken-back grade lines (two vertical curves—a pair of either crest curves or sag
curves—separated by a short tangent grade) should generally be avoided.

Special attention should be given to drainage on curbed roadways where vertical
curves have a K value of 167 or greater, since these areas are very flat.

It is preferable to avoid long, sustained grades by breaking them into shorter intervals
with steeper grades at the bottom.
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TABLE 2.17 Stopping Sight Distance for Sag Vertical Curves at Design
Speeds from 20 to 70 mi/h

Height of headlight = 2.00 ft
Upward light beam divergence = 1°00”

Design Design Design Design Design Design

speed, mi/h  SSD, ft K, ft/% speed, mi/h  SSD, ft K, ft/%
20 115 17 46 375 83
21 120 18 47 385 85
22 130 20 48 400 89
23 140 22 49 415 93
24 145 24 50 425 96
25 155 26 51 440 100
26 165 28 52 455 104
27 170 29 53 465 107
28 180 32 54 480 111
29 190 34 55 495 115
30 200 37 56 510 119
31 210 39 57 525 123
32 220 42 58 540 128
33 230 44 59 555 132
34 240 47 60 570 136
35 250 49 61 585 140
36 260 52 62 600 144
37 270 55 63 615 148
38 280 57 64 630 153
39 290 60 65 645 157
40 305 64 66 665 162
41 315 66 67 680 167
42 325 69 68 695 171
43 340 73 69 715 176
44 350 76 70 730 181
45 360 79

Using S = stopping sight distance, ft

L = length of sag vertical curve, ft

A = algebraic difference in grades, %, absolute value

K = rate of vertical curvature, ft per % change
e For a given design speed and A value, the calculated length L = KA
e To determine S with a given L and A, use the following:

3.5L + V12.25L% + 1600AL
2A

ForS<L: §S=

For S > L: S = (AL + 400)/(2A — 3.5)

Note:  When the algebric difference A is 1.75 percent or less, SSD is not
restricted by the vertical curve.
Source:  Location and Design Manual, Vol. 1, Roadway Design, Ohio
Department of Transportation, with permission.
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2.2.5 Coordination of Horizontal and Vertical Alignments

When designing new roadway projects, the following items should be considered to
coordinate the horizontal and vertical alignments:

e Curvature and tangent sections should be properly balanced. Normally, horizontal
curves will be longer than vertical curves.

o It is generally more pleasing to the driver when vertical curvature can be superim-
posed on horizontal curvature. In other words, the PIs (points of intersection) of
both the vertical and horizontal curves should be near the same station or location.

o Sharp horizontal curves should not be introduced at or near the top of a pronounced
crest vertical curve or at or near the low point of a pronounced sag vertical curve.

¢ On two-lane roadways, long tangent sections (horizontal and vertical) are desirable
to provide adequate passing sections.

e Horizontal and vertical curves should be as flat as possible at intersections.

e On divided highways, the use of variable median widths and separate horizontal
and vertical alignments should be considered.

¢ In urban areas, horizontal and vertical alignments should be designed to minimize
nuisance factors. These might include directional adjustment to increase buffer
zones and depressed roadways to decrease noise.

e Horizontal and vertical alignments may often be adjusted to enhance views of
scenic areas.

2.3 CROSS-SECTION DESIGN

This article provides information to assist the designer in determining lane widths,
pavement cross slopes, shoulder widths, interchange cross-section elements, medians,
curbs, pedestrian facilities, and grading and side slopes. The number of lanes for a
given roadway facility is best determined using principles and procedures contained in
the “Highway Capacity Manual” (Ref. 10). This manual analyzes roadways to deter-
mine an appropriate “level of service,” by which a letter value (A through F) is
assigned depending on the volume of traffic and other geometric features. Table 2.18
provides a design guide for level of service for various facilities by functional classifi-
cation and terrain or locale. The table includes a brief description of the characteristics
of each level of service.

2.3.1 Roadway Criteria

Lane Widths and Transitions. When considering the physical characteristics of
cross sections, the values selected will depend on location (rural or urban), speed, traffic
volumes, functional classification, and, in urban areas, the type of adjacent develop-
ment. Tables 2.19, 2.20, and 2.21 provide values currently used in Ohio. Lane width is
dependent on design speed, especially in rural areas. Widths may be as narrow as 9 ft
for a local, low-volume road. In urban areas, lane widths can be as narrow as 10 ft, if the
road is primarily a residential street. The maximum lane width is generally accepted to
be 12 ft in all locales.
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CHAPTER TWO

TABLE 2.18 Guide for Selecting Design Service Level As
Determined by Function and Terrain or Locale

Minimum level of service for

area and terrain or locale

Functional Rural Urban and

classification Level Rolling Hilly suburban
Interstate, other B C

freeways, and

expressways
Arterial B C C
Collector C D D
Local D D D

select own speed.

Source:

F: Forced or breakdown flow.

A: Free flow, with low volumes and high speeds.

E: Unstable flow; short stoppages may occur.

Department of Transportation, with permission.

TABLE 2.19 Guide for Selecting Lane Width for Rural Areas

B: Stable flow, speeds beginning to be restricted by traffic conditions.
C: In stable flow zone, but most drivers are restricted in freedom to

D: Approaching unstable flow; drivers have little freedom to maneuver.

Location and Design Manual, Vol. 1, Roadway Design, Ohio

Minimum lane widths, ft,*

Traffic for design speed in mi/h
Functional Current 70 and
classification ADT DHV  20t029 30to39 40to49 50to59 60to69 over
Interstate, other All All — — — 12 12 12
freeways, and
expressways
Arterials — >200 — — — 12 12 12
2400 <201 — — — 12 12 —
<400 — — — — 127 12 —
Collectors — >400 — — 12 12 12 —
— 201-400 — — 11 12 12 —
>400 <201 — 10 11 11 11 —
<400 — 10 10 10 10 11 —
Local roads — >400 12 12 12 12 —
— 201-400 — 11 11 12 12 —
>400 <201 — 10 11 11 11 —
250-400 — 10 10 10 10 11 —
<250 — 9 9 10 10 10 —

There may be locations having rural functional classifications that are urban in character. An example
would be a village where adjacent development and other conditions resemble an urban area. In such cases,
urban design criteria may be used.

*The number of lanes should be determined by capacity analysis.

tMay be 11 ft on nonfederal projects if design year ADT includes fewer than 250 B and C truck units.
Source: Location and Design Manual, Vol. 1, Roadway Design, Ohio Department of Transportation,

with permission.
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In some cases it may be necessary to widen the pavement on sharp curves to
accommodate off-tracking of larger vehicles. Table 2.22 provides a chart of recom-
mended pavement widening based on degree of curvature and design speed. The
widened portion of the pavement is normally placed on the inside of the curve. Where
curves are introduced with spiral transitions, the widening occurs over the length of
the spiral. On alignments without spirals, the widening is developed over the same
distance that the superelevation transition occurs. The centerline pavement marking and
the center joint (if applicable) should be placed equidistant from the pavement edges.

Whenever the driver’s lane is being shifted—for example, when lanes are being
added or eliminated—the shifting rate should be controlled using the following
equations:

L = WS for design speeds over 40 mi/h (2.5)
2
L= Wg—o for design speeds up to 40 mi/h (2.6)

where L = approach taper length, ft
W = offset width, ft
S = design speed, mi/h

Where lanes are being added but the driver is not being “forced” to follow the actual
transition (such as in adding right turn lanes), the transition can occur in 50 ft on most
roadways or 100 ft on freeway designs.

Pavement Cross Slopes. Roadways on tangent or relatively straight alignments
where no superelevation is required are normally crowned (peaked) in the middle.
Cross slopes are usually in the range of 0.015 to 0.020 ft/ft. Urban areas with curbed
pavements are more likely to have a slope near the upper limit, while rural roadways
tend to have a little flatter cross slope. The following guidelines are applicable to the
location of the crown point:

e Crowns should be located at or near lane lines.

¢ For pavements with three or four lanes, no more than two should slope in the same
direction.

¢ Undivided pavement sections should be crowned in the middle when the number of
lanes is even, and at the edge of the center lane when the number is odd.

¢ Narrow raised median sections should be crowned in the middle, so that the majori-
ty of the pavement will drain to the outside.

Shoulders. A shoulder is the area adjacent to the roadway that (1) when properly
designed, can provide lateral support to the pavement, (2) is available to the motorist
in emergency situations, and (3) can be used to maintain traffic during construction.
Graded shoulder width is the width of the shoulder measured from the edge of the
pavement to the intersection of the shoulder slope and the foreslope. Treated shoulder
width is that portion of the graded shoulder that has been improved to at least stabi-
lized aggregate or better. Figure 2.12 illustrates these definitions.

Four basic types of shoulder are used: (1) paved, (2) bituminous surface treated, (3)
stabilized aggregate, and (4) turf. Paved shoulders may be rigid (concrete) or flexible
(asphalt). Turf shoulders are usually used on low-volume, uncurbed, local roads.
Tables 2.20 and 2.21 provide recommended shoulder widths and types based on func-
tional classification and traffic volumes or locale.
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TABLE 2.21 Guide for Selecting Lane Width and Shoulders for Urban Areas”

Minimum curbed
shoulder width,” ft

Lane width, ft

Functional Without With
classification Locale Minimum  Preferred parking lane parking lane“
Interstates, All 12 12 10 right paved, -
other freeways, 4 median paved®¢
and expressways
Arterial streets  Free-flowing, 12 12 10 each side paved*/ -
over 40 mi/h
Controlled-flow, 12 12 1-2 paved 10-12 paved
40 mi/h or less 12¢
Collector streets Commercial 11 12 1-2 paved 9-10 paved
or industrial
Residential 11 12 1-2 paved 7-10 paved
Local streets Commercial 11 12 1-2 paved 9 paved
or industrial
Residential 10" 11 1-2 paved 7 paved

4Use rural criteria (Tables 2.19 and 2.20) for uncurbed shoulders. Rural functional classification should be
determined after checking the urban route extension into a rural area.

"The median shoulder width for divided arterials should follow the median criteria for interstates, other
freeways, and expressways.

“Use minimum lane width if, in the foreseeable future, the parking lane will be used for through traffic dur-
ing peak hours or continuously.

4Use 10-ft median shoulder on facilities with six or more lanes.

“Minimum curbed shoulder width for both right and median sides should be 11 ft unless otherwise justi-
fied.

/May be reduced to 8 ft if DHV is less than 250.

sLane width may be reduced to 11 ft where right-of-way is limited and current truck ADT is less than 250;
however, on all federal aid primary projects, at least one 12-ft lane in each direction is required.

"Lane width may be 9 ft where right-of-way is limited and current ADT is less than 250.

Source: Location and Design Manual, Vol. 1, Roadway Design, Ohio Department of Transportation,
with permission.

Whenever practical, shoulders should be designed to be wide enough and strong
enough to accommodate temporary traffic, especially on high-volume roadways.
Figures 2.13, 2.14, and 2.15 provide information on recommended cross slopes and
allowable grade breaks depending on the type of shoulder chosen.

2.3.2 Grading and Side Slopes

This section is concerned with the design of the slopes, ditches, parallel channels, and
interchange grading. It incorporates into the roadside design the concepts of vehicular
safety developed through dynamic testing. Designers are urged to consider flat fore-
slopes and backslopes, wide gentle ditch sections, and elimination of barriers.

Slopes. Several combinations of slopes and ditch sections may be used in the grad-
ing of a project. Details and use of these combinations are discussed in subsequent
paragraphs. In general, slopes should be made as flat as possible to minimize the
necessity for barrier protection and to maximize the opportunity for a driver to recover
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TABLE 2.22 Recommended Pavement Widening on Horizontal Curves, ft

Pavement width on tangent, ft

24 22 20
Design Design Design
speed, mi/h speed, mi/h speed, mi/h

30 40 50 60 70 30 40 50 60 30 40 50 60
Degree to to to to and to to to and to to to and
ofcurve 39 49 59 69 over 39 49 59 over 39 49 59  over

1°00” 0 0 0 0 0 05 05 05 1.0 15 15 15 20
2°00” 0 0 0 05 05 1.0 1.0 1.0 1.5 20 20 20 25
3°00” 0 0 05 05 1.0 10 1.0 15 1.5 20 20 25 25
4°00” 0 05 05 10 1.0 1.0 15 1.5 20 20 25 25 30

5°00© 05 05 1.0 1.0 15 15 20 20 25 25 30 30
6°00° 05 1.0 10 1.5 1.5 20 20 25 25 30 30 35
7°00° 0.5 1.0 1.5 1.5 20 25 25 3.0 35
8°00° 1.0 1.0 1.5 20 20 25 3.0 3.0 35
9°00"° 1.0 1.5 20 20 25 30 3.0 35 40
10°00© 1.0 1.5 20 25 3.0 35

11°00" 1.0 1.5 20 25 3.0 35

12°00° 1.5 2.0 25 3.0 35 40

13°00° 1.5 2.0 25 3.0 35 40

14°00° 1.5 2.0 25 3.0 35 40

14°30° 1.5 2.0 25 3.0 35 40

15°00" 2.0 3.0 4.0

18°00° 2.0 3.0 4.0

19°00" 2.5 3.5 4.5

21°00" 2.5 3.5 4.5

22°00° 3.0 4.0 5.0

25°00" 3.0 4.0 5.0

26°00" 3.5 4.5 5.5

26°30° 3.5 4.5 5.5

Note: Values less than 2.0 ft may be disregarded. Multiply table values by 1.5 for three lanes and by 2.0
for four lanes.

Source: Location and Design Manual, Vol. 1, Roadway Design, Ohio Department of Transportation,
with permission.

control of a vehicle after leaving the traveled way. Regardless of the type of grading
used, projects should be examined in an effort to obtain flat slopes at low costs. For
example, fill slopes can be flattened with material that might otherwise be wasted, and
backslopes can be flattened to reduce borrow.

To better understand the various types of grading, it is necessary to become famil-
iar with the concept of a clear zone. Clear zone is defined as the border area along a
highway, outside the pavement edges, available for use by an errant vehicle (Ref. 2).
Within this area, most motorists will be able to recover control of their vehicle in a
safe manner. In the following paragraphs, four types of roadside grading are
described. The designer must select the appropriate one for the roadway being
designed.

Safety grading is the shaping of the roadside using 6:1 or flatter slopes within the
clear zone area, and 3:1 or flatter foreslopes and recoverable ditches beyond the clear
zone. Safety grading is used on interstate highways, other freeways, and expressways.
Figures 2.16 and 2.17 show many of these details.
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FIGURE 2.12 Cross sections of shoulders showing graded and treated shoulder widths. (From Location
and Design Manual, Vol. 1, Roadway Design, Ohio Department of Transportation, with permission)

Clear zone grading is the shaping of the roadside using 4:1 or flatter foreslopes
and traversable ditches within the clear zone area. Foreslopes of 3:1 may be used but
are not measured as part of the clear zone distance. Clear zone grading is recommend-
ed for undivided rural facilities where the design speed exceeds 50 mi/h, the design
hourly volume is 100 or greater, and at least one of the following conditions exists:

e The wider cross section is consistent with present or future planning for the facility.
e The project is new construction or major reconstruction involving significant length.
e The wider cross section can be provided at little or no additional cost.
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FIGURE 2.13 Recommended cross slopes and grade breaks for paved shoulders. (From Location and
Design Manual, Vol. 1, Roadway Design, Ohio Department of Transportation, with permission)

Figure 2.18 shows examples of clear zone grading and traversable ditches.

Standard grading is the shaping of the roadside using 3:1 or flatter foreslopes and
normal ditches. Standard grading is used on undivided facilities where the conditions
for the use of safety grading or clear zone grading do not exist. The designer should
ensure that any obstacles within the clear zone receive proper protection. Figure 2.19
shows examples of standard grading and normal ditches.

Barrier grading is the shaping of the roadside when a barrier is required for slope
protection. Normally, 2:1 foreslopes and normal ditch sections are used. Figure 2.19
includes an example of barrier grading.
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FIGURE 2.14 Recommended cross slopes and grade breaks for bituminous surface treated
or stabilized aggregate shoulders. (From Location and Design Manual, Vol. I, Roadway
Design, Ohio Department of Transportation, with permission)

Rounding of Slopes. Slopes should be rounded at the break points and at the intersection
with the existing ground line to reduce the chance of a vehicle’s becoming airborne and
to harmonize with the existing topography. Rounding at various locations is illustrated in
Figs. 2.16 to 2.19.

Special Median Grading. Figure 2.20c shows some examples of median grading
when separate roadway profiles are used.

Rock and Shale Slopes. 1In rock or shale cuts, the maximum rate of slope should be
determined by a soils engineer. In deep rock or shale cuts where slopes are steeper than
1:1, a 10-ft-wide bench should be provided between the top of the ditch backslope and
the toe of the rock face as illustrated in Fig. 2.20a. In shale cuts, the designer should
not use backslopes steeper than 2:1 unless excessive waste would result. In any event,
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NORMAL AND LOW SIDE (NNER SIOE) SUPERELEVATED SECTIONS
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FIGURE 2.15 Recommended cross slopes and grade brakes for turf shoulders. (From Location
and Design Manual, Vol. I, Roadway Design, Ohio Department of Transportation, with permission)

2:1 slopes should be used for all shale cut sections less than 20 ft in depth, and the
bench should be omitted. In this discussion, depth of cut is measured from the top of
shale or rock to the ditch flow line. Backslopes steeper than 2:1 should not be used in
rock cuts until the depth exceeds 16 ft. In such cases the bench may be omitted.

Curbed Streets. Figure 2.21 shows typical slope treatments next to curbed streets.

Driveways and Crossroads. At driveways or crossroads, where the roadside ditch is
within the clear zone distance and where clear zone grading can be obtained, the ditch
and pipe should be located as shown on Fig. 2.22.

Ditches. When the depth or velocity of the design discharge accumulating in a roadside
or median ditch exceeds the desirable maximum established for the various highway clas-
sifications, a storm sewer will be required to intercept the flow and carry it to a satisfactory
outlet. If right-of-way and earthwork considerations are favorable, a deep, parallel side
ditch (see Fig. 2.20b) may be more practical and should be considered instead of a storm
sewer. In some cases where large areas contribute flow to a highly erodible soil cut, an
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FIGURE 2.16 Cross sections showing safety grading for four different conditions. (From Location
and Design Manual, Vol. 1, Roadway Design, Ohio Department of Transportation, with permission)

intercepting ditch may be considered near the top of the cut to intercept the flow from the
outside and thereby relieve the roadside ditch. Constant-depth ditches (usually 18 in
deep) are desirable. Where used, the minimum pavement profile grades should be 0.24 to
0.48 percent. Where flatter pavement grades are necessary, separate ditch profiles are
developed and the ditch flow line elevations shown on each cross section.

Parallel Channels. Where it is determined that a stream intercepted by the roadway
improvement is to be relocated parallel to the roadway, the channel should be located
beyond the limited access line (or highway easement line) in a separate channel easement.
This arrangement locates the channel beyond the right-of-way fence, if one is to be
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FIGURE 2.17 Details of ditch rounding for safety grading. (From Location and Design
Manual, Vol. 1, Roadway Design, Ohio Department of Transportation, with permission)

installed. Figure 2.20b shows a parallel channel section. This does not apply to conven-
tional intercepting erosion control ditches located at the top of cut slopes in rolling terrain.

In areas of low fill and shallow cut, protection along a channel by a wide bench is
usually provided. Fill slope should not exceed 6:1 when this design is used, and maxi-
mum height from shoulder edge to bench should generally not exceed 10 ft. If it
should become necessary to use slopes steeper than 6:1, guiderail may be necessary
and fill slopes as steep as 2:1 may be used. In cut sections 5 ft or more in depth, earth
barrier protection can be provided. This design probably affords greater protection
where very deep channels are constructed and requires less excavation. Where the sec-
tions alternate between cut and fill and it is desired to use but a single design, earth
barrier protection is less costly if waste excavation material is available. Likewise,
bench protection is less costly if borrow is needed on the project as a whole.

Earth bench or earth barrier protection provided adjacent to parallel channels should
not be breached for any reason other than to provide an opening for a natural or relocated
stream that requires a drainage structure larger in rise than 42 in. Outlet pipes from
median drains or side ditches should discharge directly into the parallel channel.

Channels and toe-of-slope ditches, used in connection with steep fill slopes, are
both removed from the normal roadside section by benches. The designer should
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FIGURE 2.18 Examples of clear zone grading and traversable ditches. (From
Location and Design Manual, Vol. I, Roadway Design, Ohio Department of
Transportation, with permission)

establish control offsets to the center of each channel or ditch at appropriate points
that govern alignment so the flow will follow the best and most direct course to the
outlet. Bench width should be varied as necessary.

Interchange Grading. Interchange interiors should be contour-graded so that maximum
safety is provided and the least amount of guiderail is required. Figures 2.23 and 2.24
show examples. The generous use of flat slopes (6:1 or flatter) will also be easier for main-
tenance crews to work with. Sight distance is critical for passenger vehicles on ramps as
they approach entrance or merge areas. Therefore, sight distance should be unobstructed
by landscaping, earth mounds, or other barriers on the merging side of the vehicle.

Crossroads. At a road crossing within an interchange area, bridge spill-through slopes
should be 2:1, unless otherwise required by structure design. They should be flattened to
3:1 or flatter in each corner cone and maintained at 3:1 or flatter if within the interior of
an interchange. Elsewhere in interchange interiors, fill slopes should not exceed 3:1.
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FIGURE 2.19 Examples of standard grading and normal ditches. (From Location and Design
Manual, Vol. 1, Roadway Design, Ohio Department of Transportation, with permission)

Ramps. Roadside design for ramps should be based on Fig. 2.16 or 2.17, depending
on the mainline grading concept.

Gore Area. Gore areas of trumpets, diamonds, and exteriors of loops adjacent to the
exit point should be graded to obtain slopes of 6:1 or flatter, which will not endanger a
vehicle unable to negotiate the curvature because of excessive speed.

Trumpet Interiors. Interior areas of trumpets (Fig. 2.23) should be graded to slopes
not in excess of 8:1, sloping downward from each side of the triangle to a single,
rounded low point. Roadside ditches should not be used. Exteriors should be graded in
accordance with mainline or ramp standards.
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deep, parallel side ditches. (¢) Alternate median designs. (From Location and Design Manual, Vol. I,
Roadway Design, Ohio Department of Transportation, with permission)

Loop Interiors. In cut, the interior of a loop should be graded to form a normal ditch
section adjacent to the lower part of the loop, and the backslope should be extended to
intersect the opposite shoulder of the upper part of the loop. This applies unless the
character and the amount of material or the adjacent earthwork balances indicate that
the cost would be prohibitive. Roadside cleanup and landscaping should be provided
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Manual, Vol. I, Roadway Design, Ohio Department of Transportation, with permission)
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FIGURE 2.24 Contour grading of loop interior in cut section at interchange. (From Location and
Design Manual, Vol. 1, Roadway Design, Ohio Department of Transportation, with permission)

in undisturbed areas of loop interiors. If channels are permitted to cross the loop interior,
slopes should not be steeper than 4:1. Figure 2.24 shows an example.

Diamond Interiors. If the location of the ramp intersection at the crossroad is rela-
tively near the main facility, a continuous slope between the upper roadway shoulder
and the lower roadway ditch will provide the best and most pleasing design. If the
ramp intersection at the crossroad is located a considerable distance from the main
facility, then both ramp and mainline roadsides should have independent designs, until
the slopes merge near the gore.

If the quadrant is entirely, or nearly so, in cut, the combination of a 3:1 backslope
at the low roadway ditch and a gentle slope down from the high roadway shoulder will
provide the best design in the wide portion of the quadrant. Approaching the gore, the
slopes should transition to continuous 4:1 and 6:1 or flatter slopes. Quadrants located
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entirely in fill areas should have independently designed roadways for ramp, mainline,
and crossroad. Each should be provided with normal slopes not greater than 3:1, with
the otherwise ungraded areas sloped to drain without using ditches. If the quadrant is
located part in cut and part in fill, the best design features a gentle fill slope at the upper
roadway and a gentle backslope at the lower roadway, joined to a bench at the existing
ground level that is sloped to drain. The combination of a long diamond ramp having
gentle alignment with a loop ramp in the same interchange quadrant is not to be treated
as a trumpet. Each ramp should be designed independently of the other in accordance
with the suggested details set forth above.

2.3.3 Bridge Criteria

Although bridge engineering is discussed in Chap. 4, information on pertinent physical
dimensions is presented here. Lateral clearance at underpasses and vertical clearance
over roadways, as used in Ohio, are given in Table 2.23 for new and reconstructed
bridges. The table notes provide a good insight into when variations from the stan-
dards are allowed.

2.3.4 Interchange Elements

Cross-section information pertaining to interchange elements, such as ramps and direc-
tional roadways, is given in Fig. 2.25. This information includes pavement and shoulder
dimensions for acceleration-deceleration lanes, one- and two-lane directional roadways,
and medians between adjacent ramps. Notice that for a single-lane ramp, the shoulder and
guiderail offset distances are greater on the driver’s right-hand side than on the left.
This is to provide more width for drivers to pull over in emergencies and to allow people
a better opportunity to go around disabled vehicles.

2.3.5 Medians

A median is a desirable element on all streets or roads with four or more lanes. The prin-
cipal functions of a median are to prevent interference of opposing traffic, to provide a
recovery area for out-of-control vehicles, to provide areas for emergency stopping and
left turn lanes, to minimize headlight glare, and to provide width for future lanes. A median
should be highly visible both day and night and in definite contrast to the roadway.

Width. The width of a median is the distance between the inside edges of the pave-
ment. See Fig. 2.26 for examples of various medians. The width depends upon the
type of facility, topography, and available right-of-way. In rural areas with flat or
rolling terrain, the desirable median width for freeways is 60 to 84 ft. Although the
minimum median width is normally 40 ft, narrower medians may be used in rugged
terrain. A constant-width median is not necessary, and in fact, variable-width medians
and independent profiles may be used for the two roadways. Narrow medians with a
barrier (barrier medians) are normally used in urban areas. Under normal design, the
median width will vary depending on the width of the barrier and the shoulder width
required (Table 2.21).

Types. Medians are divided into types depending upon width and treatment of the
median area and drainage arrangement. In general, raised or barrier medians are
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applicable to urban areas, while wide, depressed medians apply to rural areas. Figure
2.26 shows examples. Medians in rural areas are normally depressed to form a swale
in the center and are constructed without curbs. The type of median used in an urban
area depends on the traffic volume, speed, degree of access, and available right-of-way.
On major streets with numerous business drives, a median consisting of an additional
lane, striped as a continuous two-way left turn lane, is appropriate. A solid 6-in-high
concrete median may be used in low-speed areas (where the design speed is 40 mi/h or
less) and where an all-paved section is desired and a wider median cannot be justified.
Barrier medians are normally recommended for urban facilities when the design speed
is over 40 mi/h. However, care must be exercised when barrier medians are used on
expressways with unsignalized at-grade intersections because of sight distance limita-
tions and end treatments of the barrier.

U-Turn Median Openings. U-turn median openings may be provided on expressways,
freeways, or interstate highways with nonbarrier medians where space permits and
there is a need. U-turns may be needed for proper operation of police and emergency
vehicles, as well as for equipment engaged in physical maintenance, traffic service,
and snow and ice control. U-turn crossings should not be constructed in barrier-type
medians. When U-turn median openings are permitted, it is intended they be spaced as
close to 3-mi intervals as possible. Crossings should be located at points approximately
1000 ft beyond the end of each interchange speed change lane.

An example of a typical U-turn median opening is shown in Fig. 2.27, which indi-
cates geometric features applicable to crossings located in medians of widths ranging
from 40 to 84 ft. Turning radius should be modified proportionately for medians of
varying widths. Tapers should be 200 ft in length for all median widths. The profile
grade line should normally be an extension of the cross slope of the shoulder paving,
rounded at the lowest point.

2.3.6 Curbs

The type of curb and its location affect driver behavior patterns, which, in turn, affect
the safety and utility of a road or street. Curbs, or curbs and gutters, are used mainly
in urban areas. They should be used with caution where design speeds exceed 40 mi/h.
Following are various reasons for justifying the use of curbs, or curbs and gutters:

e Where required for drainage

e Where needed for channelization, delineation, control of access, or other means of
improving traffic flow and safety

e To control parking where applicable

Types of Curb. There are two general categories of curbs: barrier curbs and mount-
able curbs. Barrier curbs are relatively high (6 in or more) and steep-faced. Mountable
curbs are 6 in or less in height and have flatter, sloping faces so that vehicles can cross
them with varying degrees of ease. Figure 2.28 (Ref. 14) shows various curb designs
that are commonly used on roadways. Types 1, 3, and 4 are examples of mountable
curbs and are used for channelizing traffic, especially in islands and medians. Types 2
and 6 are barrier curbs used along pavement edges in urban areas and are designed to
handle drainage more efficiently. Types 7 and 8 are tall barrier curbs (10 in and 8 in)
designed to provide a more positive traffic barrier than the others. Type 7 is used as an
alternate for guiderail in low-speed urban situations.
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FIGURE 2.25 Cross-section information for interchange elements—pavement, shoulders, and medi-
ans. (From Location and Design Manual, Vol. 1, Roadway Design, Ohio Department of Transportation,

with permission)

Position of Curb. Curbs are normally used at the edge of pavement on urban streets
where the design speed is 40 mi/h or less. Curbs at the edge of pavement have an effect
on the lateral placement of moving vehicles. Drivers tend to shy away from them.
Therefore, all curbs should be offset at least 1 ft and preferably 2 ft from the edge of
the traffic lane. Where curb and gutter are used, the standard gutter width is 2 ft.

On roads where the design speed exceeds 40 mi/h, curbs should be used only in
special cases. Special cases may include, but are not limited to, the use of curb to control
surface drainage or to reduce right-of-way requirements in restricted areas. When it is
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FIGURE 2.26 Typical designs for medians. (From Location and Design Manual, Vol. 1, Roadway
Design, Ohio Department of Transportation, with permission)

necessary to use curbs on roads where the design speed is over 40 mi/h, they should
not be closer to the traffic than 4 ft or the edge of the treated shoulder, whichever is
greater.

Curb/Guiderail Relationship. 1f curbs are used in conjunction with guiderail on
roads having a design speed in excess of 40 mi/h, the face of curb should preferably
be located either at or behind the face of guiderail. Under no conditions should the
face of curb be located more than 9 in in front of the face of rail. This restriction is
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necessary to prevent a vehicle from “vaulting” over the rail or striking it too high to be
contained. Although guiderail is not normally used on curbed roadways having design
speeds of 40 mi/h or less, the same criteria used for higher-speed roadways should
apply. Where this is not feasible or practical, the curb may be placed in front of the
rail. Regardless of the design speed of the roadway or the placement of the curb, the
face of guiderail should not be located closer than 4 ft to the roadway.

Curb Transitions. Curb and raised median beginnings and endings should be tapered
from the curb height to 0 in in 10 ft. When an urban-type section with curbs at the edge
of pavement changes to a rural-type section without curbs, the curb should be transi-
tioned laterally at a 4:1 (longitudinal:lateral) rate to the outside edge of the treated
shoulder, or 3 ft, whichever is greater. When a curbed side road intersects a mainline
that is not curbed, the curb should be terminated no closer to the mainline edge of pave-
ment than 8 ft or the edge of the treated shoulder of the mainline, whichever is greater.

2.3.7 Pedestrian Facilities

When pedestrian facilities are to be constructed or reconstructed as part of project
plans, the facilities should be designed to accommodate the disabled. Guidance in
design of pedestrian facilities with access for the disabled is available (Ref. 11).

Walks. Walks should be provided in urban areas where pedestrian traffic currently
exists or is planned in the future. Walks may be provided in rural areas where they will
have sufficient use in relation to cost and safety. Walks are usually made of concrete,
although asphalt or gravel may be used under special circumstances. Concrete walks
are usually 4 in thick. At drive locations, the thickness is increased to 6 in, or the drive
thickness, whichever is greater. Asphalt or gravel walks are mostly used in parks, rest
areas, etc., where there is low usage. Asphalt walks consist of 2 in of asphalt and 5 in
aggregate base, while gravel walks are constructed of 4 in compacted aggregate base.

Walk Design. The normal width of walks is 4 ft for residential areas and 6 ft for
commercial areas or major school routes. In downtown areas, the walk width normally
extends from the curb to the right-of-way or building line. Transverse slopes should be
Y, in per foot. The grade of the walk is normally parallel to the curb or pavement
grade, but may be independent. The walk and the “tree lawn” (see next section) nor-
mally slope toward the pavement. Care should be taken in setting the pavement curb
grade so that the sidewalk and the curb will not trap water or otherwise preclude
usability of the adjoining property. The back edge of the walk should be located 2 ft
inside the right-of-way line, unless grading, utilities, or other considerations require a
greater dimension.

Tree Lawn. The tree lawn is defined as the area between the front of the curb and
the front edge of the sidewalk. Grass is usually provided in the tree lawn, although in
some urban areas the tree lawn is paved. As shown in Fig. 2.29, the desirable tree
lawn width is 8 ft or more. The 8-ft width provides an area for snow storage and for
traffic signs, and an adequate distance for elevation changes at drives. Tree lawn
widths of less than 5 ft result in locating of signposts close to pedestrians using the
walk, and steep grades on drive profiles. The minimum tree lawn width is 2 ft.

Border Area. In an urban area where a walk is not provided, the area between the
face of curb and the right-of-way line is often referred to as a border. As indicated in



HIGHWAY LOCATION, DESIGN, AND TRAFFIC 2.79

R/W
, 2* Minimum 4 Residential 2 |
8’ Desirable 6’ Commerclal ;"Minimum‘
— STt T |
T
[ ; Tree Lawn | wWalk _l ]
(a)
R/W
. 6 Residertial , r |
8 Commerclal | Min, r
sy
Z [ walk I !
b)
gt
, 10° MinTmum srianng
20" Deslrable —]
— A \
T
[ walk 1
(e}
R/W
. B Minimum _(Residential) 10" Mindmum _(Commerciall |
14* Desirable (Residential 16 Desirable (Commerciah :
;
[ ’ _— 1
(d)

FIGURE 2.29 Examples of walk designs. (a) Walk with tree lawn. (b) Walk with no tree lawn. (c)
Walk in downtown area. (d) Border area with no walk. (From Location and Design Manual, Vol. 1,
Roadway Design, Ohio Department of Transportation, with permission)

Fig. 2.294, the border width in residential areas should be at least 8 ft and preferably
14 ft. In commercial areas, the minimum border width is 10 ft, while a 16-ft width is
preferable.

Walks on Bridges. Walks should be provided on bridges located in urban or subur-
ban areas having curbed sections under two conditions: (1) where there are existing
walks on the bridge and/or bridge approaches, or (2) where evidence can be shown
through local planning processes, or similar justification, that walks will be required
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in the near future (5 to 10 years). Anticipated pedestrian volumes of 50 per day justify
a walk on one side, and 100 per day justify walks on both sides. Walks on bridges
should preferably be 6 ft wide in residential areas and 8 ft wide in commercial areas
measured from the face of curb to face of parapet. Widths, however, may be as much
as 12 ft in downtown areas. The minimum bridge walk width is 5 ft.

Walks under Bridges. The criterion for providing walks at underpasses is basically
the same as described above for walks on bridges. An exception is that in areas where
there are no approach walks, space will be provided for future walks but walks will
not be constructed with the project unless there is substantial concurrent approach
walk construction. Where the approach walks at underpasses include a tree lawn, the
tree lawn width may be carried through the underpass wherever space permits.

Curb Ramps. A curb ramp is a portion of the walk that is modified to provide a
gradual elevation transition through the face of the adjoining curb. It is designed to
provide safe and convenient curb crossings for the disabled in wheelchairs, but it can
also be used by others. Examples include wheeled vehicles maneuvered by pedestrians
and bikeway traffic, when such use is permitted. Curb ramps should be provided
where curb and walks are being constructed at intersections and other major points of
pedestrian curb crossing such as mid-block crosswalks. When a curb ramp is built on
one side of a street, a companion curb ramp is required on the opposite side of the
street. The basic requirement is that a crosswalk must be accessible via curb ramps at
both ends, not one end only. In most cases, curb ramps will be installed in all quad-
rants of an intersection. Curb ramps should be located within crosswalk markings to
permit legal street crossings. The ramp location must be coordinated with drainage
structures, utility poles, etc. The normal gutter profile should be continued through
the ramp area, except the profile may be altered to avoid a location conflict between the
ramp and a drainage structure. Drainage structures should not be located in the ramp
or in front of the ramp. Catch basins should be placed upstream from the ramp.

2.4 INTERSECTION DESIGN

An intersection is defined as an area where two or more roadways join or cross. Each
roadway extending from the intersection is referred to as a leg. The intersection of two
roadways has four legs. When one roadway ends at the intersection with another roadway,
a three-leg intersection, or T intersection, is formed. Some intersections have more
than four legs, but this design should be avoided, since the operation of traffic move-
ments is usually inefficient. There are three general types of intersections: (1) at-grade,
where two or more roadways cross in the same vertical plane, (2) grade-separated, where
one roadway is bridged over or tunneled under the other roadway but no turning move-
ments are allowed, and (3) interchanges, a special type of grade-separated intersection
where turning movements are accommodated by ramps connecting the two roadways.

2.4.1 At-Grade Intersections

At-grade intersections should be designed to promote the safe movement of traffic on all
legs with a minimal amount of delay to drivers using the intersection. The amount of
delay a driver experiences is the measure of effectiveness for signalized intersections as
used in capacity analysis. Factors to be considered in designing an intersection are:
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¢ Traffic volumes on all legs, including separate counts for turning vehicles
¢ Sight distance

o Traffic control devices

¢ Horizontal alignment

e Vertical alignment

¢ Radius returns

e Drainage design

¢ Islands

o Left turn lanes

¢ Right turn lanes

¢ Additional through lanes

e Recovery areas

e Pedestrians

¢ Bicycles

e Lighting

¢ Development of adjacent property

Traffic Volumes. No intersection can be properly designed without first obtaining
accurate traffic counts and reliable projections for the design year of the project.
Traffic counts are best determined from actual field counts, including all turning
movements, and are broken down by vehicle type. Vehicle types are divided into two
groups. The first group includes passenger cars and type A commercial vehicles (pick-
up trucks and light delivery trucks not using dual tires). The second group includes
type B commercial vehicles (tractor, semitrailer, truck-trailer combinations) and type
C commercial vehicles (buses, dual-tired trucks with single or tandem rear axles).
Adjustments are made to field counts to allow for day of the week, month of the year,
time of day, and other site-related factors that may have a significant effect on the
counts. Most urbanized areas have regional planning agencies that either provide or
certify the traffic data used in intersection design.

Traffic Control. There are four basic types of traffic control at at-grade intersections:

e Cautionary, or nonstop, control
e Stop control for minor traffic

¢ Four-way stop control

¢ Signal control

In discussing at-grade intersections, the terms major roadway and minor roadway
are sometimes used to distinguish between the two roads. The major roadway usually
has a higher functional classification and a greater volume of traffic.

Cautionary, or nonstop, control is used only in special circumstances, such as an at
entrance terminal on a freeway. Stop control for the minor roadway is one of the most
common treatments found in practice. In these cases, the traffic volumes on the minor
roadway are light enough that a signal is not required. The major roadway apparently
has volumes low enough to allow gaps for the minor road traffic to enter or cross the
intersection. Four-way stop control is effective in situations where the roadways have
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nearly equal traffic volumes but not great enough volume to justify installing a signal.
Finally, signal control is used for intersections where volumes are large enough to pre-
clude using one of the other types.

Sight Distance. Adequate sight distance is an important consideration when designing
an at-grade intersection. The alignment and grade on the major roadway should, as a
minimum, provide stopping sight distance as given in Table 2.2. The criteria for inter-
section sight distance (Table 2.3) should also be met wherever possible. Figure 2.7
illustrates the lines of sight involved in intersection design.

Horizontal Alignment Considerations. 1t is best to avoid locating an intersection on
a curve. Since this is often impossible, it is recommended that intersection sites be
selected where the curve superelevation is % inch per foot (0.0417 ft/ft) or less. It is
also recommended that intersections be located where the grade on the major roadway
is 6 percent or less, with 3 percent the desirable maximum. Intersection angles of 70 to
90° are provided on new or relocated roadways. An angle of 60° may be satisfactory if
right-of-way is to be purchased for a future grade separation and the smaller angle will
avoid reconstruction of the intersecting road. In such cases, it may be desirable to
locate the intersection so the separation structure can be constructed in the future
without disrupting the intersection operation.

Relocation of the minor road is often required to meet the desired intersection loca-
tion, to avoid roadway segments with undesirable vertical alignments, and to adjust
intersection angles. Horizontal curves on the minor roads should be designed to meet
the design speed of the road. The minor road alignment should be as straight as possible.
Figure 2.30 shows the alignment for a typical rural crossroad relocation.

Vertical Alignment Considerations. On roadways with stop control at the intersec-
tion, the portion of the intersection located within 60 ft of the edge of the mainline
pavement is considered to be the intersection area. The pavement surface within this
intersection area should be visible to the driver within the limits of the minimum stop-
ping sight distance listed in Table 2.2. By being able to see the pavement surface
(height of object of zero), the driver (height of eye of 3.5 ft) can observe the radius
returns and pavement markings and recognize an approaching intersection. Figure
2.31 shows acceptable practice for design of the intersection area.

Combinations of pavement cross slopes and profile grades may produce unaccept-
able edge of pavement profiles in the intersection area. For this reason, edge of pave-
ment profiles should be plotted and graphically graded to provide a smooth profile.
Profile grades within the intersection area for stop conditions are shown in Figs. 2.31
and 2.32. The grade outside the intersection area is controlled by the design speed of
the crossroad. Normal design practices can be used outside the intersection area with
the only restriction on the profile being the sight distance required as discussed above.

Grade breaks are permitted at the edge of the mainline pavement for a stop condi-
tion. If these grade breaks exceed the limits given in note 3 of Fig. 2.31, they should
be treated according to note 3 of Fig. 2.32. Several examples are shown in Fig. 2.32 of
the use of grade breaks or short vertical curves adjacent to the edge of through pavement.

Signalized intersections require a more sophisticated crossroad profile. Whenever
possible, roadway profiles through the intersection area of a signalized intersection
should be designed to meet the design speed of the roads. Grade breaks at signalized
intersections should be in accordance with Table 2.15. Since the grade break across a
normal crowned pavement is usually 3.12 percent, it should be noted that the crown
must be flattened. This will allow vehicles on the crossroad to pass through the inter-
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FIGURE 2.30 Typical rural crossroad relocation. (From Location and Design Manual, Vol. I,
Roadway Design, Ohio Department of Transportation, with permission)

T

section on a green signal safely without significantly adjusting their speed. The sight
distance requirements within the intersection area that were discussed for stop-con-
trolled roadways are also applicable for signalized intersections. Figure 2.33 shows
examples of crossroad profiles through a signalized intersection.

Radius Returns at Intersections. Intersection radii in rural areas should normally be
50 ft, except that radii less than 50 ft (minimum 35 ft) may be used at minor intersecting
roads if judged appropriate for the volume and character of turning vehicles. Radii
larger than 50 ft, a radius with a taper, or a three-center curve should be used at any
intersection where the design must routinely accommodate semitrailer truck turning
movements. Truck turning templates should be used to determine proper radii and stop
bar location. Figure 2.34 shows an example of a turning template for a WB-50 semi-
trailer truck. Complete sets of turning templates may be obtained from the Institute of
Traffic Engineers (Ref. 12). When truck turning templates are used, a 2-ft clearance
should be provided between the edge of pavement and the closest tire path.
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FIGURE 2.31 Crossroad profile for stop condition where through road has normal crown. (From Location
and Design Manual, Vol. 1, Roadway Design, Ohio Department of Transportation, with permission)

Corner radii at street intersections in urban areas should consider the right-of-way
available, the intersection angle, pedestrian traffic, approach width, and number of
lanes. The following should be used as a guide:

e Radii of 15 to 25 ft are adequate for passenger vehicles and may be provided at
minor cross streets where there are few trucks or at major intersections where there

are parking lanes.
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FIGURE 2.32 Crossroad profiles for stop condition where through road is superelevated. (From Location
and Design Manual, Vol. 1, Roadway Design, Ohio Department of Transportation, with permission)

¢ Radii of 25 ft or more should be provided at minor intersections on new or recon-
struction projects where space permits.

¢ Radii of 30 ft or more should be used where feasible at major cross street intersections.

e Radii of 40 ft or more, three-centered compound curves, or simple curves with
tapers to fit truck paths should be provided at intersections used frequently by buses
or large trucks.

Drainage Considerations. Within the intersection area, the profile of the crossroad
should be sloped wherever possible so the drainage from the crossroad will not flow
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FIGURE 2.33 Examples of crossroad profiles through signalized intersection. (From Location and
Design Manual, Vol. 1, Roadway Design, Ohio Department of Transportation, with permission)

across the through road pavement. For a stop condition, the 10 ft of crossroad profile
adjacent to the through pavement is normally sloped away from the through pavement,
using at least a 1.56 percent grade, as shown in Fig. 2.31. The profiles of curbed
radius returns within the intersection may be adjusted to accommodate location of
catch basins. It is recommended that exaggerated profiles be used to make adjust-
ments. To ensure smooth transitions around the returns, plot the pavement edges for at
least 25 ft going away from the returns for each leg of the intersection.

Islands at Intersections. In intersection design, an island is defined as an area
between traffic lanes that has been delineated to control traffic movements through the
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FIGURE 2.34 Template of minimum turning path for WB-50 semitrailer truck. (From A Policy on

Geometric Design of Highways and Streets, American Association of State Highway and
Transportation Officials, 2001, with permission)
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intersection. An island may be curbed or uncurbed. It may be concrete, grass, or the
same material as the traffic lanes. Islands may be used at intersections for the follow-
ing reasons:

e Separation of conflicts

e Control of angle of conflict

e Reduction in excessive pavement areas
e Favoring a predominant movement

e Pedestrian protection

e Protection and storage of vehicles

e Location of traffic control devices

Although certain situations require the use of islands, they should be used sparingly and
avoided wherever possible. Curbed islands are most often used in urban areas where
traffic is moving at relatively low speeds (40 mi/h or less) and fixed-source lighting is
available. Curbed islands with an area smaller than 50 ft? in urban locations and 75 ft* in
rural areas should generally not be used. An area of 100 ft> is preferred in either case.
Where pedestrian traffic will be using curbed islands, the islands must be provided with
curb ramps. Islands delineated by pavement markings are often preferred in rural or
lightly developed areas, when approach speeds are relatively high, where there is little
pedestrian traffic, where fixed-source lighting is not provided, or where traffic control
devices are not located within the island. Nonpaved islands are normally used in rural
areas. They are generally turf and are depressed for drainage purposes.

Left Turn Lanes. Probably the single item having the most influence on intersection
operation is the treatment of left-turning vehicles. Left turn lanes are generally desir-
able at most intersections. However, cost and space requirements do not permit their
inclusion in all situations. Intersection capacity analysis procedures should be used to
determine the number and use of all lanes. Left turn lanes are generally required under
two conditions: (1) when left turn design volumes exceed 20 percent of total directional
approach design volumes, and (2) when left turn design volumes exceed 100 vehicles
per hour in peak periods.

Opposing left turn lanes should be aligned opposite each other because of sight dis-
tance limitations. They are developed in several ways depending on the available
width between opposing through lanes. Figure 2.35a shows the development required
when additional width must be generated. The additional width is normally accom-
plished by widening on both sides. However, it could be done all on one side or the
other. In Fig. 2.35b, the median width is sufficient to permit the development of the
left turn lane. Figure 2.36 shows the condition where an offset left turn lane is
required to obtain adequate sight distance in wide medians.

In developing turn lanes, several types of tapers may be involved as shown in
Fig. 2.35:

Approach taper. An approach taper directs through traffic to the right. Approach
taper lengths are calculated using Eq. (2.5) or (2.6).

Departure taper. The departure taper directs through traffic to the left. Its length
should not be less than that calculated using the approach taper equations.
Normally, however, the departure taper begins opposite the beginning of the full-width
turn lane and continues to a point opposite the beginning of the approach taper.

Diverging taper. The diverging taper is the taper used at the beginning of the turn
lane. The recommended length of a diverging taper is 50 ft.
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Design Manual, Vol. I, Roadway Design, Ohio Department of Transportation, with permission)
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Tables 2.24 and 2.25 have been included to aid in determining the required lengths
of left turn lanes at intersections. After determining the length of a left turn lane
(Table 2.24), the designer should also check the length of storage available in the adja-
cent through lane(s) to ensure that access to the turn lane is not blocked by a backup in
the through lane(s). To do this, Table 2.25 may be entered using the average number
of through vehicles per cycle, and the required length read directly from the table. If
two or more lanes are provided for the through movement, the length obtained should
be divided by the number of through lanes to determine the required storage length.

It is recommended that left turn lanes be at least 100 ft long, and the maximum
length be no more than 600 ft. The width of a left turn lane should desirably be the
same as the normal lane widths for the facility. A minimum width of 11 ft may be
used in moderate- and high-speed areas, while 10 ft may be provided in low-speed
areas. Additional width should be provided whenever the lane is adjacent to a curbed
median as discussed previously under “Position of Curb.”

Double Left Turn Lanes. Double left turn lanes should be considered at any signalized
intersection with left turn demands of 300 vehicles per hour or more. The actual need
should be determined by performing a signalized intersection capacity analysis. Fully
protected signal phasing is required for double left turns. When the signal phasing permits
simultaneous left turns from opposing approaches, it may be necessary to laterally offset
the double left turn lanes on one approach from the left turn lane(s) on the opposing

TABLE 2.24 Determination of Length of Left Turn Lanes

Turn demand volume for design speed, mi/h

30-35 40-45 50-60
Type of
traffic control High  Low* High Low* High Low*
Signalized A A BorCt Bor Ct Bor Cf Bor C}
Unsignalized stopped crossroad A A A A A A
Unsignalized through road A A C B Bor Ct B

Condition A: storage only:
Length = 50 ft (diverging taper) + storage length
Condition B: high-speed deceleration only:

Design speed, mi/h Length (including 50-ft diverging taper), ft
40 125
45 175
50 225
55 285
60 345
Condition C: moderate-speed deceleration and storage:
Design speed, mi/h Length (including 50-ft diverging taper), ft
40 111
45 125
50 143 3 + storage length
55 164
60 181

*Low is considered 10% or less of approach traffic volume.
tWhichever is greater.

Source:  Location and Design Manual, Vol. 1, Roadway Design, Ohio Department of Transportation,
with permission.
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TABLE 2.25 Storage Length at Intersections

Average no. of Required Average no. of Required
vehicles per cycle* length, ft vehicles per cycle* length, ft

1 50 17 600

2 100 18 625

3 150 19 650

4 175 20 675

5 200 21 725

6 250 22 750

7 275 23 775

8 325 24 800

9 350 25 825

10 375 30 975

11 400 35 1125

12 450 40 1250

13 475 45 1400

14 500 50 1550

15 525 55 1700

16 550 60 1850

*Average vehicles/cycle = [DHV (turning lane)]/(cycles/hour)
If cycles/hour are unknown, assume:

Unsignalized or 2-phase—60 cycles per hour

3-phase—40 cycles per hour

4-phase—30 cycles per hour

Source: Location and Design Manual, Vol. 1, Roadway Design, Ohio Department
of Transportation, with permission.

approach to avoid conflicts in turning paths. Figure 2.37 provides an example. All
turning paths of double left turn lanes should be checked with truck turning templates
allowing 2 ft between the tire path and edge of each lane. Expanded throat widths are
necessary for double left turn lanes as illustrated in Fig. 2.38.

Right Turn Lanes. Exclusive right turn lanes are less critical in terms of safety than
left turn lanes. However, right turn lanes can significantly improve the level of service
of signalized intersections. They also provide a means of safe deceleration for right-
turning traffic on high-speed facilities and separate right-turning traffic from the rest
of the traffic stream at stop-controlled or signalized intersections. As a general guideline,
an exclusive right turn lane should be considered when the right turn volume exceeds
300 vehicles per hour per lane.

Figure 2.35¢ shows the design of right turn lanes. Table 2.25 may be used in prelim-
inary design to estimate the storage required at signalized intersections. The recom-
mended maximum length of right turn lanes at signalized intersections is 800 ft, with
100 ft the minimum length.

The blockage of the right turn lane by the through vehicles should also be checked
using Table 2.25. With right-turn-on-red operation, it is imperative that access to the
right turn lane be provided to achieve full utilization of the benefits of this type of
operation.

The width of right turn lanes should desirably be equal to the normal through lane
width for the facility. In low-speed areas, a minimum width of 10 ft may be provided.
Additional lane width should be provided when the right turn lane is adjacent to a curb.
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FIGURE 2.37 Layout for double left turn lanes with lateral offsets. (From Location and Design
Manual, Vol. 1, Roadway Design, Ohio Department of Transportation, with permission)

Double Right Turn Lanes. Double right turn lanes are rarely used. When they are
justified, it is generally at an intersection involving either an off-ramp or a one-way
street. Double right turn lanes require a larger intersection radius (usually 75 ft or
more) and a throat width comparable to a double left turn (Fig. 2.38).

Additional Through Lanes. Normally, the number of through lanes at an intersec-
tion is consistent with the number of lanes on the basic facility. Occasionally, through
lanes are added on the approach to enhance signal design. As a general suggestion,
enough main roadway lanes should be provided that the total through plus turn volume
does not exceed 450 vehicles per hour per lane.

Recovery Area at Curbed Intersections. When a through lane becomes a right-turn-
only lane at a curbed intersection, an opposite-side tapered recovery area should be
considered. The taper should be long enough to allow a trapped vehicle to escape, but
not so long as to appear like a merging lane. Taper lengths may vary from 200 to 250
ft depending on design speed.
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FIGURE 2.38 Layout for double left turn lanes showing expanded throat width required. (From Location
and Design Manual, Vol. 1, Roadway Design, Ohio Department of Transportation, with permission)

Pedestrians. Whenever sidewalks approach a curbed intersection, curb ramps must be
provided, lining up with the crosswalks. At signalized intersections, when pedestrians are
moving concurrently with traffic on one of the phases, sufficient time must be provided
on the phase to allow pedestrians to cross the intersection. This is especially significant on
intersections with large radii or multiple through lanes. There may be situations where
pedestrian volumes will require a separate phase of the signal to be dedicated to their passage.

Other Considerations. On designated bikeway routes, bicycles may have their own
lane approaching the intersection. This will require special handling in cases where
right-turning vehicles may be crossing the path of through bicycle traffic. The designer
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should consult with a bicycle facility design reference before proceeding with the
intersection design.

Providing fixed-source lighting at intersections, especially in urban areas, is always
a safety benefit to drivers. It is particularly important for large-area intersections and
channelized intersections, since turning paths may be difficult to determine at night.

The development of adjacent property can sometimes have a detrimental effect on
intersection design, since driveways accessing the development may be located too
close to the intersection. Whenever possible, accesses to adjacent properties should be
located far enough from the intersection so as not to interfere with turn lane design.

2.4.2 Two-Way Left Turn Lanes

A two-way left turn lane may be considered a special type of “intersection” design, since
its purpose is to provide a separate lane for traffic in both opposing lanes to slow down
and turn out of the traffic stream in front of opposing traffic. Rather than concentrate the left
turners at a single crossroad intersection, the two-way left turn lane spreads out the turning
movements over a continuous stretch of roadway. Mid-block left turns are often a serious
problem in urban and suburban areas. They can be a safety problem due to angle accidents
with opposing traffic as well as rear-end accidents with traffic in the same direction. Mid-
block left turns also restrict capacity. Two-way left turn lanes (TWLTLs) have proven to
be a safe and cost-effective solution to this problem. TWLTLs should be considered
whenever actual or potential mid-block conflicts occur. This is particularly true when
accident data indicate a history of mid-block left turn—related accidents. Closely spaced
driveways, strip commercial development, and multiple-unit residential land use along
the corridor are other indicators of the possible need for a TWLTL. Some guidelines that
may be used to justify the use of TWLTLs are listed below:

¢ 10,000 to 20,000 vehicles per day for four-lane highways

e 5000 to 12,000 vehicles per day for two-lane highways

¢ 70 mid-block turns per 1000 ft during peak hour

e Left turn peak hour volume 20 percent or more of total volume
e Minimum reasonable length of 1000 ft or two blocks

Widths for TWLTLs are preferably the same as through lane widths. Lane widths
may be reduced to as little as 10 ft in restricted areas. Care should be taken not to make
a TWLTL wider than 14 ft, since this may encourage shared side-by-side use of the lane.

2.4.3 Interchanges

An interchange is defined as a system of interconnecting roadways in conjunction
with one or more grade separations that provides for the movement of traffic between
two or more roadways or highways on different levels. Interchanges are utilized on
freeways and expressways, where access control is important. They are used on other
types of facilities only where crossing and turning traffic cannot be accommodated by
a normal at-grade intersection.

Interchange Spacing. Interchanges should be located close enough together to prop-
erly discharge and receive traffic from other highways or streets, and far enough apart
to permit the free flow and safety of traffic on the main facility. In general, more frequent
interchange spacing is permitted in urbanized areas. Minimum spacing is determined
by weaving requirements, ability to sign, lengths of speed change lanes, and capacity
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of the main facility. Interchanges within urban areas should be spaced not closer than
an average of 2 mi, in suburban sections an average of not closer than 4 mi, and in
rural sections an average of not closer than 8 mi. In consideration of the varying
nature of the highway, street, or road systems with which the freeway or expressway
must connect, the spacings between individual adjacent interchanges may vary consid-
erably. In urban areas, the minimum distance between adjacent interchanges should
not be less than 1 mi, and in rural areas not less than 2 mi.

Interchange Type. The most commonly used types of interchanges where two
routes cross each other are the diamond, cloverleaf, and directional interchanges.
When one route ends at an interchange with another route, a T or Y interchange can be
used. Figures 2.39 and 2.40 show schematic examples of various types of inter-
changes. The diamond interchange is the most common type where a major facility
intersects a minor facility. The capacity is limited by the at-grade intersections at the
crossroad. Cloverleaf or partial cloverleaf designs may be used in lieu of a diamond
when development or other physical conditions prohibit construction in a quadrant, or
where heavy left turns are involved. A continuous-flow design is required where two
major facilities intersect. In this case, a cloverleaf interchange is the minimum design
that can be used. The designer should consider collector-distributor roads in conjunction
with cloverleaf interchanges to minimize weaving problems. Directional interchanges
are the highest type and most expensive. They permit vehicles to move from one
major highway to another major highway at relatively fast and safe speeds. The T and
Y interchanges may take the form of a “trumpet” interchange, in which at least one
movement has a loop ramp design. A directional Y interchange is designed to allow
vehicles to maintain a relatively high speed while negotiating the ramps.

2.5 INTERCHANGE RAMP DESIGN

An interchange ramp is a roadway that connects two legs of an interchange. Ramp
cross-section elements are discussed in Art. 2.3, Cross-Section Design. Elements con-
tributing to horizontal and vertical alignments are designed similar to any roadway
once the ramp design speed has been determined.

2.5.1 Ramp Design Speed

To design horizontal and vertical alignment features, a design speed must be determined for
each ramp. Since the driver expects a speed adjustment on a ramp, the design speed may
vary within the ramp limits. Table 2.26 includes three ranges of ramp design speeds that vary
with the design speed of the mainline roadway. The ramp design speed range is determined
by judgment based on several conditions:

e The types of roadways at each end of the ramp and their design speeds
e The length of the ramp
o The terminal conditions at each end
e The type of ramp (diamond, loop, or directional)
Diamond ramps normally have a high-speed condition at one end and an at-grade

intersection with either a stop or a slow turn condition at the other. Upper- to middle-range
design speeds in Table 2.26 are normal near the high-speed facility. Middle- to lower-
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FIGURE 2.39 Common types of interchanges. (@) T and Y. (b) Diamond.
(c) Single-point urban. (d) Partial cloverleaf. (From A Policy on Geometric
Design of Highways and Streets, American Association of State Highway and
Transportation Officials, 2001, with permission)

range design speeds are usually used closer to the at-grade intersection. Loop ramps may
have a high-speed condition at one end and either a slow- or a high-speed condition at the
other. Loop ramps, because of their relatively short radius, usually have lower-range design
speeds in the middle- and slow-speed end of the ramp, and upper- to middle-range
design speeds nearer the high-speed terminal(s). Directional ramps generally have
high-speed conditions at both ends. They are normally designed using an upper-range
design speed, and the absolute minimum design speed should be from the middle range.
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TABLE 2.26 Guide for Selecting Ramp Design Speed

Mainline design speed, mi/h 30 35 40 45 50 55 60 65 70

Ramp design speed, upper range, mi/h 25 30 35 40 45 45 50 55 60
Ramp design speed, middle range, mi/h 20 25 30 30 35 35 40 45 50
Ramp design speed, lower range, mi/h 15 15 20 20 25 25 30 30 35

Source: Location and Design Manual, Vol. 1, Roadway Design, Ohio Department of Transportation, with
permission.

2.5.2 Single-Lane Ramp Terminals

A ramp terminal is that portion of a ramp adjacent to the through lane on the mainline.
It includes both the taper and speed-change lane. Ohio uses three basic ramp terminal
classifications:

2.98
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Class I terminals (Fig. 2.41). Class I terminals are intended for use on all rural inter-
state highways. They may also be used on other limited-access freeways or express-
ways having similar design standards. Design notes are provided in Table 2.27.

Class II terminals (Fig. 2.42). Class II terminals are intended for use on urban inter-
state highways and all other limited-access freeways and expressways where class 1
terminals are not designated or required. Design notes are provided in Table 2.28.

Class IlI terminals. (Fig. 2.43). Class III terminals are intended for use on high-
ways that have little or no access control except through an interchange area. Many
of the features of class III terminals are applicable to a terminal of one ramp with
another ramp. Class III terminals are also used with collector-distributor roads.
Design notes are provided in Table 2.29.

2.5.3 Superelevation at Terminals

Superelevation at ramp terminals should be developed using the following guidelines.
The rate of superelevation at the entrance and exit nose should be selected on the basis of
the design speed of the ramp at the nose. All transverse changes or breaks in supereleva-
tion should be made at joint lines in concrete pavement. In the case of bituminous pave-
ment, the superelevation breaks should occur in the same locations as they would in con-
crete pavement. For class I and class II terminals, the transverse breaks in superelevation
cross slope should not exceed a differential of 0.032 ft/ft at the mainline pavement edge
or 0.050 ft/ft at other locations. When a double break occurs on longitudinal joints less
than 6 ft apart, it should not exceed a total differential of 0.032 ft/ft, if adjacent to the
mainline, or 0.050 ft/ft elsewhere. On class III terminals, the transverse breaks in superel-
evation cross slope should not exceed a differential of 0.05 to 0.06 ft/ft. For class I and II
terminals, the rate of rotation of a superelevated ramp pavement or speed change lane
pavement should be in accordance with rates from Table 2.13. Where possible, the termi-
nal area pavement and shoulder should slope away from the mainline pavement so that a
minimum amount of water drains across the mainline pavement.

2.5.4 Terminals on Crest Vertical Curves

Mainline crest vertical curves in the vicinity of ramp terminals should be designed using
stopping sight distance values 25 percent higher than the design speed value from Table
2.16. Where a crest vertical curve occurs on an exit ramp at or near the nose, the crest
vertical curve should be designed using the “upper-range” design speeds of Table 2.26.

2.5.5 Ramp At-Grade Intersections

Ramp at-grade intersections are designed using many of the same criteria as outlined
in Art. 2.4.1. However, one of the basic differences is the one-way nature of ramps
and the fact that most traffic at ramp intersections is turning. Figure 2.44 shows the
design of a typical uncurbed ramp intersection. Curbed returns are normally used in
urban areas where space is more restricted.

2.6 COLLECTOR-DISTRIBUTOR ROADS

Collector-distributor (C-D) roads are used to minimize weaving problems and reduce
the number of conflict points (merging and diverging) on the mainline. C-D roads may
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FIGURE 2.41 Class I ramp terminals. () Entrance terminals. (b) Exit terminals. See Table 2.27 for
notes. (From Location and Design Manual, Vol. I, Roadway Design, Ohio Department of
Transportation, with permission)
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TABLE 2.27 Design Notes for Class I Entrance and Exit Terminals
See Fig. 2.41

A. General
1. Class I terminals are intended for use on all rural interstate highways. They will be used
on such other limited access facilities as may be approved by the Bureau of Location and
Design.

B. Exit terminal

1. Exit curve Dc, shall be 1°30” where the mainline is on tangent alignment. Where the main-
line is on a curving alignment, the maximum differential between Dc, and the mainline
curve shall normally be 1°30". This differential, however, may vary by as much as one
degree in order to avoid a tangent exit alignment.

2. The 800-ft deceleration lane length may be reduced to 600 ft if such reduction would elim-
inate the need for bridge widening.

3. When ramp curve Dc, does not exceed 8°, exit curve Dc; may be compounded directly with
Dc, at a PCC 100 ft beyond the nose. When Dc, does exceed 8°, a spiral should be placed
between Dc, and Dc, and the beginning of the spiral (CS) should be at the exit nose.

C. Entrance terminal
1. The acceleration lane shall be a uniform taper (48:1) relative to the mainline pavement
edge for either tangent or curving alignment.
2. The right edge of the 300-ft pacing area shall be a rearward extension of the right edge of
the acceleration lane (i.e., on a 48:1 taper relative to the mainline).
3. When ramp curve Dc, does not exceed 8°, the PT shall be at the beginning of the 300-ft pacing
area. When Dc; does exceed 8°, a 200-ft spiral shall be placed between Dc, and the pacing area.

D. Ramp width
1. Normally, single-lane ramps will have a width of 16 ft. The width shall be increased to 18 ft
when the ramp radius is less than 200 ft. When an 18-ft-wide ramp is used, the 39-ft exit and
25-ft entrance terminal widths shall be retained and the 23-ft and 9-ft widths reduced 2 ft.

E. Treated shoulder
1. If the treated shoulder is less than 8 ft in width along the mainline, this lesser width shall
be used along the speed change lanes.
2. The 9- to 23-ft variable-width treated shoulder of the entrance terminal shall be sloped for
10 ft as required for mainline design (usually % in/ft), except for the last 100 to 200 ft at
the 9-ft end, which is to be sloped as required for proper terminal grading.

F. Left side terminals
1. A left side exit or entrance terminal shall be designed similarly to the drawing shown, but
of opposite hand. Treated shoulder widths shall be in accord with notes E-1 and E-2.

Source: Location and Design Manual, Vol. 1, Roadway Design, Ohio Department of Transportation,
with permission.

be used within a single interchange, through two adjacent interchanges, or continuous-
ly through several interchanges.

2.6.1 Design of C-D Roads

When a C-D road is provided between interchanges, a minimum of two lanes should
be used. Either one or two lanes may be used on C-D roads within a single inter-
change. The cross-section elements for one- and two-lane C-D roads should be in
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FIGURE 2.42 Class II ramp terminals. (a) Entrance terminals. (b) Exit terminals. See Table 2.28 for
notes. (From Location and Design Manual, Vol. I, Roadway Design, Ohio Department of
Transportation, with permission)

accordance with the criteria for one-lane and two-lane directional roadways provided
in Fig. 2.25. The separation between the mainline and C-D road pavements should be
designed to prevent, or at least discourage, indiscriminate crossovers. As a minimum,
the separation should be wide enough to provide normal shoulder widths for both the
mainline and C-D road roadways plus a suitable median. Normally, a standard con-
crete barrier median is used, since C-D road separation often involves obstructions
such as bridge parapets, piers, or overhead sign supports. There may be isolated cases
where a lesser-type median may be used.

2.6.2 C-D Road Entrance and Exit Terminals

Figure 2.45A shows both class I and class II C-D road entrance terminals. The class I
collector-distributor entrance terminal is intended for use on rural interstate highways
and other freeways where class I design has been designated. The class II collector-
distributor entrance terminal is intended for use on all other freeways. Three exit terminal
lane conditions are shown on Fig. 2.45B. These terminal designs are to be applied to
highways using either class I or class II terminals.

Superelevation at C-D terminals should be developed similar to that prescribed for
standard ramp terminals.
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2.7 MULTILANE RAMP AND ROADWAY
TERMINALS AND TRANSITIONS

When two roadways converge or diverge, the less significant roadway should exit or
enter on the right. Left-hand exits or entrances are contrary to driver expectancy and
should be avoided wherever possible.

2.7.1 Multilane Entrance Ramps and Converging Roadways

Figure 2.46 shows recommended designs to be used for multilane entrance ramps and
converging roadways. Converging roadways are defined as separate and nearly parallel
roadways or ramps that combine into a single continuous roadway or ramp having a
greater number of lanes beyond the nose than the number of lanes on either approach
roadway. Class I, II, and III entrance terminals should be used in lieu of converging roadway
drawings when applicable. Class I and II converging roadways should be used when
either or both of the converging roadways are mainline roadways of an expressway or
a freeway. Class III should be used at the convergence of directional ramps within an
interchange or at the convergence of interchange ramps with non-limited-access roads
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TABLE 2.28 Design Notes for Class II Entrance and Exit Terminals
See Fig. 2.42

A. General
1. Class II terminals are intended for use on all urban interstate highways and all other limit-
ed access facilities where the use of class I is not designated or required.

B. Exit terminal

1. Exit curve Dc, shall be 4°00” maximum where the mainline is on tangent alignment.
Where the mainline is on a curving alignment, the maximum differential between Dc, and
the mainline curve shall normally not exceed 4°. This differential, however, may vary by
as much as one degree in order to avoid a tangent exit alignment.

2. The 800-ft deceleration lane length may be reduced to 600 ft if such reduction would elim-
inate the need for bridge widening.

3. When ramp curve Dc, does not exceed 8°, exit curve Dc, may be compounded directly
with Dc, at a PCC 100 ft beyond the nose. When Dc, does exceed 8°, a 200-ft spiral
should be placed between Dc, and Dc, and the beginning of the spiral (CS) should be at
the exit nose or on the ramp.

C. Entrance terminal
1. The acceleration lane shall be a uniform taper (40:1) relative to the mainline pavement
edge for either tangent or curving alignment.
2. The design of the entrance terminal curvature shall be based on the following:

(@) Ramp curve Dc, of 8° or less.  When the mainline is on a tangent or a curve to the
right, Dc, shall be a 200-ft-long simple curve of a degree such that the differential
between it and the mainline will not exceed 4°. When the mainline is on a curve to the
left, a 200-ft tangent shall be substituted for Dc,.

(b) Ramp curve Dcy greater than 8°. A 200-ft spiral shall be substituted for Dc,. When
the mainline is on a curve to the left, a 100-ft tangent shall be inserted between the
200-ft spiral and the entrance nose.

D. Ramp width
1. Normally, single-lane ramps will have a width of 16 ft. The width shall be increased to 18 ft
when the ramp radius is less than 200 ft. When an 18-ft wide ramp is used, the 39-ft exit and
25-ft entrance terminal widths shall be retained and the 23- and 9-ft widths reduced 2 ft.

E. Treated shoulder
1. If the treated shoulder is less than 8 ft in width along the mainline, this lesser width shall
be used along the speed change lanes.
2. When needed, taper curb to required offset along ramp or mainline pavement using a 25:1
taper.
3. Atall curb ends use a 6-in to 0-in height reduction in 10 ft.

F. Left side terminals
1. A left side exit or entrance terminal shall be designed similarly to the drawing shown, but
of opposite hand. Treated shoulder widths shall be in accord with note E-1.

Source: Location and Design Manual, Vol. 1, Roadway Design, Ohio Department of Transportation,
with permission.

or streets. In general, class III is applicable at all locations other than those requiring
the use of class I or II.

Lane Balance and Continuity. To avoid inside merges, the number of mainline
lanes plus converging lanes approaching the nose must be equal to the resultant num-
ber of lanes leaving the nose. To make this possible, it is often necessary to carry
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FIGURE 2.43 Class III ramp terminals. (a) Entrance terminals. (b) Exit terminals. See Table 2.29 for
notes. (From Location and Design Manual, Vol. 1, Roadway Design, Ohio Department of
Transportation, with permission)

additional mainline lanes past the nose for an adequate distance prior to tapering back
to the desired number of lanes. These details are shown in Fig. 2.46.

Preferential Flow. 1In Fig. 2.46, one roadway in each design is labeled “preferential
flow.” This indicates the more important of the two approaching traffic flows. In
selecting the preferential flow, a designer must consider the effect of traffic volumes,
number of lanes, the continuity and importance of signed routes, vehicle speeds, and
roadway alignment. Lanes carrying the preferential flow are given the higher design
treatment. When it is necessary to reduce a number of converging lanes or where an
angular change in direction must occur, the design should favor the preferential flow.

Horizontal Curvature. Horizontal curves of roadways approaching the terminal
nose should conform to mainline roadway criteria in the case of mainline roadways
and to ramp entrance terminal criteria in the case of ramps.

Crest Vertical Curves. Crest vertical curves on constant-width roadways approaching
the merging nose should be designed to provide sight distance consistent with the
design speed of the roadway. Crest vertical curves from the merging nose forward to a
point where pavement convergence ceases, and to the converging portion of an
approaching roadway where the number of lanes is being reduced in advance of the
nose, should be designed using stopping sight distance values 25 percent higher than
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FIGURE 2.43 (Continued)

shown in Table 2.16. When design speeds differ on approaching roadways, the higher
of the two design speeds should be used in designing the crest vertical curve beyond
the merging nose.

Superelevation and Joint Location. Superelevation in the terminal area should be
designed in accordance with the guidelines given for single-lane ramp terminals.
Longitudinal joints should be located so they will coincide with and define the lane lines.

2.7.2 Multilane Exit Ramps and Diverging Roadways

Figure 2.47 shows recommended designs for multilane exit ramps and diverging road-
ways. A diverging roadway is defined as a single roadway that branches or forks into
two separate roadways without the use of a speed change lane.

Class I and II diverging roadways should be used when either or both the diverging road-
ways are mainline roadways of an expressway or a freeway. Class III diverging roadways
should be used at the divergence of directional ramps within an interchange or at the
divergence of ramps with non-limited-access roads or streets. In general, class III is
applicable at all locations other than those requiring class I or class II.
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TABLE 2.29 Design Notes for Class III Entrance and Exit Terminals
See Fig. 2.43

A. General
1. Class III terminals are intended for use on highways which have little or no access control
except through an interchange area. Many of the features of Class III terminals are applic-
able to a terminal of one ramp with another ramp in a freeway interchange.

B. Exit terminal: type A and type B

1. Type A shall normally be used on highways (including off-system highways) having
design speeds of 50 or 60 mi/h; however, type B may be used where substantial savings in
bridge or right-of-way cost would result. Type B shall normally be used on a highways
having design speeds of 40 mi/h or less.

2. The curve differential between the through roadway and exit curve Dc, may vary from a
minimum of 4° to the maximum allowable differential.

3. Exit curve Dc| may be either compounded or spiraled into ramp curve Dc,.

C. Entrance terminal: type A and type B

1. Type A is preferred and shall normally be used; however, when a ramp enters as an added
lane or as a combined acceleration-deceleration lane, type B may be used if its use would
result in a substantial savings in cost (i.e., reduced bridge width).

2. The acceleration lane of type A shall be a uniform taper relative to the through pavement
edge for either tangent or curving alignment. A 40:1 taper shall be used for design speeds
of 50 or 60 mi/h and a 30:1 taper shall be used for design speeds of 40 mi/h or less.

3. The curve differential between the through roadway and entrance curve Dc; of type B
shall be 4°.

4. The design of the entrance terminal shall be based on the following:

(a) Ramp curve Dc, of 8° or less.  When the through roadway is on a tangent or a curve
to the right, Dc, shall be a 150-ft-long simple curve of a degree such that the differen-
tial between it and the through roadway will not exceed 4°. When the through road-
way is on a curve to the left, a 150-ft tangent shall be substituted for Dc,.

(b) Ramp curve Dc, greater than 8°. A 150-ft spiral shall be substituted for Dc,.

D. Ramp width
1. Normally, single-lane ramps will have a width of 16 ft. The width shall be increased to 18 ft
when the ramp radius is less than 200 ft. When an 18-ft-wide ramp is used, the 35-ft exit and
20-ft entrance terminal widths shall be retained and the 19- and 4-ft widths reduced 2 ft.
2. When it is necessary to provide curbing on a ramp without treated shoulders, the width of
pavement shall be 20 ft face-to-face of curb.

E. Treated shoulder
1. The width of the treated shoulders along the speed change lane shall be as shown in
Fig. 2.24.
2. If the ramp or through roadway has a curb offset greater than 6 ft (or 3 ft) the greater
width shall be used at the terminal. Retain the 19-ft width.
3. The special detail drawings shall apply when the through roadway is curbed.

F. Left side terminals

1. Left side entrance and exits shall be designed similarly to the drawing shown, but of oppo-
site hand.

Source: Location and Design Manual, Vol. 1, Roadway Design, Ohio Department of Transportation,
with permission.
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Lane Balance and Continuity. To have lane continuity, the number of mainline
lanes leaving the diverging nose must be equal to the number of mainline lanes approaching
the nose. The total number of lanes leaving the diverging nose (mainline lanes plus
diverging lanes) must be 1 greater than the total number of lanes approaching the nose
to obtain lane balance. The purpose of obtaining lane continuity and lane balance is
to avoid a drop lane situation.

It may be necessary to obtain lane balance by adding additional lanes upstream
from the diverging nose. The length of each additional lane should be 2500 ft and
should be introduced using a 0- to 12-ft taper of 100 ft as recommended in Fig. 2.47
for the approach roadway class and design speed. There may be conditions off the
mainline, such as on collector-distributor roads or within interchanges, where lane bal-
ance and continuity are less important. In such cases, the special diverging roadway
design shown in Fig. 2.47b may be used.

Terminal Design. The design of diverging roadway terminals is determined by the
class and design speed of the approach roadway, and is based on the required neutral
gore length L and the required nose width N. Figure 2.47 includes recommended
length L and nose width N for various design speeds in diverging roadway classes.

Horizontal Curvature. The inset table in Fig. 2.47 lists recommended values for the
diverging curvature (curve differential) between the outer pavement edges of diverging
roadways. These values apply only when the alignment between the diverging nose
and the PC of the diverging curvature is on tangent or simple curvature. When com-
pounded or spiral curvature is used in the diverging area, it will be necessary to design
diverging roadway alignments individually to provide the proper. L and N for the
approach roadway class and design speed.

Crest Vertical Curves. When a diverging nose is located on a crest vertical curve,
the curve should be designed using the design speed of the approach highway and a
stopping sight distance value 25 percent higher than shown in Table 2.16.

Superelevation and Joint Location. The superelevation rate should be based on the design
speed of the approach roadway. Superelevation in the terminal area should be designed in
accordance with the guidelines given for single-lane ramp terminals (Art. 2.5.2).
Longitudinal joints should be located so they will coincide with and define the lane lines.

2.7.3 Four-Lane Divided to Two-Lane Transition

Figure 2.48 shows a reversed curve design (types A and B), a tapered design (type C),
and a design for a transition on a curve (type D) for achieving a four-lane divided to
two-lane transition. The pavement transition should be located in an area where it can
easily be seen. Intersections or drives should be avoided in the transition area. Vertical
or horizontal curves should provide preferred stopping sight distance. Reverse curve
transitions should normally be used for median widths of 20 ft or wider. Taper lengths
are based on the design speed of the mainline and are calculated from Eq. (2.5).

2.8 SERVICE ROADS

Service roads, or frontage roads, as they are sometimes called, are used to enhance
capacity on the mainline, control access, serve adjacent properties, or maintain traffic
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circulation. They permit development of adjacent properties while preserving the
through character of the mainline roadway. Service roads may be either one-way or two-
way, depending on where they are located and the purpose they are intended to serve.

Although the alignment and profile of the mainline may have an influence, service
roads are generally designed to meet specific criteria based on functional classification
(usually “local”), traffic volumes, terrain or locale, and design speed. Two features,
however, are unique to service roads and are further discussed below. They are (1) the
separation between the service road and mainline and (2) the design of the crossroad
connection.

The farther the service road is located from the mainline, the less influence the two
facilities will have on each other. A separation width that exceeds the clear zone mea-
surement for each roadway is desirable. However, the separation should be at least
wide enough to provide normal shoulder widths on each facility, and also to accom-
modate surface drainage and a suitable physical traffic barrier. Glare screen is desirable
to screen headlights when the service road is two-way.

At intersections with crossroads to the mainline, the distance between the mainline
and service road becomes critical. This distance should be great enough to provide
adequate storage on the crossroad approach lanes to both the mainline and service
road. The recommended minimum distance between the mainline and service road
pavement edges is 150 ft in urban areas and 300 ft in rural areas. In addition, the
designer should check the adequacy of stopping sight distance on the crossroad as
well as intersection sight distance at the service road.

2.9 ACCESS TO PUBLIC ROADS

2.9.1 Defining Access Control

Control of access is the condition where the right of owners or occupants of abutting
land to access a highway is fully or partially controlled by public authority. Access
control is usually defined by regulations of the authority having jurisdiction over the
roadway. The purpose of establishing access control is to provide for the safe and
expeditious movement of vehicles on the street or highway, while upgrading the level
of service and safety to those living near and using the facility. Regulations may be
categorized as full control of access, partial control of access, and driveway and
approach regulations.

Full control of access is the means by which preference is given to through traffic
by providing access connections only at selected public roads and by prohibiting at-grade
crossings and direct private driveway connections. Partial control of access still gives
preference to through traffic, but allows some at-grade crossings and some driveway
connections. Driveway or approach regulations may apply where no control of access is
obtained. Each abutting property is permitted access to the street or highway, but the
location, number, and geometrics of the access points may be governed by the regulations.

2.9.2 Establishing Access Control

Access control may be exercised and established by statute—through zoning ordi-
nances, driveway controls, and turning and parking regulations—and by geometric
design. Control by statute is used where full access control or a high degree of access
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control is required. Direct driveway connections may be prohibited, and at-grade
intersections may be allowed only with major crossroads. This may be employed for a
major urban arterial.

Zoning can control the type of property development adjacent to the roadway, and
thereby influence the amount and type of traffic generated in the area. Property uses
can be limited to those that attract very few people, excluding those that would generate
significant volumes of traffic during hours of peak movement. Zoning regulations can
require off-street parking provisions as a condition for permit approval.

Driveway controls can be effective in preserving the functional character of the
roadway. On arterials in built-up urban areas, it is important to establish minimum
spacing requirements for driveways, as well as the minimum distance from a driveway
to the nearest intersection.

An example of geometric design to control access is the use of a frontage road to
provide indirect access of abutting properties to a major arterial. Also, the use of a
raised concrete median strip in the center of the road can effectively prohibit left turns
into or out of driveways.

2.10 DRIVEWAY DESIGN

2.10.1 Location

Part of the process in obtaining a driveway permit is to determine where the driveway
will be located. The following guidelines may be used to establish this location.

Wherever possible, drives should be located in accordance with the intersection
sight distance criteria (see Table 2.3). Special consideration should be given to the
location of drive access to high-volume traffic generators such as shopping centers
and industrial plants and parks, as well as other types of development having similar
traffic characteristics. These should be treated as standard intersections with appropriate
spacing to the nearest intersection. A driveway serving all directions of traffic should
be located a minimum of 600 ft from the nearest major highway or street intersection. A
new driveway should not be located where it will create an offset intersection opposite an
existing street, highway, or major commercial driveway.

2.10.2 Rural Driveway Geometrics

Rural residential drives and field drives should normally conform to the type 1 design
shown in Fig. 2.49 (Ref. 14). New drives should intersect the highway at an angle
between 70 and 90°. In some cases, however, it may be necessary to retain existing
drive angles that vary from these desirable angles.

If the project involves existing drives, the existing width is normally retained
unless it is less than 12 ft. In that case, it should be widened to provide a 12-ft throat
width. In the case of new drives, the width should normally be 12 ft. If the new driveway
is a combined drive between two properties, the width should normally not exceed 24 ft.
Also, a wider field drive may be used if it will keep a farm equipment operator from
encroaching on the opposing traffic lane when entering or exiting the highway.

The radius of the type 1 driveway should normally be 25 ft. The radius may be
increased on field drives if it is deemed that the larger values will improve driveway
operation and reduce the hazard to motorists and farm equipment operators.

Driveways abutting uncurbed highways may be curbed. However, the curb should
not extend closer to the through pavement edge than 8 ft or the treated shoulder width,
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whichever is greater. This is recommended to avoid curb obstruction for vehicles,
snowplows, etc., using the shoulder.

2.10.3 Urban Residential Drives

Either type 1 or type 2 drives (Fig. 2.49) may be used in urban areas. If used in urban
areas, the radius and flare dimensions may be reduced so that the apron does not extend
past the back of the sidewalk, or past the right-of-way line if there are no sidewalks. The
desirable minimum radius for type 1 drives, when the through highway is curbed, is 15 ft.
Three methods are shown in Fig. 2.50 for designing driveways between the curb line and
sidewalk to provide for turning vehicles. Other designs may be used if they are approved for
use by the local governmental agencies responsible for maintenance of the project.
Additional details are shown in Fig. 2.51 when the tree lawn is less than 6 ft. Residential
drives on curbed streets should use a dropped curb as shown in section B-B of Fig. 2.50.

2.10.4 Service Station Drives

Service station drive approach geometry is probably the most complex of any drive
design. Many of the geometric features may be used in the design of other commercial
and industrial drives. Figures 2.52 through 2.55 illustrate service station approach
designs under varying conditions.

The location and angle of an approach in relation to an adjacent highway intersec-
tion should be such that a vehicle entering or leaving the site may turn out of or into
the nearest lane of traffic moving in the desired direction and be channeled within this
lane before entering the intersection or proceeding along the highway. The interior
angle between the axes of dual approaches and the centerline of the roadway should
fall between 45 and 90°. This interior angle should fall between 70 and 90° for single
approaches designed for two-way operation. The width of all approaches should not
be greater than 35 ft in the throat of the approach measured at right angles to the axis
of the approach. Where public alleys adjoin the service station property, approaches
may begin at the far side of the alley, and if so used, the width of the alley should be
included as part of the approach opening.

Approach radii on uncurbed highways should be as follows:

Turning radii: 15 ft minimum, 25 to 50 ft desirable
Nonturning radii: 5 ft minimum, 10 ft maximum

Approach radii on curbed highways should be as follows:

Turning radii: 3 ft minimum, 15 to 25 ft desirable

Nonturning radii: 3 ft minimum, 5 ft maximum

Where the approach radius controls the turning radius of a right-turning vehicle entering
the service station from the adjacent traffic lane of the roadway, the radius of that
edge should be as long as practical to provide a free and safe movement.

2.10.5 Commercial Drives

The access requirements of most commercial developments can be served by driveways
having standard design characteristics. The exceptions are driveways having high traffic
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FIGURE 2.50 Details of driveway designs. (From Location and Design Manual, Vol. I, Roadway
Design, Ohio Department of Transportation, with permission)

volumes, those being used by large vehicles, or those serving businesses that engender
unique traffic patterns. For standard commercial drive designs, see Fig. 2.56. The recom-
mended radii are (1) 15 ft minimum, when the through highway is curbed, and (2) 25 ft
minimum, when the through highway is uncurbed. The maximum width is 35 ft. A
dropped curb should be used on curbed streets as shown in section B-B in Fig. 2.50.
Where access requirements are such that a nonstandard driveway is necessary, the
design may approximate the design of shopping center driveways, to be discussed in
Art. 2.10.6, or that of a public road intersection. Specially designed radii and a width
greater than 35 ft may be permitted, as necessary, to accommodate the type of vehicle
using the driveway. For example, a truck stop may require two one-way driveways, or
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a single drive with width greater than 35 ft, and radii as great as 75 ft to facilitate
turning movements.

2.10.6 Shopping Center and Industrial Drives

Figure 2.57 shows two typical driveway designs to be used as a guide for the design of
driveways serving high-volume traffic generators such as shopping centers, industrial
plants, industrial parks, and other types of developments having similar traffic charac-
teristics. Many of the design features discussed in Art. 2.41, At-Grade Intersections,
are applicable here. Geometric considerations are as follows:
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¢ Driveways should intersect the highway at an angle between 70 and 90°.
¢ Each driveway traffic lane should have a minimum width of 10 ft, with 12 ft preferred.

e Major driveways in shopping centers should be constructed to prevent cross movement
of internal traffic within 100 ft of the entrance approach. This may be accomplished
by use of a raised divider 6 in high, 6 ft wide (minimum), and 100 ft long, and/or by
use of curbing, sidewalk, or other barrier along the drive edges for a length of 100 ft.

e Driveways designed for traffic signal operation should have curbed radii and should
provide a minimum of two lanes for vehicles entering the highway.

2.10.7 Drive Profile Design

Drive profiles on uncurbed roadways should slope down and away from the pavement
edge at the same slope as the graded shoulder. Any vertical curve should be developed
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FIGURE 2.55 Design for service station drives with curbed roadway and curbed approach. (From
Location and Design Manual, Vol. 1, Roadway Design, Ohio Department of Transportation, with
permission)

outside the normal graded shoulder width. Vertical curve lengths should be 10 to 20
ft, depending on the grade differential. Under normal circumstances, rural drive grades
should not exceed 10 percent, with 8 percent the preferred maximum.

The drive profiles for curbed roadways were developed using the design vehicle
described in Fig. 2.50. The profile criterion shown provides clearance for this vehicle when
its springs are completely compressed. If conditions of a particular driveway do not meet
the cross-section criteria listed below, a template of the design vehicle can be used to
design the driveway profile.

For tree lawns 6 ft or wider, the ramp grade from the gutter to the edge of the side-
walk should be 1 in/ft or less for normal cross-section design. Figure 2.50 shows this
condition for the following cross-section conditions:

e Sidewalk and tree lawn slope of % in/ft

and

e A 6-in curb height with pavement slope of %s or ’ in/ft
or

e Type 2 curb and gutter with pavement slope of %s in/ft

If the cross-section design does not meet the above conditions (has sharper grade
breaks), the profile should be designed using a template of the design vehicle.
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FIGURE 2.56 Designs for commercial drives. (From Location and Design Manual, Vol. I, Roadway
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For tree lawns less than 6 ft wide, Fig. 2.51 shows the profile treatment. Clearance for
the design vehicle is achieved by depressing the sidewalk 1 in at the driveway. The side-
walk cross slope of /% in/ft is retained. The design may be used directly with curbed high-
ways having cross-section criteria as listed above and the profile conditions of Fig. 2.50.
For other cross sections, a template of the design vehicle may be used to design the profile.

Figure 2.51 shows an isometric view and profile for a driveway where only a 3-ft tree
lawn is available. This design is shown not because it is desirable, but because right-of-way
width and property development may require this type of design. Whenever feasible, the tree
lawn should be 8 ft or wider. Where the total width of tree lawn and sidewalk is less than
6 ft, the minimum 3-ft apron designs are inappropriate and cannot be used, as they extend
curb or sharp flares into the sidewalk area. For this condition, the sidewalk and curb are tran-
sitioned to meet the drive profile as shown on the lower portion of Fig. 2.51. The profile of
the drive meets the 1-in depressed grade of the sidewalk, as shown in the drive profile.
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Manual, Vol. 1, Roadway Design, Ohio Department of Transportation, with permission)

The tree lawn and walk design shown in Figs. 2.50 and 2.51 will keep storm water,
flowing at the curb design height or less, from flowing over the sidewalk. If it is nec-
essary to lower the curb and sidewalk more than 1 in, the drainage condition should be
checked thoroughly.

Commercial drive profiles usually use a dropped curb across the approach.
However, some commercial drives serving large traffic generators may be designed as
at-grade intersections, without dropped curbs, because of their high traffic volumes.

Figure 2.58 shows the recommended grade controls for commercial driveways. The
grade should be as flat as possible and still meet drainage requirements. The 20-ft
length between grade breaks is required by the low clearance and the long axle spacing
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FIGURE 2.59 Commercial design vehicle showing wheel spacings and clearances. (From Location
and Design Manual, Vol. 1, Roadway Design, Ohio Department of Transportation, with permission)

of the commercial design vehicle shown in Fig. 2.59. Tree lawn profile design should
be in accordance with Figs. 2.50 and 2.51. The grade break at the face of the curb is
critical for some commercial vehicles, and the cross-section requirements for residential
drives on curbed streets should be used.

2.11 THE COST OF CONGESTION

Congestion, when applied to traffic, refers to that condition which occurs when drivers
experience a noticeable delay in completing a trip because of inability to maneuver through
the traffic stream. This condition is characterized by slow travel speeds, increased travel
times, increased accident frequencies, erratic stop-and-go driving, increased vehicle oper-
ating costs, and other undesirable circumstances leading to driver dissatisfaction (Ref. 4).
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Congestion on urban freeways is of two types—recurring and nonrecurring.
Congestion that occurs regularly at particular locations during certain time periods is
said to be recurring. On the other hand, congestion that occurs as a result of irregular
events, such as accidents, disabled vehicles, or other similar happenings, is said to be
nonrecurring. Both can cause driver dissatisfaction, but drivers usually expect the
recurring congestion and make adjustments in their travel plans to accommodate it.
The most common example of recurring congestion is the morning and afternoon
“rush hour” periods, when traffic demands can exceed the capacity of the freeway.

Figure 2.60 shows a graph illustrating what happens when demand exceeds capacity.
The straight line represents the capacity of a section of freeway at a particular time
(i.e., the number of vehicles getting past the point under prevailing roadway conditions).
As long as traffic demand, or the number of vehicles arriving at that point (shown by the
curved cumulative demand line), is less than or equal to the capacity of that section of
the freeway, there is little congestion. However, once the arrival rate begins to exceed the
capacity at time 7, a bottleneck is formed and vehicles begin to accumulate upstream
until time 7,, when the demand once again falls below the capacity. Congested condi-
tions continue until time T, when the accumulated traffic at the bottleneck dissipates.
The area between the capacity and demand curves during congested conditions is the
delay resulting from the congestion (Ref. 4).

The cost of congestion is the sum of individual costs of items that represent an
increase over normal operating costs directly attributable to the congestion. Among these
items are fuel and oil consumption, tire wear caused by the frequency and severity of
speed changes, other maintenance items affected by the speed changes, and increased
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FIGURE 2.60 Illustration of relationships among demand, capacity, and con-
gestion. (From Traffic Engineering Handbook, Institute of Transportation
Engineers, 1992)
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idling times. There are other costs that may not be readily apparent to the individual
driver but are real costs affecting the general public, such as inefficient movement of
commercial vehicles and the increased level of pollutant emissions.

Where congestion on freeways is of the recurring kind, the usual solutions to try
and solve the problem are geometric in nature. The most logical solution in many
cases is lane addition. In urban areas, congestion frequently occurs downstream from
entrance ramps when the combination of traffic entering the freeway and the traffic
already present exceeds the capacity of that segment. In other cases, the existing hori-
zontal alignment may contain one or more “sharp” curves, which result in lower
capacity. Ramp designs may have a detrimental effect on freeway capacity if their merge
or diverge areas are too short, or if they are too closely spaced, creating weaving problems
for traffic entering and exiting the freeway traffic stream. Other problems involving
physical features include unconventional interchanges, inadequate shoulders, narrow
medians, poor surface quality, and poor signing.

The next article discusses a new approach to the problem that takes advantage of
evolving technology: intelligent vehicle highway systems.

2.12 INTELLIGENT VEHICLE HIGHWAY SYSTEMS

Intelligent vehicle highway systems (IVHS) refers to transportation systems that involve
integrated applications of advanced surveillance, communications, computer, display,
and control process technologies, both in the vehicle and on the highway (Ref. 5).

In 1991, Congress passed the Intermodal Surface Transportation Efficiency Act
(ISTEA), which included an authorization of $660 million to create an IVHS program
for the nation. The goals for IVHS were defined as follows: to improve safety, to
reduce congestion, to enhance mobility, to minimize environmental impact, to save
energy, and to promote economic productivity. Research studies and demonstration
projects to accomplish these goals are in progress. Funding has continued under sub-
sequent legislation and experimental “smart highways” are being constructed.

The IVHS program is not limited to urban areas. It should result in benefits for
both urban and rural drivers, and for both younger and older drivers. People who use
public transportation will also benefit, and others will be persuaded to join them.

A planning process was undertaken following the adoption of the act, which identified
28 user services in six categories (Ref. 5):

Travel and traffic management

e Pretrip travel information

e En route driver information
Traveler services information
Route guidance

Ride matching and reservation
Incident management

Travel demand management
Traffic control

Public transportation management

¢ En route transit information

e Public transportation management
e Personalized public transit

e Public safety security
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Electronic payment
¢ Electronic payment services
Commercial vehicle operations

e Commercial vehicle electronic clearance

¢ Automated roadside safety inspection

¢ Commercial vehicle administrative processes
¢ Onboard safety monitoring

e Commercial fleet management

¢ Hazardous material incident notification

Emergency management

¢ Emergency vehicle management
e Emergency notification and personal security

Advanced vehicle safety systems

¢ Longitudinal collision avoidance

e Lateral collision avoidance

« Intersection collision avoidance

e Vision enhancement for crash avoidance
o Safety readiness

e Precrash restraint deployment

¢ Automated vehicle operation

For those services listed under travel and traffic management, the emphasis will be
upon providing real-time data to help the driver make the best decisions during a trip
or even make last-minute changes in itinerary prior to departure. This category also
encourages the use of high-occupancy vehicles and provides traffic control procedures
and mechanisms to deal with situations as they occur.

The services under public transportation management will improve the efficiency,
safety, and effectiveness of public transportation systems for users and providers
alike. Again, the emphasis is on gathering and relaying real-time information to the
users of the systems. It provides for automation of operations, planning, and manage-
ment functions of public systems. It will also be able to monitor the environment in
public station areas, including bus stops and parking lots, to generate alarms when
necessary and increase public safety.

Electronic payment services will promote intermodal travel by providing a common
electronic payment medium for all transportation modes and functions, including tolls,
transit fares, and parking. One “smart card” could be used for several different modes
of transportation.

Under commercial vehicle operations, trucks and buses equipped with transponders
could have their safety status, credentials, and weight checked at mainline speeds.
Vehicles passing the check would not have to pull over into the inspection/weigh
facility. Automated safety inspections would allow “real-time” access at the roadside
to the performance record of carriers, vehicles, and drivers. By using sensors and
diagnostic equipment, vehicle systems and even driver alertness can be checked with-
out stopping the vehicle.

Under emergency management, the capabilities of fleet management, route guidance,
and signal priority can be used for emergency vehicles. Police, fire, and medical units
can be directed over the most expeditious route to an incident site using real-time
information. Driver and personal security systems will allow the user to initiate distress
signals for incidents like mechanical breakdowns. Automatic collision notification
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would send information regarding location, nature, and severity of the incident to
emergency personnel.

Concerning those services under advanced vehicle safety systems, a series of collision
avoidance systems would be developed. For potential longitudinal, lateral, and intersection
collisions, the systems would be able to sense impending trouble, warn the driver, and
temporarily control the vehicle. On attempted lane changes, the driver’s blind spot
would be monitored, and the vehicle prevented from making the switch if a vehicle was
present. Another possibility is vision enhancement for the driver, in which the roadway
and roadside are continuously scanned for potential hazards and the driver is made aware
of situations when necessary. In-vehicle equipment can be used to monitor the driver’s
condition and issue appropriate warnings. In employing precrash restraint deployment,
the velocity, mass, and direction of the vehicles and objects involved in a potential crash
are identified and the number, location, and physical characteristics of occupants are
determined. This information in turn is used to trigger responses, such as tightening of
lap-shoulder belts, arming and deploying air bags at optimal pressure, and deploying roll
bars. Another program being investigated is automated vehicle operation. This would
ultimately provide an accident-free environment on the roadway. Drivers would be able
to buy a vehicle already equipped to drive under these conditions, or purchase instru-
mentation and have it installed on an existing vehicle.

2.13 HIGH-OCCUPANCY VEHICLE LANES

Another method that is being increasingly used to relieve congestion on urban free-
ways is the establishment of high-occupancy vehicle (HOV) lanes. Although the first
instances of use in California in the early 1970s met with much public resistance, the
idea was revisited and accepted more readily during the mid-1980s and continues to grow
in acceptance in highly congested urban traffic areas (Ref. 9). The concept is to provide
a separate lane or lanes for high-occupancy vehicles such as buses, carpools, vanpools,
and other ride-sharing modes of transportation. This, in turn, provides a positive
incentive for the general public to seek out ride-sharing transportation modes, both
public and private. The overall goal is to move more people in fewer vehicles.

2.13.1 Planning Considerations

The following transportation system goals can be achieved by proper development and
use of HOV lanes (Ref. 3):

e To maximize the person-moving capacity of roadway facilities by providing
improved level of service for high-occupancy vehicles, both public and private

e To conserve fuel and to minimize consumption of other resources needed for
transportation

e To improve air quality

e To increase overall accessibility while reducing vehicular congestion

Designing and implementing HOV lanes should be limited to those cases where
extreme congestion occurs on a regular basis. They should be used in conjunction with
other programs that will promote the use of ride-sharing modes, such as park-and-ride
lots, park-and-pool lots, and information services to facilitate bus and ride-share needs.
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The following guidelines should be used to determine when an HOV lane should
be implemented:

¢ Compatibility with other plans
HOV lanes should be part of an overall transportation plan.
Community support should be obtained for developing HOV lanes.
Intense, recurring congestion should be occurring on the freeway general-purpose
lanes.
Peak-period traffic per lane should be approaching capacity (1700 to 2000 vehicles
per hour).

During peak periods, average speeds on the freeway main lanes during nonincident
conditions should be less than 30 mi/h over a distance of about 5 mi or more.

Compared with using the freeway general-purpose lanes, the HOV lanes should
offer a travel time savings of at least 5 to 7 min during the peak hour.

¢ Coordination with travel patterns that encourage ridesharing

Significant volume of peak-period trips (e.g., more than 6000 home-based work
trips during the peak hour) on the freeway should be destined to major activity
centers or employment areas in or along the freeway corridor.

At least 65 to 75 percent of peak-period freeway trips to major activity centers
should be 5 mi or more in length.

Resulting ride-share demand should be sufficient to generate HOV volumes that are
high enough to make the facility appear to be adequately utilized; volumes may vary
by type and location of facility.

e A design that allows for safe, efficient, and enforceable operation

2.13.2 Operational Considerations

Management of HOV facility operations may be accomplished by a range of techno-
logical and personnel means. Minimum control may consist of passive signing and
delineation. Maximum control may involve sophisticated surveillance, vehicle detection
with computer integration, and dynamic, real-time signing or delineation.

A determination of the level of vehicle restriction must be made on the basis of
traffic characteristics and how much the HOV lane is used. Restricting use of the
HOV lane to vehicles with three or more passengers (3+) may give the appearance
that the lane is underused. On the other hand, restricting the lane to vehicles with only
two or more passengers (2+) sometimes results in lane utilization approaching capacity.
The best rule of thumb is to start with the 2+ restriction, and go to the 3+ restriction
when the level of service of the HOV lane is approaching capacity.

A proper level of enforcement is necessary to ensure that the HOV lane will operate
efficiently. Absence of enforcement defeats the purpose of the lane, since single-
passenger vehicles will see no need to stay out of the lane. Detection and apprehension
of violators, issuance of citations to violators, and effective prosecution of violators
are essential.

The hours of operation that an HOV lane is in effect are also an important consid-
eration. Twenty-four-hour operation is preferred over peak-hour operation, simply
because there is less chance for driver confusion and violations tend to be lower.
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2.13.3 Freeway Design Considerations

There are three types of HOV lane patterns—separated lanes, concurrent flow lanes, and
contraflow lanes. Regardless of which pattern is chosen, consideration should be given
to traffic operations at interchanges and on-ramps, pedestrian access to on-line stations,
the availability of parking areas at or near the stations, and the possible use of HOV
lanes during freeway maintenance of traffic operations. Design speeds should generally
be the same as for the mainline facility. Recommended lane and shoulder widths can
be seen in the next group of referenced figures.

A separated HOV lane may be located in the median or on the outside of the general
lanes, or follow an independent alignment. See Figs. 2.61, 2.62, and 2.63 for examples
of cross sections. Figures 2.64 and 2.65 show two examples of how separated HOV
lanes tie in with the general main lanes of travel. Figure 2.66 shows sample signing
and pavement marking used in connection with HOV lanes. Note the diamond symbol
that signifies an HOV lane.

Concurrent flow lanes are located adjacent to traffic lanes and are not physically
separated from them. Figures 2.67 and 2.68 are examples of typical sections for con-
current HOV lanes.

Contraflow lanes provide an exclusive lane for HOVs traveling in the peak direction
by removing a lane from service in the off-peak direction. These may be used in areas
where traffic volumes in the off-peak directions are such that the level of service is
not seriously affected. Some kind of buffer zone or device is strongly recommended
for obvious safety considerations. Figure 2.69 provides examples of cross sections for
contraflow HOV lanes.

2.13.4 Arterial Design Considerations

There are two general categories of HOV lanes for use on surface arterial streets: (1)
those which assign exclusive use of designated lanes for HOV use and (2) those which
give preferential treatment or special privileges to HOVs through traffic control mea-
sures. The first category includes concurrent and contraflow reserved lanes, reversible
median or center lanes, and streets devoted to HOV use. The second includes such
measures as traffic signal preemption systems for buses, and special traffic provisions
that allow HOVs to make turns or other maneuvers that are prohibited for other traffic.

Regardless of the type of treatment, the geometric design and traffic control features
should accommodate all vehicles that might ultimately use the HOV lane. Since the
primary vehicle type using the urban HOV lanes will be buses, special consideration
should be given to designing for the vehicle’s dimensions and turning pattern.

Figure 2.70 shows two examples of center lane HOV use. Note the location of pas-
senger loading areas in Fig. 2.70b. The advantage of a center HOV lane over other
schemes is that it can be made reversible. Figure 2.71 shows various ways these HOV
center lanes are developed.

Figure 2.72 shows the more commonly seen concurrent HOV lane developed in the
curb lane of an urban street. The advantage of this type of HOV lane is that it is the simplest
and least costly to implement. This usually involves only changing signs and pavement
markings and coordinating traffic signals.

Contraflow HOV lanes may be used on one-way or two-way streets. On one-way
streets, the HOV lane may be either the right or the left lane, while on two-way streets
it can be either the right lane or the inside lane adjacent to the median or centerline of
the arterial street. Two examples of contraflow lanes are shown in Fig. 2.73.
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FIGURE 2.61 Cross sections for high-occupancy—vehicle
single lane on separated roadway; one-way or reversible. (From
Guide for the Design of High Occupancy Vehicle Facilities,
American Association of State Highway and Transportation

Officials, Washington, D.C., 1992, with permission)
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FIGURE 2.62 Cross sections for high-occupancy—vehicle
double lanes on separated roadway; one-way or reversible. (From
Guide for the Design of High Occupancy Vehicle Facilities,
American Association of State Highway and Transportation
Officials, Washington, D.C., 1992, with permission)

2.14 HIGHWAY CONSTRUCTION PLANS

2.14.1 Plan Preparation

The purpose of a set of highway construction plans is to delineate the proposed work
with sufficient design details, supplemented with notes, calculations, and summary of
quantities, so that it can be clearly and uniformly interpreted by engineers and contractors
(Ref. 8). Sufficient data must be provided to enable the contractor to make an intelligent
bid and to perform the work as intended. Clarity, completeness, and conciseness are
essential so as to avoid misinterpretation. Unnecessary details should be avoided.

The original tracings serve as a permanent record of the project. They must be prepared
on a material acceptable to the agency responsible for maintaining the plans as a record.
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FIGURE 2.63 Cross sections for high-occupancy—vehicle two-way separated
lanes on separated roadway. (From Guide for the Design of High Occupancy
Vehicle Facilities, American Association of State Highway and Transportation
Officials, Washington, D.C., 1992, with permission)

A currently widely recommended material is the polyester film Mylar with a thickness of
4 mil (3 mil minimum), double- or single- (top side) matted. The surface should not be
highly reflective. Only black ink should be used, although grid lines may be colored.
Materials that are usually not acceptable include negatives, sepias, vellum, old sheets, dark
background, pencil, paste-ons, stick-ons, or bond paper. Original tracings are usually
about 22 by 34 in. The designer should prepare the plans keeping in mind that the drawings
will most likely be reduced to quarter size (i.e., 11 by 17 in) prior to distribution.

2.14.2 Computer-Aided Design and Drafting (CADD)

The use of computer-aided design and drafting (CADD) techniques is an increasingly
acceptable and encouraged method of preparing construction plans. It is important for
the designer to consult with the government agency that the plans are being prepared
for, to determine the acceptable methods and procedures to be used in developing the
plans using CADD format. The following information is presented as an example and
represents the current acceptable policies in Ohio.
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FIGURE 2.64 Connection of HOV terminal mainline lanes to freeway median with flyovers. (From
Guide for the Design of High Occupancy Vehicle Facilities, American Association of State Highway
and Transportation Officials, Washington, D.C., 1992, with permission)
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FIGURE 2.67 Contiguous concurrent HOV lanes. (a) Before adding HOV lanes. (b) After adding
HOV lanes. (c¢) Alternative for HOV lanes with shoulders. (From Guide for the Design of High
Occupancy Vehicle Facilities, American Association of State Highway and Transportation Officials,
Washington, D.C., 1992, with permission)

Any CADD information to be submitted or exchanged should be in either DWG
(Autocad) or IGDS (Intergraph) format. CADD-generated plan sheets should conform
to the general plan specifications of the agency. This includes sheet size and material,
drafting conventions (symbols, line weights, line styles, etc.), plan format, and other
applicable specifications.
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FIGURE 2.68 Examples of concurrent HOV lanes with buffer separation. (a) Without shoulders.
(b) With 10-ft-wide buffers. (¢) With other buffer widths. (From Guide for the Design of High
Occupancy Vehicle Facilities, American Association of State Highway and Transportation Officials,
Washington, D.C., 1992, with permission)




2.142

CHAPTER TWO

Flexiole Poxts ar
Mavable Burrier

IR T O V- TR - S

L 12" 1o «] ‘e 12 127 12° 12 Ful
'Sheulder’ R T B T ' Shoutder
*4' Minimum  Shoulders
10" Shauiders Desirable
{a}

Flexibie Posts or
Movoble Barrier

| Fol_ pot2°' 12" } 127 4 12" |10'=] L1g'el 12° 12! 127 1 12 Pl J
"Shouldar’ i " Buffer i ! : Shoulder
Lang * 4' Mirimum  Shoulders
Desirabis 10" Sheoulders Dexirable
(b}

Note: Cones ar flexinle posts in prearilled holes moy he moved toward
lhe normal flow tones increasing the controflow fane width and

providing an odditional shoulder where o minimurm  inside shaulder

exists. If cones are used they should be deployed with the traffic
fiow and removed against the traffic flow for safety. If o buffer

lone design is not employed, the posts will be placed olang the
fnne  lne in the gaps between the troffic stripes.

FIGURE 2.69 Examples of contraflow HOV lanes. (¢) With posts on lane line and no buffer. (b) With
posts in lane providing buffer. (From Guide for the Design of High Occupancy Vehicle Facilities, American
Association of State Highway and Transportation Officials, Washington, D.C., 1992, with permission)

Filename Conventions. The following filename conventions are used:
o Filename extension (.ext) should be as follows:

Autocad drawing files .DWG

Intergraph design files .DGN

Cell libraries .CEL

o Filenames should consist of eight characters using the following guidelines:

pppppaab.ext
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FIGURE 2.70 Examples of median HOV lanes for buses. (a) Reversible lanes for express buses. (b) Two-
way lanes for local buses. (From Guide for the Design of High Occupancy Vehicle Facilities, American
Association of State Highway and Transportation Officials, Washington, D.C., 1992, with permission)

where ppppp is a 5-digit project identification number
aa is a 2-letter code designating the drawing type (see Table 2.30 for
codes)
b is a l-letter code (A-Z) indicating the number of drawings of the same

type

Working Units. When submitting or exchanging CADD design files in the IGDS
(Intergraph) format, the working units utilized in the file should be FT, 12 IN, 1000
positional units.

Levels and Layers. 1t is critical that an organized leveling and layering system be
utilized. Table 2.31 provides recommended leveling and layering schemes for use with
both IGDS (Intergraph) and DWG (Autocad) formats. The table also addresses screen
colors, element weights, and line codes (IGDS only), which, when coupled with the
appropriate plotting conventions shown in Table 2.32, will produce acceptable plan
sheet plots.

Pen Tables. Table 2.32 is included to organize and standardize plotting to achieve
the appropriate appearance of plan sheets. The values for colors (DWG) and weights
(IGDS) from Table 2.31 are referenced to indicate pen numbers, pen sizes, and line
weights that should be used.
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FIGURE 2.71 Typical transitions for median or center lane HOV. (a) With reversible HOV lane and
outer transition. (b) With reversible HOV lane and inner transition. (¢) With two one-way HOV lanes.
(From Guide for the Design of High Occupancy Vehicle Facilities, American Association of State
Highway and Transportation Officials, Washington, D.C., 1992, with permission)

Fonts. The following fonts are recommended for use:

o Straight font
IGDS: 35
DWG: romans

o Slanted font
IGDS: 83
DWG: romans (7° slant)

¢ Gothic font
IGDS: 8
DWG: gothic

o Filled font
IGDS: 70

¢ Symbol font

IGDS: 103
DWG: font103
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FIGURE 2.72 Common transition for concurrent HOV lanes. (From Guide for the Design of High
Occupancy Vehicle Facilities, American Association of State Highway and Transportation Officials,
Washington, D.C., 1992, with permission)
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FIGURE 2.73 Typical contraflow HOV lane arrangements. (a) Right curb lane. (b) Left curb lane.
(From Guide for the Design of High Occupancy Vehicle Facilities, American Association of State
Highway and Transportation Officials, Washington, D.C., 1992, with permission)

e Default font

IGDS: 0
DWG: STANDARD

¢ IGDS font library
FONTLIBA
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TABLE 2.30 Code Designations for Drawing Types for Use in Assigning CADD Filenames

Base: Maintenance of traffic:

BM  base map MD MOT details

. MN MOT notes

Drainage: ) ) MP  MOT plan

DD dran.lage details MS MOT subsummary

DE  erosion control plan

DF  drainage profile Right-of-way:

DN drainage notes RC  centerline survey plat

DP  drainage plan RD  right-of-way details

DS  drainage subsummary RM  property map

RP  right-of-way schematic plan

General: . RR  railroad plat

GA  pavement area details RS  summary of additional rights-of-way

GB  subsummary RT  right-of-way title sheet

GC  computations

GD  detour plan Structures:

GE  superelevation tables SD  structure details

SG  structure general summary

GG  general summary
SN structure notes

GM  miscellaneous details

GN  general notes SP  structure site plan
GP  general plan and profile SS  structure subsummary
GR  guiderail and barrier details Utilities:
GS  schematic plan UD utilities details
GT title sheet UE utilities elevation views
GX  cross sections UG utilities general summary
GY  typical sections UN utilities notes
GZ  general plan and profile UP utilities plan
(2d series) US utilities subsummary
Landscaping: Traffic control:
PD  landscaping details TD traffic control details
PN  landscaping notes TE traffic control elevation views
PP landscaping plan TG traffic control general summary
PS  landscaping subsummary TN  traffic control notes

TP  traffic control plan

Lighting: .
iC g lighting circuit diagrams TS  traffic control subsummary
LD lighting details Waterwork:
LG lighting general summary WD  waterwork details
LP  lighting plan WN  waterwork notes
LN lighting notes WP  waterwork plan
LS lighting subsummary WS  waterwork subsummary

Source: Location and Design Manual, Vol. 3, Highway Plans, Ohio Department of Transportation, with
permission.

e Autocad font file

gothic.shx,
romans.shx

Feature Tables. Feature tables used with survey data collectors and IGDS coordi-
nate geometry software implement level, color, line weight, and line code information
to produce or add to base map information. The feature tables listed below, when used

(Text continues on page 2.159.)
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HIGHWAY LOCATION, DESIGN, AND TRAFFIC 2.159

TABLE 2.32 CADD Plotting Conventions to Use with
Information in Table 2.31

DWG
Full-size sheet
Color Hue IGDS: weight  line width, in
1 Red 1 0.014
2 Yellow 2 0.020
3 Green 3 0.024
4 Cyan 4 0.031
5 Blue 5 0.039
6 Magenta 0 0.010
7 White 1 0.014
8 Dark gray * *
9 Dark red 1 0.014
10 Dark brown 2 0.020
11 Dark green 3 0.024
12 Dark cyan 4 0.031
13 Dark blue 5 0.039
14 Dark magenta 0 0.010
ES ES

15 Light gray

*Designer may use any pen at own discretion.

Source: Location and Design Manual, Vol. 3, Highway
Plans, Ohio Department of Transportation, with permission.

as such, will produce output data in conformance with the recommended data charac-
teristics discussed under “Levels and Layers.”
The feature tables are shown with the drawing scale to which they are to be designed.

Feature table name Scale
ODOT10 10
ODOT20 20
ODOT50 50

Sheets and Files. Each sheet in the plan should be contained in a separate design or
drawing file. An exception can be made for cross-section sheets. Cross-section design
or drawing files may contain more than one plan sheet when utilizing the leveling and
layering schemes outlined in Table 2.31.

2.14.3 Plan Components

Typical highway construction plans are made up of several individual components.
The paragraphs that follow will present a brief discussion of various types of plan
sheets that make up a set. Except for major projects, seldom will all of the components
be required in a plan. However, when required, they are usually placed in the order
discussed.

The title sheet is the first in the set and contains a brief description of the project
and indication of its length. It displays the title of the project in large, bold letters. It
lists the specifications under which the project is to be built, states whether traffic is to
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be maintained or detoured, gives an index of all plan sheets, lists standard construction
drawings and supplemental specifications, and contains the signatures of approval by
the appropriate officials. See Fig. 2.74 for an example.

The schematic plan shows the geometric location of proposed roadway segments in
relation to existing roadway segments and other major topographic features (rivers,
streams, railroads, high-voltage lines, pipelines, etc.). See Fig. 2.75 for an example.

The typical sections sheet is a dimensioned cross-sectional view of how the roadway will
appear after construction is completed. These sheets generally show lane widths, shoulder
widths, pavement buildup, ditch design, foreslope and backslope recommendations, and
tie-ins to existing ground lines. Each section is accompanied by a set or sets of station limits
identifying to which portion of the roadway it applies. See Fig. 2.76 for an example.

The general notes sheets contain plan notes to clarify construction items that are
not satisfactorily covered by the specifications or plan details. They may be used to
modify standard construction drawings.

The maintenance of traffic sheets may include plan view sheets showing location
of temporary roads, temporary pavement widening, or detour routes, as well as sheets
providing specific notes and instructions regarding sequential construction phases.
Details included may be transverse sections showing relationships between the main-
tenance roadway and the construction area, as well as placement of channelizing
devices and lateral construction limits.

The general summary sheets contain the itemized list of quantities on which the
contractor bid and eventual payment will be based. Any items not listed on these
sheets will contain a sheet number reference where they are listed elsewhere in the
plans. Each item will usually have a sheet number reference indicating where the item
may be found in the plan, or where a subsummary of this information may be found.
See Fig. 2.77 for an example.

The calculations sheet provides a record of how quantity pay items were calculated. The
sheet provides a way of checking these quantities and also usually indicates by station
references where these items are used in the plans.

A storm water pollution prevention plan may be required by some agencies,
depending on how much surface area is disturbed by construction. The threshold limit
in Ohio is currently 5 acres. The purpose of these sheets is to provide information on
how storm water runoff is to be controlled during construction. Details shown will
include the location of existing streams, lakes, wetlands, springs, etc., within 250 ft of
the construction area.

The plan and profile sheets show what an area looks like before and after construction
of the project. In addition, they show quantities, dimensions, and other items required
to lay out and construct the project. The sheet is normally divided into three areas—
plan view, profile, and quantities. See Fig. 2.78 for an example.

The cross sections sheets contain a series of section “slices” of the roadway taken
at regular intervals and are used primarily to determine the amount of earthwork and
seeding required on the project. They may also be used to locate ditches, show proposed
drainage features, design driveways, and establish limits of proposed right-of-way.
See Fig. 2.79 for an example.

The miscellaneous details sheets are a section of the plans that serve as a “catch-all”
for items that do not fit under other headings. Items that may appear on these sheets
include approach slab details with elevations, driveway details, grading plans at inter-
sections or interchanges, guiderail details, impact attenuator details, intersection
details with elevations, linear grading details, pavement details showing elevations,
superelevation tables, and noise barriers.

The drainage details sheets provide details for prefabricated structures and other
drainage items that cannot be adequately shown on other sheets. These sheets include
culvert details—not only the structure details, but also the grading plan in the vicinity.
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Other specialized sheets that may be part of the plan are as follows:

Prefabricated structures

Sanitary sewers

Water lines

Traffic control (includes proposed signing, striping, and traffic signals)
Lighting

Landscaping

Cast-in-place structures (includes bridges, retaining walls)

Fence plan (refers to right-of-way fencing on limited-access projects)

Right-of-way (listing all affected property owners, parcel numbers, and required
right-of-way to be purchased)

Soil profile and foundation investigation
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CHAPTER 3

PAVEMENT DESIGN AND
REHABILITATION

Aric A. Morse, PE.

Pavement Design Engineer
Ohio Department of Transportation
Columbus, Ohio

Roger L. Green, P.E.

Pavement Research Engineer
Ohio Department of Transportation
Columbus, Ohio

The movement of people and goods throughout the world is primarily dependent upon
a transportation network consisting of roadways. Most, if not all, business economies,
personal economies, and public economies are the result of this transportation system.
Considering the high initial and annual costs of roadways, and since each roadway
serves many users, the only prudent owner of roadways is the public sector. Thus it is
the discipline of civil engineering that manages the vast network of roadways.

The surface of these roadways, the pavement, must have sufficient smoothness to
allow a reasonable speed of travel, as well as ensure the safety of people and cargo.
Additionally, once the pavement is in service, the economies that depend upon it will be
financially burdened if the pavement is taken out of service for repair or maintenance.
Thus, pavements should be designed to be long lasting with few maintenance needs.

The accomplishment of a successful pavement design depends upon several vari-
ables. The practice of pavement design is based on both engineering principles and
experience. Pavements were built long before computers, calculators, and even slide
rules. Prior to more modern times, pavements were designed by trial-and-error and
commonsense methods, rather than the more complicated methods being used currently.
Even more modern methods require a certain amount of experience and common
sense. The most widely used methods today are based on experiments with full-scale,
in-service pavements that were built and monitored to failure. Empirical information
derived from these road tests is the most common basis for current pavement design
methods. More recently, with the ever-expanding power of personal computers, more
mathematically based pavement design methods such as finite element analysis and
refined elastic layer theory have been introduced. These methods require extensive
training to use and are not developed for the inexperienced.

3.1
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3.2 CHAPTER THREE

Types of pavements can be broadly categorized as rigid, flexible, or composite.
The characteristics of these types are reviewed in the following articles.

3.1 RIGID PAVEMENT

Rigid pavement can be constructed with contraction joints, expansion joints, dowelled
joints, no joints, temperature steel, continuous reinforcing steel, or no steel. Most generally,
the construction requirements concerning these options are carefully chosen by the
owner or the public entity that will be responsible for future maintenance of the pave-
ment. The types of joints and the amount of steel used are chosen in concert as a strategy
to control cracking in the concrete pavement. Often, the owner specifies the construction
requirements but requires the designer to take care of other details such as intersection
jointing details and the like. It is imperative that a designer understand all of these
design options and the role each of these plays in concrete pavement performance.

The category of rigid pavements can be further broken down into those with joints
and those without. Jointed reinforced concrete pavement (JRCP) and jointed plain con-
crete pavement (JPCP) are the two basic types of jointed concrete pavement.
Continuously reinforced concrete pavement (CRCP) has no joints. JRCP is designed for
maximum joint spacing permitting cracking between joints and requires temperature
steel. JPCP is designed for no cracking between joints; thus, joint spacing is mini-
mized and temperature steel is eliminated. Historically, many jointed pavements were
constructed without dowelled joints. Past performance of undowelled jointed pavements—
with the exception of warm, dry climates or low-volume roadways—has been poor.
Where there are more than a few trucks per day, dowels should be considered at con-
traction joints. However, low-volume roadways that do not carry significant trucks,
such as residential streets, may perform satisfactorily without dowelled joints.

3.1.1 Jointed Rigid Pavement

Jointed rigid pavements tend to crack at 13- to 25-ft lengths because of (1) initial
shrinkage after placement as excess water evaporates, (2) temperature-induced expan-
sion and contraction resisted by friction with the subgrade, (3) curling and warping
caused by temperature and moisture differences between the top and bottom of the
slab, and (4) load-induced stresses.

As slabs contract as a result of seasonal temperature changes, cracks form and
widen, or formed joints widen, allowing incompressible materials into the cracks or
joints. Subsequently, expansion is hindered and pressure is built up in the pavement.
This pressure can result in pressure spalling or even blowups. To control this, partial
depth saw cuts are made at regular intervals which induce concrete to crack at these
locations. The timing and depth of these saw cuts are critical to ensure that the pave-
ment cracks at the controlled location. Saw cuts should be made as soon as the pavement
can support the weight of the saw and operator. The saw cuts should be made at a depth
of one-third of the slab thickness for longitudinal joints, and one-fourth of the slab
thickness for transverse joints. These saw cuts are then sealed with some type of joint
sealer to prevent intrusion of incompressibles. If the saw cut interval (joint spacing) is
short enough, intermediate cracks are eliminated. If longer intervals are used, interme-
diate cracks will form (Fig. 3.1).

Load transfer is the critical element at joints and cracks. In undowelled, unrein-
forced pavements, any load transfer must be provided by aggregate interlock.
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Top of pavement Q/Joint seal reservoir
L+
Y
T/3" min.
1/4"£1/16"— 0 Dowel
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l Reinforced concrete or plain concrete

4 J

FIGURE 3.1 Typical contraction joint in rigid pavement with dowel for positive load
transfer.

Aggregate interlock is lost when slabs contract and the joints or cracks open up. Also,
interlock is slowly destroyed by the movement of the concrete as traffic passes over.
Given large temperature variations and heavy trucks, aggregate interlock is ineffectual,
and faulting is the primary result.

To provide load transfer at the joints, dowels are used which allow for expansion
and contraction. Figure 3.1 illustrates a typical doweled joint with saw cut and joint
seal. Figure 3.2 shows a similar joint without the dowel to provide load transfer.

Where a long joint spacing is used and intermediate cracks are expected, steel rein-
forcement is added to hold the cracks tightly closed (JRCP). This allows the load
transfer to be accomplished through aggregate interlock without the associated problems
described above. Contraction joints do not provide for expansion of the pavement
unless the same amount of contraction has already taken place. This contraction will
initially be from shrinkage due to concrete curing. Later changes in the pavement
length are due to temperature changes.

Where fixed objects such as structures are placed in the pavement, the use of an
expansion joint is warranted. Expansion joints should be used sparingly. The pave-
ment will be allowed to creep toward the expansion joint, thus opening the adjacent
contraction joints. This can cause movement in the adjacent contraction joints in
excess of their design capabilities and result in premature failures. Figure 3.3 shows a
detail for a typical expansion joint.

The design of reinforcing steel is a function of seasonal temperature change, subbase
friction, and the weight of the slab. Inadequate reinforcing will not be able to hold the

Top of pavement\ G / Joint seal reservoir
| v

T/3 min.
1/4"+1/16"— 0

*

Reinforced concrete or plain concrete pavement

A

FIGURE 3.2 Typical contraction joint in rigid pavement without dowel for load transfer.
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Top of concrete

pavement or base \

Dowel \ o /Sleeve

-

qn _>| L_ E’reformed expansion joint
filler

FIGURE 3.3 Typical expansion joint in rigid pavement with ASTM D6690 type II joint seal.

cracks together, and faulting will result. The amount of reinforcing needed to hold cracks
together is traditionally calculated using a relationship based on the friction between
the subgrade and the bottom of the slab. This relationship assumes that for a crack to
open enough to fail the aggregate interlock, the slab will have to slide along the subbase.
The current AASHTO recommendation is based on this traditional approach (Guide
for Design of Pavement Structures, American Association of State Highway and
Transportation Officials, 1993):

LF
P = —(100 3.1
o= 57 190 3.1
where P_ = percent steel required per foot

L = intended length of slab, ft

F = frictional coefficient between subgrade and slab
f, = allowable stress in steel, Ib/in?

Another form of this relationship can be expressed as follows:

_ WFL
A= (100) (3.2)

where A = area of steel required, in*/ft of width
W = weight of slab, 1b/ft

F = coefficient of resistance between slab and subgrade (1.5 unless otherwise
known)

L = length of slab, ft
f, = allowable stress in steel, 1b/in?

Although these relationships are accepted by most leading authorities and are
referred to in almost every reference on the subject, it is important to understand that
they make many assumptions about physical quantities that are seldom consistent
throughout a length of pavement. For instance, the friction factor can be affected by
something as insignificant as a large footprint in the base course prior to paving.
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Additionally, the environment can play an important role as water and salt erode the
steel, thus reducing the sectional area of the steel.

Where reinforcement is not desired, slab lengths must be chosen so that intermediate
transverse cracks are eliminated. The most current theory used to determine allowable
slab lengths involves a very old concept developed by Dr. H. M. Westergaard.
Westergaard defined a constant called the radius of relative stiffness as an algorithm
that relates the modulus of subgrade reaction to the flexural stiffness of the slab. The
most current theory is based on research that indicates that cracking can be expected
when the ratio between the slab length and the radius of relative stiffness is greater
than 5. The radius can be calculated from the following equation (Federal Highway
Administration Technical Advisory T 5040.30, November 30, 1990):

-~ Eh3 0.25
= [ 12k(1 — VZ)} (3-3)

where [ = radius of relative stiffness, in
E = modulus of elasticity of concrete, 1b/in?
h = pavement thickness, in

k = modulus of subgrade reaction, (Ib/in?)/in
v = Poisson’s ratio (0.15)

3.1.2 Rigid Pavement Jointing Details for Intersections
The following basic principles must be observed in developing a correct jointing detail:

1. Never taper concrete down to less than 2 ft in width.

2. Depending upon the amount of transverse reinforcing steel, be careful of the number
of lanes that are tied together. In JPCP, tying more than three 12-ft lanes together
may result in uncontrolled longitudinal cracking.

3. Always design the secondary (intersecting) route as independent in movement
from the primary route. Thus, as the primary route expands and contracts, no
unnecessary forces will be created in the secondary route.

4. Provide for expansion wherever payment is interrupted in its longitudinal direction.
5. Terminate joints at 90° to any intersecting joints, obstructions, or edges of pavement.

6. Where possible, lay out lane widths of the same dimension. This permits the con-
tractor to pave all the lanes without changing the paving machine setup dimensions.

7. Unless unavoidable, all joints should be in a straight line. Curved joints are diffi-
cult to saw and generally require additional forming.

8. For plain (nonreinforced) concrete pavement, the slab length/slab width ratio
should not exceed 2:1.

Intersection details should always be included in construction plans. A proper
jointing layout ensures that cracking occurs at locations where load transfer exists
(contraction joints) and away from wheel paths (longitudinal joints). The jointing
detail should be a separate detail in the plan to eliminate confusion and allow field
personnel to easily lay out the intersection without construction delay. Figures 3.4 and
3.5 show jointing layouts that have been used for typical intersections.
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3.1.3 Rigid Pavement Joint Sealing

Joint sealing prohibits the infiltration of water into the pavement base and prevents
incompressibles from lodging within the joint cavity. The advantages of keeping water
out from under a pavement are documented extensively in the AASHTO Pavement
Design Guide and in various articles in this chapter. With an unsealed joint, contraction
under cooler temperatures allows joint cavities to open up and become filled with
sand, stone, and other incompressible material. When warmer temperatures try to
expand the length of the pavement, the joints are unable to close, compressive stresses
develop, and spalling may result.

The purpose of a sealant reservoir (Figs. 3.1, 3.2, and 3.6) is to prevent water and
incompressibles from entering the joint cavity. The design criteria for the sealant
reservoir ensure that the sealant stays in place. The ability of the sealant to expand and
contract with the movement of the joint is a function of the material properties of the
sealant (defined by the manufacturer’s specifications) and the expected movement of
the joint. Joint movement can be calculated using the following relationship:

AL = CL(A AT + 2) (3.4)

where AL = joint opening created by changes in temperature and loss of moisture
during curing (joint movement), ft

C = constant used to adjust for friction between bottom of slab and the mater-
ial that directly supports the pavement (0.65 for granular material, 0.80
for stabilized material)

L = joint spacing, ft

A = thermal coefficient of concrete, 107°/°F. If the type of coarse aggregate
is quartz, the thermal coefficient is 6.6; sandstone, 6.5; gravel, 6.0; granite,
5.3; basalt, 4.8; limestone, 3.8.

AT = difference in minimum temperature pavement will be subjected to and
temperature at which pavement was placed
Z = drying shrinkage coefficient of the portland cement concrete (PCC) slab,
in/in. If the indirect tensile strength (Ib/in?) is 300, the shrinkage coeffi-
cient is 0.0008; 400, 0.0006; 500, 0.00045; 600, 0.0003; 700, 0.0002.

(See “AASHTO Design Procedures for New Pavements,” FHWA Report HI-94-023,
ERES Consultants, Inc., February 1994; and FHWA Technical Advisory T 5040.30,
November 30, 1990.)

There are two categories of joint sealants. The field-molded sealant and the pre-
formed compression seal are used extensively in rigid pavements. Also, field-molded
sealants are gaining acceptance and being used in flexible pavements.

For field-molded sealants, the design is very simple and is controlled by the fol-
lowing relationship:

W=— 3.5)
where W = design width of transverse contraction joint, in

S = allowable strain specified by sealant manufacturer (typically 25 to 50
percent for field-molded sealants)
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1/8" recess Top of pavement
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sealant

5/8" dia. expanded closed-cell
polyethylene foam backer rod
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Thickness of pavement
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Joint reservoir shape factor
Width:height
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FIGURE 3.6 Typical field-formed joint seal in rigid pavement.

To control the strain in field-molded sealants, manufacturers recommend a reservoir
shape factor (width to depth), and the use of a backer rod as illustrated in Fig. 3.6. The
purpose of the backer rod is to prevent bond at the bottom of the sealant reservoir
where the actual crack in the pavement exists. It is at this crack that the greatest strain
will occur. Typical joint sealants are either asphalt-based or silicone-based.

For preformed compression seals, the uncompressed width of the compression seal
should be chosen according to manufacturer’s specifications, as the material response
characteristics are of primary importance. The calculated movement of the joint, nor-
malized by the width of the uncompressed seal, should be less than or equal to the
allowable movement of the compression seal, as determined by the manufacturer.
Figure 3.7 shows a typical preformed seal installed in a pavement joint.

3.1.4 Continuously Reinforced Rigid Pavement

As the name implies, continuously reinforced concrete (CRC) pavement is a rigid pave-
ment constructed with continuous longitudinal reinforcement. No transverse joints are
installed. Instead, the pavement is allowed to develop random transverse cracks, and
the steel reinforcement holds the cracked sections together. The size and spacing of
the cracks are influenced by the percentage of reinforcing steel used. Current practice
calls for 0.5 to 0.7 percent of the slab cross-section area. The design of the reinforce-
ment is covered in the AASHTO Pavement Design Guide. The thickness of the slab is
determined the same way as for other concrete pavements. There are currently about
30,000 lane miles of CRC pavement in the United States, most of which has been
installed since the 1960s.
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FIGURE 3.7 Typical preformed joint seal in rigid pavement.

3.2 FLEXIBLE PAVEMENT

Asphalt concrete pavement, also referred to as flexible pavement, is a mixture of sand,
aggregate, a filler material, and asphalt cement combined in a controlled process,
placed, and compacted. The filler material can range from quarry crushing dust and
asphalt-plant baghouse fines to wood fibers (cellulose). There are many additives that
can be used in asphalt concrete mixes to encourage thicker cement coatings, more
elastic mixes, stiffer mixes, and less temperature-sensitive mixes. Flexible pavements
can be of a type constructed on a prepared subgrade, which is called full-depth asphalt
concrete pavement (FDACP), or of a type built on an untreated granular base, which is
not as carefully identified by the industry but is referred to herein as deep-strength
asphalt concrete pavement (DSACP). (See Arts. 1.5.3 and 1.5.5.)

Flexible pavements are designed to bend and rebound with the subgrade. The
design concept is to place sufficient layers of base and intermediate courses of pave-
ment so as to control the strains in the subgrade so that no permanent deflections
result. Loading of an asphalt pavement requires the stiffest layers to be placed at the
surface with successively weaker layers down to the subgrade. The types and thicknesses
of subbase materials placed above the subgrade should be selected with consideration of
the strength of the subgrade. Very weak subgrades, after compaction, can lose com-
paction when very stiff aggregate bases are placed above. It is often advantageous to
place a granular subbase, which is much weaker than an aggregate base, above weak
subgrades to ensure that compaction is sustained. Most, if not all, flexible pavement
design procedures are based on a combination of elastic layer theory and experience.
The elastic layer theory is used to calculate strains in each of the layers so as to ensure
that excessive deflections will not occur. The experience is related to performance
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parameters that predict the number of times the pavement can bend (loadings) until
cracking results.

3.3 COMPOSITE PAVEMENT (OVERLAYS)

Rigid pavement constructed with an asphalt overlay is referred to as composite pavement.
The advantage of constructing an asphalt overlay on a rigid pavement is solely in the
areas of ridability and noise. Rigid pavements are considered by most to create more
road noise inside a vehicle than flexible pavements. This phenomenon is largely due
to the surface texture specified for rigid pavements to ensure proper skid resistance.
By specifying an asphalt overlay with the rigid base, surface texture requirements can
be relaxed and noise can be reduced.

There are few documented composite pavement design procedures available to
determine the proper thickness ratios between the rigid base thickness and the flexible
surface thickness. One way to determine an equivalent composite thickness buildup
can be done using elastic layer theory. A convenient computer program called
ELSYMS (public domain) can be used for analysis of different layer combinations,
provided the designer is willing to make some assumptions. By accepting the assump-
tions, the designer is getting results that are only approximate but relative. ELSYMS is
based on elastic layer theory, which is not entirely appropriate for rigid pavement,
since rigid pavement is not continuous, isotropic, and homogeneous in all directions.
The procedure involves calculating the required rigid slab thickness for the conditions
present where the composite pavement will be constructed. This is done using the
AASHTO Pavement Design Guide or another method. The second step is to analyze
the required rigid slab using ELSYMS5 under the conditions designed for by calculating
the deflections, strains, or stresses predicted under the maximum legal loading config-
uration. Finally, using a trial-and-error procedure, replace up to 3 in of the rigid slab
with enough thickness of asphalt to achieve the same deflections under the same loading
scheme. A rule of thumb is to replace the first 1 in of slab thickness with 3 in of asphalt con-
crete. However, there is not a linear relationship of 1 in of PCC to 3 in asphalt concrete; for
additional reductions in the rigid slab thickness, the elastic layer theory is relied upon
to calculate equivalent deflections.

Because a composite pavement behaves more like a rigid pavement, special treatment
is required for the transverse joints. Reflective cracking, cracks that propagate from
the rigid pavement joint through the asphalt overlay, can be an intolerable distress
which induces a rough riding pavement. The reflective crack allows water to enter, which
induces stripping in the asphalt and slow deterioration into a spalled pothole. The sug-
gested treatment to counter the reflective cracking is to saw and seal the asphalt concrete
overlay directly above the concrete joint. The joints should be sawed as soon as the
asphalt overlay is placed, and the joint sealant reservoir should be constructed the same
way as discussed previously. Figure 3.8 shows a joint in a composite pavement that has
been properly sawed and sealed.

3.4 DEVELOPMENT OF AASHTO PAVEMENT
DESIGN EQUATIONS

Perhaps the most widely used pavement design method in the United States and
throughout the world is that presented in the AASHTO Guide for Design of Pavement
Structures. A long history of pavement studies has led to the current (1993) edition.
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FIGURE 3.8 Joint in composite pavement that has been sawed and sealed.

The developments leading to the current AASHTO design procedure began with
the Bates Experimental Road, which was constructed in 1922 near Springfield,
Illinois. The purpose of the experimental road was to determine what factors affected
pavement performance. The researchers found that pavement performance could be
correlated with truck loading. No further major research was conducted over the ensuing
25 years.

The changes in truck configuration and expansion of the highway network resulting
from World War II brought pavement performance to the forefront again. In 1949, the
Council of State Governments held a meeting in Columbus, Ohio. At this meeting,
highway officials decided there was a “need for more factual data concerning the effects
of axle loads of various magnitudes on pavements.” The effort to advance the science of
pavement design was led by the American Association of State Highway Officials
(AASHO, which later became AASHTO). The regional AASHO associations decided
to construct test pavements in each region. The first of these test roads was constructed
by the Southeastern AASHO states. Named Road Test One, two test loops were con-
structed in 1950 near La Plata, Maryland, each loop containing two 12-ft-wide pavement
lanes. All sections constructed were concrete with a pavement thickness of 7 in thick-
ening to 9 in at the edge of the pavement. Each lane of a loop carried only one loading
and axle configuration.

A second regional test road was constructed by the Western Association of State
Highway Organizations (WASHO). Named the WASHO Road Test, two test loops
were constructed in 1952 near Malad, Idaho, each consisting of two 12-ft lanes. All
pavement was comprised of asphalt concrete on a crushed aggregate base, constructed
on subbases from 0 to 16 in thick. Each lane of a loop carried only one loading and
axle configuration. Because of the limited number of sections constructed in Maryland
and Idaho, a rational design procedure could not be developed.
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In 1951, support was growing within AASHO for an expanded road test. This led
to the construction of the AASHO Road Test near Ottawa, Illinois, which contained
six loops with two 12-ft lanes. The AASHO Road Test contained 468 asphalt sections
and 368 concrete sections. Each lane of a loop carried only one loading and axle con-
figuration. A total of 1,114,000 load applications were applied over a two-year period.

The rigid pavements in the AASHO Road Test were concrete slabs ranging in
thickness from 2/ to 12/ in thick. The slabs were placed either on a granular subbase
or directly on the subgrade. Flexible pavements at the AASHO Road Test consisted of
asphalt pavements placed on a base and/or subbase. As confirmed by these tests, rigid
pavements carry traffic loads through beam action whereas flexible pavements carry
traffic loads by spreading the stress through the underlying layers.

Unpublished preliminary results from the road test were released to the states in
1961 and 1962. The AASHO Interim Guide for Design of Pavement Structures was
published in 1972. Chapter 3 of the interim guide was revised in 1981. The first edition
of the AASHTO Guide for Design of Pavement Structures (1986) introduced many
new concepts including the reliability concept. It was published in two volumes, the
first giving design procedures and the second providing documentation and explanatory
information. The second edition of the Guide was published in 1993.

3.5 PARAMETERS FOR AASHTO PAVEMENT
DESIGN

The AASHTO pavement design equations have some variables that are common to
both rigid and flexible pavements, including serviceability, traffic loading, reliability,
overall standard deviation, and roadbed soil resilient modulus. These parameters are
discussed in the following articles. Subsequently, the design procedure is presented
for rigid pavements in Art. 3.6 and for flexible pavements in Art. 3.7.

3.5.1 Serviceability

The AASHTO design equations are developed around the concept of serviceability,
which serves as the pavement performance parameter by which a pavement’s condition is
valued. Present serviceability is defined as the momentary ability of a pavement to serve
traffic. The present serviceability rating (PSR) was developed to measure serviceability.
PSR is a rating of pavement ride based on a scale of 0, for impassible, to 5, for perfect.
For the development of the original AASHO equation, individuals (the raters) would ride
the pavements and assign a PSR value. To avoid riding and rating every pavement to
determine serviceability, a relationship is usually developed between PSR and measurable
pavement attributes. The value determined by this relationship is called the present ser-
viceability index (PSI). At the AASHO Road Test, the PSI was derived to be related to
slope variance, cracking, and patching for concrete pavements, and to slope variance, rut-
ting, cracking, and patching for asphalt pavements. The relationship between pavement
thickness and serviceability index is defined by the AASHTO pavement design equations.

3.5.2 Traffic Loading

Perhaps the most important step in designing a pavement is the estimation of the
design traffic. Overestimation of the design traffic results in a thicker pavement than
necessary with associated higher costs. Underestimation of traffic results in a thin
pavement that will fail prematurely, resulting in higher maintenance and user costs. If
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the proposed pavement will be used to replace an existing pavement, the design traffic
could be a projection of the existing traffic. If the proposed pavement is a new loca-
tion, the design traffic will have to be estimated on the basis of the proposed use of the
pavement. For design purposes, all traffic is equated to an equivalent 18-kip single-
axle load, or ESAL. Each vehicle in the expected design traffic volume is converted to an
ESAL by an equivalency factor. The equivalency factor is a function of the axle loading,
pavement thickness, axle configuration, and terminal serviceability. As discussed in
Art. 3.6, the terminal serviceability is an index of the serviceability of a pavement
immediately before rehabilitation is needed.

The equivalency factors as given by the AASHTO Pavement Design Guide are pre-
sented here for flexible pavements in Tables 3.1 through 3.9, and for rigid pavements
in Tables 3.10 through 3.18. For each pavement type, the tables are arranged by axle
configuration and terminal serviceability p,. Factors are included for single-axle, tandem-
axle, and triple-axle configurations, and for p, values of 2.0, 2.5, and 3.0. In the tables
for flexible pavements, the pavement strength is characterized by a pavement structural
number (SN), which is defined in Art. 3.7. The use of the tables is illustrated by the
following example.

TABLE 3.1 Axle Load Equivalency Factors for Flexible Pavements,
Single Axles, and p, of 2.0

Pavement structural number (SN)

Axle load,
kips 1 2 3 4 5 6
2 0.0002  0.0002  0.0002  0.0002 0.0002 0.0002
4 0.002 0.003 0.002 0.002 0.002 0.002
6 0.009 0.012 0.011 0.010 0.009 0.009
8 0.030 0.035 0.036 0.033 0.031 0.029
10 0.075 0.085 0.090 0.085 0.079 0.076
12 0.165 0.177 0.189 0.183 0.174 0.168
14 0.325 0.338 0.354 0.350 0.338 0.331
16 0.589 0.598 0.613 0.612 0.603 0.596
18 1.00 1.00 1.00 1.00 1.00 1.00
20 1.61 1.59 1.56 1.55 1.57 1.59
22 2.49 2.44 2.35 2.31 2.35 2.41
24 3.71 3.62 3.43 3.33 3.40 3.51
26 5.36 5.21 4.88 4.68 4.77 4.96
28 7.54 7.31 6.78 6.42 6.52 6.83
30 10.4 10.0 9.2 8.6 8.7 9.2
32 14.0 13.5 12.4 11.5 11.5 12.1
34 18.5 17.9 16.3 15.0 14.9 15.6
36 24.2 23.3 21.2 19.3 19.0 19.9
38 31.1 29.9 27.1 24.6 24.0 25.1
40 39.6 38.0 34.3 30.9 30.0 31.2
42 49.7 47.7 43.0 38.6 37.2 38.5
44 61.8 59.3 53.4 47.6 45.7 47.1
46 76.1 73.0 65.6 58.3 55.7 57.0
48 92.9 89.1 80.0 70.9 67.3 68.6
50 113. 108. 97. 86. 81. 82.

Source:  Guide for Design of Pavement Structures, American Association of State
Highway and Transportation Officials, Washington, D.C., 1993, with permission.
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Consider a 30,000-1b transit bus that has a single front axle load of 10,000 1b and a
tandem rear axle load of 20,000 1b. Before the ESAL can be determined, the pavement
thickness or structural number must be known, as well as the terminal serviceability.
In an initial design, this necessitates assumptions, and very likely an iteration after the
thickness or structural number has initially been determined. In this example, the ESAL
is to be determined for a rigid pavement 7 in thick and for a flexible pavement with a
pavement structural number of 4. The p, is taken as 2.5. The tables show that, for this
case, the equivalency factor for rigid pavement is 0.089 for the front axle (Table 3.13)
and 0.220 for the rear axle (Table 3.14). The equivalency factor for flexible pavement
is 0.102 for the front axle (Table 3.4) and 0.141 for the rear axle (Table 3.5). Each bus
equals 0.089 + 0.220 = 0.309 ESAL for rigid pavement and 0.102 + 0.141 = 0.243
ESAL for flexible pavement. A similar analysis would be completed for each vehicle
type. A worksheet for making the calculations is provided in Table 3.19, and an example
for using the worksheet is presented in Table 3.20.

The traffic supplied to the designer is usually the total traffic in both directions and
all lanes. This traffic needs to be distributed by direction and lane to determine the
required pavement thickness. The pavement is first divided by direction by multiplying
by the directional factor. In most cases, this factor is equal to 0.5, assuming the loads
are distributed equally in both directions. In some cases, the directional factor may be
greater than 0.5. An example would be an industry where material is hauled in by truck
and shipped out by rail. In this case, loaded trucks would be going into the plant and empty
trucks would be exiting the plant. The next factor is the lane distribution factor. As more
lanes are added to a section of road, the traffic will be more distributed among these lanes.
However, trucks tend to use the outermost lane, so the distribution of ESALSs is not in
proportion to the number of lanes added. Many of the state DOTs have developed lane
distribution factors for use in pavement design. The AASHTO Pavement Design
Guide presents a range of factors used for lane distribution as given below. It should
be noted that for the same traffic, the thickness design will be greater for the pavement
with the smaller number of lanes.

Number of lanes Percent of 18-kip ESAL
in both directions traffic in design lane
1 100
2 80-100
3 60-80
4 or more 50-75

Abbreviated procedures for determining ESALSs have been developed by several states.
These procedures usually involve grouping classifications of trucks into several categories
and assigning an average equivalency factor to these categories. For example, Ohio
groups trucks into two categories, single, or C units, and tractor-trailer, or B combina-
tions. The average equivalency factors used by Ohio for these two categories are shown
in Table 3.21.

3.5.3 Reliability and Overall Standard Deviation

Rarely does the actual traffic loading to failure equal the predicted traffic loading; the
difference is due to the deviations that exist. These deviations include (1) lack of fit of
the AASHTO design equations, since these are empirical equations; (2) variations in
construction, which cause variations in the equation input factors such as the strength
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TABLE 3.2 Axle Load Equivalency Factors for Flexible Pavements,
Tandem Axles, and p, of 2.0

Pavement structural number (SN)

Axle load,
kips 1 2 3 4 5 6
2 0.0000  0.0000  0.0000  0.0000  0.0000  0.0000
4 0.0003  0.0003  0.0003  0.0002  0.0002  0.0002
6 0.001 0.001 0.001 0.001 0.001 0.001
8 0.003 0.003 0.003 0.003 0.003 0.002
10 0.007 0.008 0.008 0.007 0.006 0.006
12 0.013 0.016 0.016 0.014 0.013 0.012
14 0.024 0.029 0.029 0.026 0.024 0.023
16 0.041 0.048 0.050 0.046 0.042 0.040
18 0.066 0.077 0.081 0.075 0.069 0.066
20 0.103 0.117 0.124 0.117 0.109 0.105
22 0.156 0.171 0.183 0.174 0.164 0.158
24 0.227 0.244 0.260 0.252 0.239 0.231
26 0.322 0.340 0.360 0.353 0.338 0.329
28 0.447 0.465 0.487 0.481 0.466 0.455
30 0.607 0.623 0.646 0.643 0.627 0.617
32 0.810 0.823 0.843 0.842 0.829 0.819
34 1.06 1.07 1.08 1.08 1.08 1.07
36 1.38 1.38 1.38 1.38 1.38 1.38
38 1.76 1.75 1.73 1.72 1.73 1.74
40 2.22 2.19 2.15 2.13 2.16 2.18
42 2.77 2.73 2.64 2.62 2.66 2.70
44 3.42 3.36 3.23 3.18 3.24 3.31
46 4.20 4.11 3.92 3.83 391 4.02
48 5.10 4.98 4.72 4.58 4.68 4.83
50 6.15 5.99 5.64 5.44 5.56 5.77
52 7.37 7.16 6.71 6.43 6.56 6.83
54 8.77 8.51 7.93 7.55 7.69 8.03
56 10.4 10.1 9.3 8.8 9.0 9.4
58 12.2 11.8 10.9 10.3 10.4 10.9
60 14.3 13.8 12.7 11.9 12.0 12.6
62 16.6 16.0 14.7 13.7 13.8 14.5
64 19.3 18.6 17.0 15.8 15.8 16.6
66 222 21.4 19.6 18.0 18.0 18.9
68 25.5 24.6 22.4 20.6 20.5 21.5
70 29.2 28.1 25.6 23.4 23.2 24.3
72 333 32.0 29.1 26.5 26.2 27.4
74 37.8 36.4 33.0 30.0 29.4 30.8
76 42.8 41.2 37.3 33.8 33.1 345
78 48.4 46.5 42.0 38.0 37.0 38.6
80 54.4 523 47.2 42.5 41.3 43.0
82 61.1 58.7 52.9 47.6 46.0 47.8
84 68.4 65.7 59.2 53.0 51.2 53.0
86 76.3 73.3 66.0 59.0 56.8 58.6
88 85.0 81.6 73.4 65.5 62.8 64.7
90 94.4 90.6 81.5 72.6 69.4 71.3

Source:  Guide for Design of Pavement Structures, American Association of State
Highway and Transportation Officials, Washington, D.C., 1993, with permission.
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TABLE 3.3 Axle Load Equivalency Factors for Flexible Pavements, Triple
Axles, and p, of 2.0

Pavement structural number (SN)

Axle load,
kips 1 2 3 4 5 6
2 0.0000  0.0000  0.0000  0.0000  0.0000  0.0000
4 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001
6 0.0004  0.0004  0.0003  0.0003 0.0003 0.0003
8 0.0009  0.0010  0.0009  0.0008 0.0007 0.0007
10 0.002 0.002 0.002 0.002 0.002 0.001
12 0.004 0.004 0.004 0.003 0.003 0.003
14 0.006 0.007 0.007 0.006 0.006 0.005
16 0.010 0.012 0.012 0.010 0.009 0.009
18 0.016 0.019 0.019 0.017 0.015 0.015
20 0.024 0.029 0.029 0.026 0.024 0.023
22 0.034 0.042 0.042 0.038 0.035 0.034
24 0.049 0.058 0.060 0.055 0.051 0.048
26 0.068 0.080 0.083 0.077 0.071 0.068
28 0.093 0.107 0.113 0.105 0.098 0.094
30 0.125 0.140 0.149 0.140 0.131 0.126
32 0.164 0.182 0.194 0.184 0.173 0.167
34 0.213 0.233 0.248 0.238 0.225 0.217
36 0.273 0.294 0.313 0.303 0.288 0.279
38 0.346 0.368 0.390 0.381 0.364 0.353
40 0.434 0.456 0.481 0.473 0.454 0.443
42 0.538 0.560 0.587 0.580 0.561 0.548
44 0.662 0.682 0.710 0.705 0.686 0.673
46 0.807 0.825 0.852 0.849 0.831 0.818
48 0.976 0.992 1.015 1.014 0.999 0.987
50 1.17 1.18 1.20 1.20 1.19 1.18
52 1.40 1.40 1.42 1.42 1.41 1.40
54 1.66 1.66 1.66 1.66 1.66 1.66
56 1.95 1.95 1.93 1.93 1.94 1.94
58 2.29 2.27 2.24 2.23 2.25 2.27
60 2.67 2.64 2.59 2.57 2.60 2.63
62 3.10 3.06 2.98 2.95 2.99 3.04
64 3.59 3.53 341 3.37 3.42 3.49
66 4.13 4.05 3.89 3.83 3.90 3.99
68 4.73 4.63 4.43 4.34 4.42 4.54
70 5.40 5.28 5.03 4.90 5.00 5.15
72 6.15 6.00 5.68 5.52 5.63 5.82
74 6.97 6.79 6.41 6.20 6.33 6.56
76 7.88 7.67 7.21 6.94 7.08 7.36
78 8.88 8.63 8.09 7.75 7.90 8.23
80 9.98 9.69 9.05 8.63 8.79 9.18
82 11.2 10.8 10.1 9.6 9.8 10.2
84 12.5 12.1 11.2 10.6 10.8 11.3
86 13.9 13.5 12.5 11.8 11.9 12.5
88 15.5 15.0 13.8 13.0 13.2 13.8
90 17.2 16.6 15.3 14.3 14.5 15.2

Source: Guide for Design of Pavement Structures, American Association of State
Highway and Transportation Officials, Washington, D.C., 1993, with permission.
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TABLE 3.4 Axle Load Equivalency Factors for Flexible Pavements, Single
Axles, and p, of 2.5

Pavement structural number (SN)

Axle load,
kips 1 2 3 4 5 6
2 0.0004  0.0004  0.0003 0.0002 0.0002 0.0002
4 0.003 0.004 0.004 0.003 0.002 0.002
6 0.011 0.017 0.017 0.013 0.010 0.009
8 0.032 0.047 0.051 0.041 0.034 0.031
10 0.078 0.102 0.118 0.102 0.088 0.080
12 0.168 0.198 0.229 0.213 0.189 0.176
14 0.328 0.358 0.399 0.388 0.360 0.342
16 0.591 0.613 0.646 0.645 0.623 0.606
18 1.00 1.00 1.00 1.00 1.00 1.00
20 1.61 1.57 1.49 1.47 1.51 1.55
22 2.48 2.38 2.17 2.09 2.18 2.30
24 3.69 3.49 3.09 2.89 3.03 3.27
26 5.33 4.99 431 3.91 4.09 4.48
28 7.49 6.98 5.90 5.21 5.39 5.98
30 10.3 9.5 7.9 6.8 7.0 7.8
32 13.9 12.8 10.5 8.8 8.9 10.0
34 18.4 16.9 13.7 11.3 11.2 12.5
36 24.0 22.0 17.7 14.4 13.9 15.5
38 30.9 28.3 22.6 18.1 17.2 19.0
40 39.3 359 28.5 22.5 21.1 23.0
42 49.3 45.0 35.6 27.8 25.6 27.7
44 61.3 55.9 44.0 34.0 31.0 33.1
46 75.5 68.8 54.0 41.4 37.2 39.3
48 92.2 83.9 65.7 50.1 44.5 46.5
50 112. 102. 79. 60. 53. 55.

Source: Guide for Design of Pavement Structures, American Association of State
Highway and Transportation Officials, Washington, D.C., 1993, with permission.

and thickness of pavement layers; and (3) variations in the predicted traffic (see App.
EE of Vol. 2 of the AASHTO Guide for Design of Pavement Structures, August 1986
edition). The AASHTO equations account for these variations by multiplying the pre-
dicted traffic by a safety factor. The safety factor is determined by the reliability
desired and the amount of total variation or the overall standard deviation. AASHTO
recommends the following reliability based on the functional classification of the road:

Recommended
level of reliability

Functional classification Urban Rural
Interstate/freeway 85-99.9 80-99.9
Principal arterials 80-99 75-95
Collectors 80-95 75-95
Local 50-80 50-80

Overall standard deviation values recommended by AASHTO are 0.30 to 0.40 for
rigid pavements and 0.40 to 0.50 for flexible pavements. The lower values are more
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TABLE 3.5 Axle Load Equivalency Factors for Flexible Pavements,
Tandem Axles, and p, of 2.5

Pavement structural number (SN)

Axle load,
kips 1 2 3 4 5 6

2 0.0001 0.0001 0.0001 0.0000  0.0000  0.0000
4 0.0005  0.0005  0.0004  0.0003 0.0003 0.0002
6 0.002 0.002 0.002 0.001 0.001 0.001
8 0.004 0.006 0.005 0.004 0.003 0.003
10 0.008 0.013 0.011 0.009 0.007 0.006
12 0.015 0.024 0.023 0.018 0.014 0.013
14 0.026 0.041 0.042 0.033 0.027 0.024
16 0.044 0.065 0.070 0.057 0.047 0.043
18 0.070 0.097 0.109 0.092 0.077 0.070
20 0.107 0.141 0.162 0.141 0.121 0.110
22 0.160 0.198 0.229 0.207 0.180 0.166
24 0.231 0.273 0.315 0.292 0.260 0.242
26 0.327 0.370 0.420 0.401 0.364 0.342
28 0.451 0.493 0.548 0.534 0.495 0.470
30 0.611 0.648 0.703 0.695 0.658 0.633
32 0.813 0.843 0.889 0.887 0.857 0.834
34 1.06 1.08 1.11 1.11 1.09 1.08
36 1.38 1.38 1.38 1.38 1.38 1.38
38 1.75 1.73 1.69 1.68 1.70 1.73
40 2.21 2.16 2.06 2.03 2.08 2.14
42 2.76 2.67 2.49 2.43 2.51 2.61
44 3.41 3.27 2.99 2.88 3.00 3.16
46 4.18 3.98 3.58 3.40 3.55 3.79
48 5.08 4.80 4.25 3.98 4.17 4.49
50 6.12 5.76 5.03 4.64 4.86 5.28
52 7.33 6.87 5.93 5.38 5.63 6.17
54 8.72 8.14 6.95 6.22 6.47 7.15
56 10.3 9.6 8.1 7.2 7.4 8.2
58 12.1 11.3 9.4 8.2 8.4 9.4
60 14.2 13.1 10.9 9.4 9.6 10.7
62 16.5 15.3 12.6 10.7 10.8 12.1
64 19.1 17.6 14.5 12.2 12.2 13.7
66 22.1 20.3 16.6 13.8 13.7 154
68 25.3 233 18.9 15.6 154 17.2
70 29.0 26.6 21.5 17.6 17.2 19.2
72 33.0 30.3 24.4 19.8 19.2 21.3
74 37.5 34.4 27.6 22.2 21.3 23.6
76 42.5 38.9 31.1 24.8 23.7 26.1
78 48.0 43.9 35.0 27.8 26.2 28.8
80 54.0 49.4 39.2 30.9 29.0 31.7

82 60.6 55.4 439 34.4 32.0 34.8
84 67.8 61.9 49.0 38.2 353 38.1

86 75.7 69.1 54.5 423 38.8 41.7
88 84.3 76.9 60.6 46.8 42.6 45.6
90 93.7 85.4 67.1 51.7 46.8 49.7

Source: Guide for Design of Pavement Structures, American Association of State
Highway and Transportation Officials, Washington, D.C., 1993, with permission.
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TABLE 3.6 Axle Load Equivalency Factors for Flexible Pavements, Triple
Axles, and p, of 2.5

Pavement structural number (SN)

Axle load,
kips 1 2 3 4 5 6
2 0.0000  0.0000  0.0000  0.0000  0.0000  0.0000
4 0.0002  0.0002  0.0002  0.0001 0.0001 0.0001
6 0.0006  0.0007  0.0005  0.0004  0.0003 0.0003
8 0.001 0.002 0.001 0.001 0.001 0.001
10 0.003 0.004 0.003 0.002 0.002 0.002
12 0.005 0.007 0.006 0.004 0.003 0.003
14 0.008 0.012 0.010 0.008 0.006 0.006
16 0.012 0.019 0.018 0.013 0.011 0.010
18 0.018 0.029 0.028 0.021 0.017 0.016
20 0.027 0.042 0.042 0.032 0.027 0.024
22 0.038 0.058 0.060 0.048 0.040 0.036
24 0.053 0.078 0.084 0.068 0.057 0.051
26 0.072 0.103 0.114 0.095 0.080 0.072
28 0.098 0.133 0.151 0.128 0.109 0.099
30 0.129 0.169 0.195 0.170 0.145 0.133
32 0.169 0.213 0.247 0.220 0.191 0.175
34 0.219 0.266 0.308 0.281 0.246 0.228
36 0.279 0.329 0.379 0.352 0.313 0.292
38 0.352 0.403 0.461 0.436 0.393 0.368
40 0.439 0.491 0.554 0.533 0.487 0.459
42 0.543 0.594 0.661 0.644 0.597 0.567
44 0.666 0.714 0.781 0.769 0.723 0.692
46 0.811 0.854 0.918 0.911 0.868 0.838
48 0.979 1.015 1.072 1.069 1.033 1.005
50 1.17 1.20 1.24 1.25 1.22 1.20
52 1.40 1.41 1.44 1.44 1.43 1.41
54 1.66 1.66 1.66 1.66 1.66 1.66
56 1.95 1.93 1.90 1.90 1.91 1.93
58 2.29 2.25 2.17 2.16 2.20 2.24
60 2.67 2.60 2.48 2.44 2.51 2.58
62 3.09 3.00 2.82 2.76 2.85 2.95
64 3.57 3.44 3.19 3.10 3.22 3.36
66 4.11 3.94 3.61 3.47 3.62 3.81
68 4.71 4.49 4.06 3.88 4.05 4.30
70 5.38 5.11 4.57 4.32 4.52 4.84
72 6.12 5.79 5.13 4.80 5.03 5.41
74 6.93 6.54 5.74 5.32 5.57 6.04
76 7.84 7.37 6.41 5.88 6.15 6.71
78 8.83 8.28 7.14 6.49 6.78 7.43
80 9.92 9.28 7.95 7.15 7.45 8.21
82 11.1 10.4 8.8 7.9 8.2 9.0
84 12.4 11.6 9.8 8.6 8.9 9.9
86 13.8 12.9 10.8 9.5 9.8 10.9
38 154 14.3 11.9 10.4 10.6 11.9
90 17.1 15.8 13.2 11.3 11.6 12.9

Source:  Guide for Design of Pavement Structures, American Association of State
Highway and Transportation Officials, Washington, D.C., 1993, with permission.
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TABLE 3.7 Axle Load Equivalency Factors for Flexible Pavements, Single
Axles, and p, of 3.0

Pavement structural number (SN)

Axle load,
kips 1 2 3 4 5 6
2 0.0008  0.0009  0.0006  0.0003 0.0002 0.0002
4 0.004 0.008 0.006 0.004 0.002 0.002
6 0.014 0.030 0.028 0.018 0.012 0.010
8 0.035 0.070 0.080 0.055 0.040 0.034
10 0.082 0.132 0.168 0.132 0.101 0.086
12 0.173 0.231 0.296 0.260 0.212 0.187
14 0.332 0.388 0.468 0.447 0.391 0.358
16 0.594 0.633 0.695 0.693 0.651 0.622
18 1.00 1.00 1.00 1.00 1.00 1.00
20 1.60 1.53 1.41 1.38 1.44 1.51
22 2.47 2.29 1.96 1.83 1.97 2.16
24 3.67 3.33 2.69 2.39 2.60 2.96
26 5.29 4.72 3.65 3.08 3.33 391
28 7.43 6.56 4.88 3.93 4.17 5.00
30 10.2 8.9 6.5 5.0 5.1 6.3
32 13.8 12.0 8.4 6.2 6.3 7.7
34 18.2 15.7 10.9 7.8 7.6 9.3
36 23.8 204 14.0 9.7 9.1 11.0
38 30.6 26.2 17.7 11.9 11.0 13.0
40 38.8 332 222 14.6 13.1 15.3
42 48.8 41.6 27.6 17.8 15.5 17.8
44 60.6 51.6 34.0 21.6 18.4 20.6
46 74.7 63.4 41.5 26.1 21.6 23.8
48 91.2 77.3 50.3 31.3 25.4 27.4
50 110. 94. 61. 37. 30. 32.

Source: Guide for Design of Pavement Structures, American Association of State
Highway and Transportation Officials, Washington, D.C., 1993, with permission.

appropriate when traffic predictions are more reliable. Values derived from the
AASHTO Road Test are 0.39 for rigid pavements and 0.49 for flexible pavements.

3.5.4 Roadbed Soil Resilient Modulus

The resilient modulus is a measure of the ability of a soil or granular base to resist per-
manent deformation under repeated loading. Many soils are stress-dependent. As the
stress level increases, these soils will behave in a nonlinear fashion. Fine-grain soils
tend to be stress-softening, whereas granular soils tend to be stress-hardening.
Laboratory procedures for determining resilient modulus have been published by the
Strategic Highway Research Program (SHRP) as Protocol P46 and by AASHTO as test
method T292-91. A typical setup for the laboratory test is shown in Fig. 3.9. The stress
due to the repeated load applied through the load actuator is the deviator stress and is
intended to duplicate the effect of loads passing over a section of pavement. The con-
fining stress within the chamber is intended to duplicate the confinement of the soil
within the subgrade. A typical load-response curve is shown in Fig. 3.10. As shown,
the resilient modulus (M) is the ratio of deviator stress to strain in the elastic range.
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TABLE 3.8 Axle Load Equivalency Factors for Flexible Pavements,
Tandem Axles, and p, of 3.0

Pavement structural number (SN)

Axle load,
kips 1 2 3 4 5 6
2 0.0002  0.0002  0.0001 0.0001 0.0000 0.0000
4 0.001 0.001 0.001 0.000 0.000 0.000
6 0.003 0.004 0.003 0.002 0.001 0.001
8 0.006 0.011 0.009 0.005 0.003 0.003
10 0.011 0.024 0.020 0.012 0.008 0.007
12 0.019 0.042 0.039 0.024 0.017 0.014
14 0.031 0.066 0.068 0.045 0.032 0.026
16 0.049 0.096 0.109 0.076 0.055 0.046
18 0.075 0.134 0.164 0.121 0.090 0.076
20 0.113 0.181 0.232 0.182 0.139 0.119
22 0.166 0.241 0.313 0.260 0.205 0.178
24 0.238 0.317 0.407 0.358 0.292 0.257
26 0.333 0.413 0.517 0.476 0.402 0.360
28 0.457 0.534 0.643 0.614 0.538 0.492
30 0.616 0.684 0.788 0.773 0.702 0.656
32 0.817 0.870 0.956 0.953 0.896 0.855
34 1.07 1.10 1.15 1.15 1.12 1.09
36 1.38 1.38 1.38 1.38 1.38 1.38
38 1.75 1.71 1.64 1.62 1.66 1.70
40 2.21 2.11 1.94 1.89 1.98 2.08
42 2.5 2.59 2.29 2.19 2.33 2.50
44 3.39 3.15 2.70 2.52 2.71 2.97
46 4.15 3.81 3.16 2.89 3.13 3.50
48 5.04 4.58 3.70 3.29 3.57 4.07
50 6.08 5.47 4.31 3.74 4.05 4.70
52 7.27 6.49 5.01 4.24 4.57 5.37
54 8.65 7.67 5.81 4.79 5.13 6.10
56 10.2 9.0 6.7 54 5.7 6.9
58 12.0 10.6 7.7 6.1 6.4 7.7
60 14.1 12.3 8.9 6.8 7.1 8.6
62 16.3 14.2 10.2 7.7 7.8 9.5
64 18.9 16.4 11.6 8.6 8.6 10.5
66 21.8 18.9 13.2 9.6 9.5 11.6
68 25.1 21.7 15.0 10.7 10.5 12.7
70 28.7 24.7 17.0 12.0 11.5 13.9
72 32.7 28.1 19.2 13.3 12.6 15.2
74 37.2 31.9 21.6 14.8 13.8 16.5
76 42.1 36.0 24.3 16.4 15.1 17.9
78 47.5 40.6 27.3 18.2 16.5 19.4
80 534 45.7 30.5 20.1 18.0 21.0
82 60.0 51.2 34.0 22.2 19.6 22.7
84 67.1 57.2 37.9 24.6 21.3 24.5
86 74.9 63.8 42.1 27.1 23.2 26.4
88 83.4 71.0 46.7 29.8 25.2 28.4
90 92.7 78.8 51.7 32.7 27.4 30.5

Source:  Guide for Design of Pavement Structures, American Association of State
Highway and Transportation Officials, Washington, D.C., 1993, with permission.
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TABLE 3.9 Axle Load Equivalency Factors for Flexible Pavements, Triple
Axles, and p, of 3.0

Pavement structural number (SN)

Axle load,
kips 1 2 3 4 5 6
2 0.0001 0.0001 0.0001 0.0000  0.0000  0.0000
4 0.0005  0.0004  0.0003  0.0002 0.0001 0.0001
6 0.001 0.001 0.001 0.001 0.000 0.000
8 0.003 0.004 0.002 0.001 0.001 0.001
10 0.005 0.008 0.005 0.003 0.002 0.002
12 0.007 0.014 0.010 0.006 0.004 0.003
14 0.011 0.023 0.018 0.011 0.007 0.006
16 0.016 0.035 0.030 0.018 0.013 0.010
18 0.022 0.050 0.047 0.029 0.020 0.017
20 0.031 0.069 0.069 0.044 0.031 0.026
22 0.043 0.090 0.097 0.065 0.046 0.039
24 0.059 0.116 0.132 0.092 0.066 0.056
26 0.079 0.145 0.174 0.126 0.092 0.078
28 0.104 0.179 0.223 0.168 0.126 0.107
30 0.136 0.218 0.279 0.219 0.167 0.143
32 0.176 0.265 0.342 0.279 0.218 0.188
34 0.226 0.319 0.413 0.350 0.279 0.243
36 0.286 0.382 0.491 0.432 0.352 0.310
38 0.359 0.456 0.577 0.524 0.437 0.389
40 0.447 0.543 0.671 0.626 0.536 0.483
42 0.550 0.643 0.775 0.740 0.649 0.593
44 0.673 0.760 0.889 0.865 0.777 0.720
46 0.817 0.894 1.014 1.001 920 .865
48 0.984 1.048 1.152 1.148 1.080 1.030
50 1.18 1.23 1.30 1.31 1.26 1.11
52 1.40 1.43 1.47 1.48 1.45 1.43
54 1.66 1.66 1.66 1.66 1.66 1.66
56 1.95 1.92 1.86 1.85 1.88 191
58 2.28 2.21 2.09 2.06 2.13 2.20
60 2.66 2.54 2.34 2.28 2.39 2.50
62 3.08 2.92 2.61 2.52 2.66 2.84
64 3.56 3.33 2.92 2.77 2.96 3.19
66 4.09 3.79 3.25 3.04 3.27 3.58
68 4.68 4.31 3.62 3.33 3.60 4.00
70 5.34 4.88 4.02 3.64 3.94 4.44
72 6.08 5.51 4.46 3.97 431 491
74 6.89 6.21 4.94 4.32 4.69 5.40
76 7.78 6.98 5.47 4.70 5.09 5.93
78 8.76 7.83 6.04 5.11 5.51 6.48
80 9.84 8.75 6.67 5.54 5.96 7.06
82 11.0 9.8 7.4 6.0 6.4 7.7
84 12.3 10.9 8.1 6.5 6.9 8.3
86 13.7 12.1 8.9 7.0 7.4 9.0
88 15.3 13.4 9.8 7.6 8.0 9.6
90 16.9 14.8 10.7 8.2 8.5 10.4

Source: Guide for Design of Pavement Structures, American Association of State
Highway and Transportation Officials, Washington, D.C., 1993, with permission.
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TABLE 3.10 Axle Load Equivalency Factors for Rigid Pavements, Single Axles, and p, of 2.0

Slab thickness D, in

Axle load,
kips 6 7 8 9 10 11 12 13 14
2 0.0002 0.0002 0.0002 0.0002 0.0002 0.0002 0.0002 0.0002 0.0002
4 0.002  0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002
6 0.011 0.010 0.010 0.010 0.010 0.010 0.010 0.010 0.010
8 0.035 0.033 0.032 0.032 0.032 0.032 0.032 0.032 0.032
10 0.087 0.084  0.082  0.081 0.080  0.080  0.080 0.080  0.080
12 0.186  0.180  0.176  0.175 0.174  0.174  0.173 0.173 0.173
14 0.353 0.346  0.341 0.338  0.337 0.336 0336 0.336  0.336
16 0.614  0.609 0.604  0.601 0.599 0599  0.598 0.598 0.598
18 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
20 1.55 1.56 1.57 1.58 1.58 1.59 1.59 1.59 1.59
22 2.32 2.32 2.35 2.38 2.40 2.41 2.41 2.41 2.42
24 3.37 3.34 3.40 3.47 3.51 3.53 3.54 3.55 3.55
26 4.76 4.69 4.77 4.88 4.97 5.02 5.04 5.06 5.06
28 6.58 6.44 6.52 6.70 6.85 6.94 7.00 7.02 7.04
30 8.92 8.68 8.74 8.98 9.23 9.39 9.48 9.54 9.56

32 11.9 11.5 11.5 11.8 12.2 12.4 12.6 12.7 12.7
34 15.5 15.0 14.9 15.3 15.8 16.2 16.4 16.6 16.7
36 20.1 19.3 19.2 19.5 20.1 20.7 21.1 21.4 21.5
38 25.6 24.5 24.3 24.6 25.4 26.1 26.7 27.1 27.4
40 322 30.8 30.4 30.7 31.6 32.6 33.4 34.0 34.4
42 40.1 38.4 37.7 38.0 38.9 40.1 41.3 42.1 42.7
44 49.4 473 46.4 46.6 47.6 49.0 50.4 51.6 524
46 60.4 57.17 56.6 56.7 57.7 59.3 61.1 62.6 63.7
48 732 69.9 68.4 68.4 69.4 71.2 73.3 753 76.8
50 88.0 84.1 82.2 82.0 83.0 84.9 87.4 89.8 91.7

Source: Guide for Design of Pavement Structures, American Association of State Highway and
Transportation Officials, Washington, D.C., 1993, with permission.

The laboratory procedures for determining resilient modulus are complex and time-
consuming. Many equations have been developed relating the resilient modulus to soil
properties that are more easily determined. One such property is the California
Bearing Ratio (CBR). Common equations using CBR to calculate resilient modulus
values include the following:

E (Ib/in?) = 1500CBR (Shell Qil Co.)
E (Ib/in?) = 5409CBR7!! (U.S. Army Waterway Experiment Station)
E (Ib/in?) = 2550CBR?%* (Transport and Road Research Laboratory, England)

(See “Pavement Deflection Analysis,” FHWA Report HI-94-021, NHI, February
1994.) More detailed equations have been developed by correlating laboratory results
with fundamental soil properties. R. F. Carmichael III and E. Stuart (“Predicting
Resilient Modulus: A Study to Determine the Mechanical Properties of Subgrade
Soils,” Transportation Research Record 1043, Transportation Research Board,
National Research Council, Washington, D.C., 1985) developed the following models
for the U.S. Forest Service:
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TABLE 3.11  Axle Load Equivalency Factors for Rigid Pavements, Tandem Axles, and p, of
2.0

Slab thickness D, in

Axle load,
kips 6 7 8 9 10 11 12 13 14
2 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001
4 0.0006 0.0005 0.0005 0.0005 0.0005 0.0005 0.0005 0.0005 0.0005
6 0.002  0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002
8 0.006  0.006 0.005 0.005 0.005 0.005 0.005 0.005 0.005
10 0.014 0.013 0.013 0.012 0.012 0.012 0.012 0.012 0.012
12 0.028 0.026 0.026 0.025 0.025 0.025 0.025 0.025 0.025
14 0.051 0.049  0.048 0.047 0.047 0.047 0.047 0.047 0.047
16 0.087 0.084 0.082  0.081 0.081 0.080  0.080 0.080  0.080
18 0.141  0.136  0.133  0.132  0.131 0.131 0.131  0.131  0.131
20 0.216  0.210 0.206  0.204 0.203 0.203  0.203 0.203  0.203
22 0.319 0.313 0307 0305 0.304 0303 0.303 0303 0.303
24 0.454 0449 0444 0441 0.440 0.439 0439 0439 0439
26 0.629 0.626  0.622 0.620 0.618 0.618 0.618 0.618 0.618
28 0.852  0.851 0.850 0.850 0.850 0.849 0.849 0.849 0.849
30 1.13 1.13 1.14 1.14 1.14 1.14 1.14 1.14 1.14
32 1.48 1.48 1.49 1.50 1.51 1.51 1.51 1.51 1.51
34 1.90 1.90 1.93 1.95 1.96 1.97 1.97 1.97 1.97
36 242 2.41 2.45 2.49 2.51 2.52 2.53 2.53 2.53
38 3.04 3.02 3.07 3.13 3.17 3.19 3.20 3.20 3.21
40 3.79 3.74 3.80 3.89 3.95 3.98 4.00 4.01 4.01
42 4.67 4.59 4.66 4.78 4.87 4.93 4.95 4.97 4.97
44 5.72 5.59 5.67 5.82 5.95 6.03 6.07 6.09 6.10
46 6.94 6.76 6.83 7.02 7.20 7.31 7.37 7.41 7.43
48 8.36 8.12 8.17 8.40 8.63 8.79 8.88 8.93 8.96

50 10.00 9.69 9.72 9.98 10.27 1049  10.62 10.69  10.73
52 11.9 11.5 11.5 11.8 12.1 12.4 12.6 12.7 12.8
54 14.0 13.5 13.5 13.8 14.2 14.6 14.9 15.0 15.1
56 16.5 15.9 15.8 16.1 16.6 17.1 17.4 17.6 17.7
58 19.3 18.5 18.4 18.7 19.3 19.8 20.3 20.5 20.7
60 22.4 21.5 21.3 21.6 223 229 23.5 23.8 24.0
62 25.9 24.9 24.6 249 25.6 26.4 27.0 27.5 27.7
64 29.9 28.6 28.2 28.5 29.3 30.2 31.0 31.6 31.9
66 34.3 32.8 32.3 32.6 33.4 34.4 35.4 36.1 36.5
68 39.2 37.5 36.8 37.1 37.9 39.1 40.2 41.1 41.6
70 44.6 42.7 41.9 42.1 429 442 455 46.6 473
72 50.6 48.4 475 47.6 48.5 49.9 51.4 52.6 53.5
74 57.3 54.7 53.6 53.6 54.6 56.1 57.7 59.2 60.3
76 64.6 61.7 60.4 60.3 61.2 62.8 64.7 66.4 67.7
78 72.5 69.3 67.8 67.7 68.6 70.2 72.3 74.3 75.8
80 81.3 77.6 75.9 75.7 76.6 78.3 80.6 82.8 84.7
82 90.9 86.7 84.7 84.4 85.3 87.1 89.6 92.1 94.2

84 101. 97. 94. 94. 95. 97. 99. 102. 105.
86 113. 107. 105. 104. 105. 107. 110. 113. 116.
88 125. 119. 116. 116. 116. 118. 121. 125. 128.

90 138. 132. 129. 128. 129. 131. 134. 137. 141.

Source: Guide for Design of Pavement Structures, American Association of State Highway and
Transportation Officials, Washington, D.C., 1993, with permission.
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TABLE 3.12 Axle Load Equivalency Factors for Rigid Pavements, Triple Axles, and p, of 2.0

Slab thickness D, in

Axle load,
kips 6 7 8 9 10 11 12 13 14
2 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001
4 0.0003  0.0003 0.0003 0.0003 0.0003 0.0003 0.0003 0.0003 0.0003
6 0.0010  0.0009 0.0009 0.0009 0.0009 0.0009 0.0009 0.0009 0.0009
8 0.002  0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002
10 0.005 0.005 0.005 0.005 0.005 0.005 0.005 0.005 0.005
12 0.010  0.010 0.009 0.009 0.009 0.009 0.009 0.009 0.009
14 0.018 0.017 0.017 0.016 0.016 0.016 0.016 0.016 0.016
16 0.030  0.029 0.028 0.027 0.027 0.027 0.027  0.027  0.027
18 0.047  0.045 0.044 0.044 0.043 0.043 0.043 0.043 0.043
20 0.072  0.069 0.067 0.066 0.066 0.066 0.066 0.066 0.066
22 0.105  0.101 0.099 0.098 0.097 0.097 0.097 0.097 0.097
24 0.149  0.144 0.141  0.139 0.139 0.138 0.138 0.138  0.138
26 0.205 0.199 0.195 0.194 0.193 0.192 0.192 0.192  0.192
28 0.276  0.270  0.265 0.263  0.262 0.262 0.262 0.262  0.261
30 0.364  0.359 0.354 0.351 0.350 0349 0349 0.349  0.349
32 0472 0468 0.463 0460 0459 0458 0458 0458 0.458
34 0.603  0.600 0.596 0.594 0.593 0592 0592 0.592  0.592
36 0.759 0.758 0.757 0.756  0.755 0.755 0.755  0.755  0.755
38 0.946 0947 0949 0950 0951 0.951 0.951 0.951 0.951
40 1.17 1.17 1.18 1.18 1.18 1.18 1.18 1.18 1.19
42 1.42 1.43 1.44 1.45 1.46 1.46 1.46 1.46 1.46
44 1.73 1.73 1.75 1.77 1.78 1.78 1.79 1.79 1.79
46 2.08 2.07 2.10 2.13 2.15 2.16 2.16 2.16 2.17
48 2.48 2.47 2.51 2.55 2.58 2.59 2.60 2.60 2.61
50 2.95 2.92 2.97 3.03 3.07 3.09 3.10 3.11 3.11
52 3.48 3.44 3.50 3.58 3.63 3.66 3.68 3.69 3.69
54 4.09 4.03 4.09 4.20 4.27 431 4.33 4.35 4.35
56 4.78 4.69 4.76 4.89 4.99 5.05 5.08 5.09 5.10
58 5.57 5.44 5.51 5.66 5.79 5.87 5.91 5.94 5.95
60 6.45 6.29 6.35 6.53 6.69 6.79 6.85 6.88 6.90
62 7.43 7.23 7.28 7.49 7.69 7.82 7.90 7.94 7.97
64 8.54 8.28 8.32 8.55 8.80 8.97 9.07 9.13 9.16
66 9.76 9.46 9.48 9.73 10.02 10.24 10.37 10.44 10.48

68 11.1 10.8 10.8 11.0 11.4 11.6 11.8 11.9 12.0
70 12.6 12.2 12.2 12.5 12.8 13.2 13.4 13.5 13.6
72 14.3 13.8 13.7 14.0 14.5 14.9 15.1 15.3 15.4
74 16.1 15.5 154 15.7 16.2 16.7 17.0 17.2 17.3
76 18.2 17.5 17.3 17.6 18.2 18.7 19.1 19.3 19.5
78 20.4 19.6 19.4 19.7 20.3 20.9 21.4 21.7 21.8
80 22.8 21.9 21.6 21.9 22.6 23.3 23.8 24.2 24.4
82 25.4 24.4 24.1 24.4 25.0 25.8 26.5 26.9 27.2
84 28.3 27.1 26.7 27.0 27.7 28.6 29.4 29.9 30.2
86 31.4 30.1 29.6 29.9 30.7 31.6 32.5 33.1 335
88 34.8 333 32.8 33.0 33.8 34.8 35.8 36.6 37.1
90 38.5 36.8 36.2 36.4 37.2 38.3 39.4 40.3 40.9

Source: Guide for Design of Pavement Structures, American Association of State Highway and
Transportation Officials, Washington, D.C., 1993, with permission.
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TABLE 3.13 Axle Load Equivalency Factors for Rigid Pavements, Single Axles, and p, of 2.5

Slab thickness D, in

Axle load,
kips 6 7 8 9 10 11 12 13 14
2 0.0002 0.0002 0.0002 0.0002 0.0002 0.0002 0.0002 0.0002 0.0002
4 0.003 0.002  0.002 0.002 0.002 0.002 0.002 0.002  0.002
6 0.012  0.011 0.010 0.010 0.010 0.010 0.010 0.010 0.010
8 0.039  0.035 0.033 0.032 0.032 0.032 0.032 0.032 0.032
10 0.097  0.089 0.084 0.082  0.081 0.080  0.080  0.080  0.080
12 0.203 0.189  0.181 0.176  0.175 0.174  0.174  0.173 0.173
14 0.376  0.360  0.347 0.341 0.338 0.337 0.336 0336 0.336
16 0.634  0.623 0.610  0.604  0.601 0.599 0.599 0.599  0.598
18 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
20 1.51 1.52 1.55 1.57 1.58 1.58 1.59 1.59 1.59
22 2.21 2.20 2.28 2.34 2.38 2.40 2.41 2.41 2.41
24 3.16 3.10 3.22 3.36 3.45 3.50 3.53 3.54 3.55
26 4.41 4.26 4.42 4.67 4.85 4.95 5.01 5.04 5.05
28 6.05 5.76 5.92 6.29 6.61 6.81 6.92 6.98 7.01
30 8.16 7.67 7.79 8.28 8.79 9.14 9.35 9.46 9.52

32 10.8 10.1 10.1 10.7 11.4 12.0 12.3 12.6 12.7
34 14.1 13.0 12.9 13.6 14.6 15.4 16.0 16.4 16.5
36 18.2 16.7 16.4 17.1 18.3 19.5 20.4 21.0 21.3
38 23.1 21.1 20.6 21.3 227 243 25.6 26.4 27.0
40 29.1 26.5 25.7 26.3 27.9 29.9 31.6 329 33.7
42 36.2 329 31.7 322 34.0 36.3 38.7 40.4 41.6
44 44.6 40.4 38.8 39.2 41.0 43.8 46.7 49.1 50.8
46 54.5 49.3 47.1 473 49.2 52.3 559 59.0 61.4
48 66.1 59.7 56.9 56.8 58.7 62.1 66.3 70.3 73.4
50 79.4 71.7 68.2 67.8 69.6 73.3 78.1 83.0 87.1

Source: Guide for Design of Pavement Structures, American Association of State Highway and
Transportation Officials, Washington, D.C., 1993, with permission.

Cohesive soils:

M, = 37.431 — 0.4566(PI) — 0.6179(% W) — 0.1424(5200) +
0.1791(CS) — 0.3248(DS) + 36.422(CH) + 17.097(MH) (3.6)

where M, = resilient modulus, kips/in?

PI

%W = percentage water

plasticity index

S200 = percentage passing the no. 200 sieve
CS = confining stress, 1b/in?
DS = deviator stress, 1b/in?
CH = { 1 for CH soil (Unified Soil Classification, Art. 8.3.2)
0 otherwise
1 for MH soil (Unified Soil Classification)

MH = )
0 otherwise
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TABLE 3.14 Axle Load Equivalency Factors for Rigid Pavements, Tandem Axles, and p, of 2.5

Slab thickness D, in

Axle load,
kips 6 7 8 9 10 11 12 13 14
2 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001
4 0.0006 0.0006 0.0005 0.0005 0.0005 0.0005 0.0005 0.0005 0.0005
6 0.002  0.002 0.002  0.002 0.002 0.002 0.002 0.002 0.002
8 0.007 0.006  0.006  0.005 0.005 0.005 0.005 0.005 0.005
10 0.015 0.014  0.013 0.013 0.012  0.012 0.012 0.012 0.012
12 0.031 0.028 0.026  0.026  0.025 0.025 0.025 0.025 0.025
14 0.057 0.052 0.049  0.048  0.047 0.047 0.047 0.047 0.047
16 0.097 0.089 0.084  0.082  0.081 0.081 0.080  0.080  0.080
18 0.155 0.143 0.136  0.133 0.132  0.131 0.131 0.131 0.131
20 0.234  0.220 0.211 0.206  0.204  0.203 0.203 0.203 0.203
22 0.340  0.325 0.313 0.308  0.305 0.304  0.303 0.303 0.303
24 0.475 0.462  0.450 0.444 0441 0.440  0.439 0439 0.439
26 0.644  0.637 0.627 0.622  0.620 0.619  0.618 0.618 0.618
28 0.855 0.854 0.852 0.850 0.850 0.850 0.849 0.849 0.849
30 1.11 1.12 1.13 1.14 1.14 1.14 1.14 1.14 1.14
32 1.43 1.44 1.47 1.49 1.50 1.51 1.51 1.51 1.51
34 1.82 1.82 1.87 1.92 1.95 1.96 1.97 1.97 1.97
36 2.29 2.27 2.35 2.43 2.48 2.51 2.52 2.52 2.53
38 2.85 2.80 291 3.03 3.12 3.16 3.18 3.20 3.20
40 3.52 3.42 3.55 3.74 3.87 3.94 3.98 4.00 4.01
42 4.32 4.16 4.30 4.55 4.74 4.86 491 4.95 4.96
44 5.26 5.01 5.16 5.48 5.75 5.92 6.01 6.06 6.09
46 6.36 6.01 6.14 6.53 6.90 7.14 7.28 7.36 7.40
48 7.64 7.16 7.27 7.73 8.21 8.55 8.75 8.86 8.92
50 9.11 8.50 8.55 9.07 9.68 10.14 10.42 10.58 10.66

52 10.8 10.0 10.0 10.6 11.3 11.9 12.3 12.5 12.7
54 12.8 11.8 11.7 12.3 13.2 13.9 14.5 14.8 14.9
56 15.0 13.8 13.6 14.2 15.2 16.2 16.8 17.3 17.5
58 17.5 16.0 15.7 16.3 17.5 18.6 19.5 20.1 20.4
60 20.3 18.5 18.1 18.7 20.0 21.4 22.5 232 23.6
62 23.5 21.4 20.8 21.4 22.8 24.4 25.7 26.7 27.3
64 27.0 24.6 23.8 24.4 25.8 27.7 29.3 30.5 31.3
66 31.0 28.1 27.1 27.6 29.2 31.3 332 34.7 35.7
68 35.4 32.1 30.9 31.3 329 352 37.5 39.3 40.5
70 40.3 36.5 35.0 353 37.0 39.5 42.1 443 45.9
72 45.7 41.4 39.6 39.8 415 442 472 49.8 51.7
74 51.7 46.7 44.6 44.7 46.4 49.3 52.7 55.7 58.0
76 583 52.6 50.2 50.1 51.8 54.9 58.6 62.1 64.8
78 65.5 59.1 56.3 56.1 57.7 60.9 65.0 69.0 72.3
80 73.4 66.2 62.9 62.5 64.2 67.5 71.9 76.4 80.2
82 82.0 73.9 70.2 69.6 71.2 74.7 79.4 84.4 88.8
84 914 82.4 78.1 71.3 78.9 82.4 87.4 93.0 98.1

86 102. 92. 87. 86. 87. 91. 96. 102. 108.
88 113. 102. 96. 95. 96. 100. 105. 112. 119.
90 125. 112. 106. 105. 106. 110. 115. 123. 130.

Source:  Guide for Design of Pavement Structures, American Association of State Highway and
Transportation Officials, Washington, D.C., 1993, with permission.
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TABLE 3.15  Axle Load Equivalency Factors for Rigid Pavements, Triple Axles, and p, of 2.5

Slab thickness D, in

Axle load,
kips 6 7 8 9 10 11 12 13 14
2 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001
4 0.0003 0.0003 0.0003 0.0003 0.0003 0.0003 0.0003 0.0003 0.0003
6 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001
8 0.003 0.002  0.002 0.002 0.002 0.002 0.002 0.002  0.002
10 0.006  0.005 0.005 0.005 0.005 0.005 0.005 0.005 0.005
12 0.011 0.010 0.010 0.009 0.009 0.009 0.009  0.009  0.009
14 0.020 0.018 0.017 0.017 0.016 0.016 0.016 0.016 0.016
16 0.033 0.030  0.029  0.028 0.027 0.027 0.027  0.027  0.027
18 0.053 0.048 0.045 0.044  0.044  0.043 0.043 0.043 0.043
20 0.080 0.073 0.069  0.067 0.066 0.066 0.066 0.066 0.066
22 0.116  0.107 0.101 0.099  0.098 0.097 0.097  0.097  0.097
24 0.163 0.151 0.144  0.141 0.139 0.139 0.138  0.138  0.138
26 0.222  0.209  0.200 0.195 0.194  0.193 0.192  0.192  0.192
28 0.295 0.281 0.271 0.265 0.263 0.262 0.262  0.262  0.262
30 0.384  0.371 0.359 0354  0.351 0.350 0349  0.349 0.349
32 0.490 0.480  0.468 0.463 0.460  0.459 0.458 0.458  0.458
34 0.616 0.609  0.601 0.596 0.594  0.593 0.592 0592  0.592
36 0.765 0.762  0.759  0.757 0.756  0.755 0.755 0.755 0.755
38 0.939  0.941 0.946  0.948 0.950  0.951 0.951 0.951 0.951
40 1.14 1.15 1.16 1.17 1.18 1.18 1.18 1.18 1.18
42 1.38 1.38 1.41 1.44 1.45 1.46 1.46 1.46 1.46
44 1.65 1.65 1.70 1.74 1.77 1.78 1.78 1.78 1.79
46 1.97 1.96 2.03 2.09 2.13 2.15 2.16 2.16 2.16
48 2.34 2.31 2.40 2.49 2.55 2.58 2.59 2.60 2.60
50 2.76 2.71 2.81 2.94 3.02 3.07 3.09 3.10 3.11
52 3.24 3.15 3.27 3.44 3.56 3.62 3.66 3.68 3.68
54 3.79 3.66 3.79 4.00 4.16 4.26 4.30 4.33 4.34
56 4.41 4.23 4.37 4.63 4.84 4.97 5.03 5.07 5.09
58 5.12 4.87 5.00 5.32 5.59 5.79 5.85 5.90 5.93
60 5.91 5.59 5.71 6.08 6.42 6.64 6.77 6.84 6.87
62 6.80 6.39 6.50 6.91 7.33 7.62 7.79 7.88 7.93
64 7.79 7.29 7.37 7.82 8.33 8.70 8.92 9.04 9.11
66 8.90 8.28 8.33 8.83 9.42 9.88 10.17 10.33 10.42
68 10.1 9.4 9.4 9.9 10.6 11.2 11.5 11.7 11.9

70 11.5 10.6 10.6 11.1 11.9 12.6 13.0 13.3 13.5
72 13.0 12.0 11.8 12.4 13.3 14.1 14.7 15.0 15.2
74 14.6 13.5 13.2 13.8 14.8 15.8 16.5 16.9 17.1
76 16.5 15.1 14.8 15.4 16.5 17.6 18.4 18.9 19.2
78 18.5 16.9 16.5 17.1 18.2 19.5 20.5 21.1 21.5
80 20.6 18.8 18.3 18.9 20.2 21.6 22.7 23.5 24.0
82 23.0 21.0 20.3 20.9 222 23.8 252 26.1 26.7
84 25.6 23.3 22.5 23.1 24.5 26.2 27.8 28.9 29.6
86 28.4 25.8 249 25.4 26.9 28.8 30.5 31.9 32.8
88 31.5 28.6 27.5 27.9 29.4 31.5 33.5 35.1 36.1
90 34.8 31.5 30.3 30.7 322 344 36.7 38.5 39.8

Source: Guide for Design of Pavement Structures, American Association of State Highway and
Transportation Officials, Washington, D.C., 1993, with permission.
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TABLE 3.16  Axle Load Equivalency Factors for Rigid Pavements, Single Axles, and p, of 3.0

Slab thickness D, in

Axle load,
kips 6 7 8 9 10 11 12 13 14
2 0.0003 0.0002 0.0002 0.0002 0.0002 0.0002 0.0002 0.0002 0.0002
4 0.003 0.003 0.002  0.002 0.002 0.002 0.002 0.002 0.002
6 0.014  0.012 0.011 0.010 0.010 0.010 0.010 0.010 0.010
8 0.045 0.038 0.034  0.033 0.032  0.032 0.032 0.032 0.032
10 0.111 0.095 0.087  0.083 0.081 0.081 0.080  0.080  0.080
12 0.228 0.202 0.186 0.179 0.176  0.174 0.174 0.174 0.173
14 0.408 0.378 0.355 0.344  0.340  0.337 0.337 0.336  0.336
16 0.660 0.640 0.619 0.608  0.603 0.600 0599  0.599 0.599
18 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
20 1.46 1.47 1.52 1.55 1.57 1.58 1.58 1.59 1.59
22 2.07 2.06 2.18 2.29 2.35 2.38 2.40 2.41 2.41
24 2.90 2.81 3.00 3.23 3.38 3.47 3.51 3.53 3.54
26 4.00 3.77 4.01 4.40 4.70 4.87 4.96 5.01 5.04
28 5.43 4.99 5.23 5.80 6.31 6.65 6.83 6.93 6.98
30 7.27 6.53 6.72 7.46 8.25 8.83 9.17 9.36 9.46
32 9.59 8.47 8.53 9.42 10.54 11.44 12.03 12.37 12.56

34 12.5 10.9 10.7 11.7 13.2 14.5 15.5 16.0 16.4
36 16.0 13.8 13.4 14.4 16.2 18.1 19.5 20.4 21.0
38 20.4 17.4 16.7 17.7 19.8 22.2 24.2 25.6 26.4
40 25.6 21.8 20.6 21.5 23.8 26.8 29.5 31.5 329
42 31.8 26.9 253 26.0 28.5 32.0 35.5 38.4 40.3
44 39.2 33.1 30.8 31.3 339 37.9 423 46.1 48.8
46 47.8 40.3 37.2 375 40.1 44.5 49.8 54.7 58.5
48 57.9 48.6 44.8 44.7 473 52.1 58.2 64.3 69.4
50 69.6 58.4 53.6 53.1 55.6 60.6 67.6 75.0 81.4

Source: Guide for Design of Pavement Structures, American Association of State Highway and
Transportation Officials, Washington, D.C., 1993, with permission.

Granular soils:

log M, = 0.523 — 0.0225(%W) + 0.544(log T) + 0.173(SM) + 0.197(GR) 3.7
where M, = resilient modulus, kips/in?
%W = percentage water
T = bulk stress = DS + 3CS
SM — { 1 for SM soil (Unified Soil Classification, Art. 8.3.2)
0 otherwise

GR = 1 for GR soil (Unified Soil Classification)
0 otherwise
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TABLE 3.17 Axle Load Equivalency Factors for Rigid Pavements, Tandem Axles, and p, of
3.0

Slab thickness D, in

Axle load,
kips 6 7 8 9 10 11 12 13 14
2 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001
4 0.0007 0.0006 0.0005 0.0005 0.0005 0.0005 0.0005 0.0005 0.0005
6 0.003  0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002
8 0.008 0.006 0.006 0.006 0.005 0.005 0.005 0.005 0.005
10 0.018 0.015 0.013 0.013 0.013 0.012 0.012 0.012 0.012
12 0.036  0.030 0.027 0.026  0.026 0.025 0.025 0.025 0.025
14 0.066 0.056 0.050 0.048 0.047 0.047 0.047 0.047 0.047
16 0.111  0.095 0.087 0.083  0.081 0.081 0.081  0.080  0.080
18 0.174  0.153  0.140 0.135 0.132  0.131 0.131  0.131  0.131
20 0.260 0.234 0217 0.209 0.205 0.204 0.203 0.203  0.203
22 0.368  0.341  0.321 0.311 0.307 0.305 0.304 0.303  0.303
24 0.502 0479 0458 0447 0443 0440 0440 0.439 0.439
26 0.664  0.651 0.634  0.625  0.621 0.619 0.618 0.618 0.618
28 0.859 0.857 0.853  0.851 0.850 0.850 0.850 0.849  0.849
30 1.09 1.10 1.12 1.13 1.14 1.14 1.14 1.14 1.14
32 1.38 1.38 1.44 1.47 1.49 1.50 1.51 1.51 1.51
34 1.72 1.71 1.80 1.88 1.93 1.95 1.96 1.97 1.97
36 2.13 2.10 2.23 2.36 2.45 2.49 2.51 2.52 2.52
38 2.62 2.54 2.71 2.92 3.06 3.13 3.17 3.19 3.20
40 3.21 3.05 3.26 3.55 3.76 3.89 3.95 3.98 4.00
42 3.90 3.65 3.87 4.26 4.58 4.77 4.87 4.92 4.95
44 4.72 4.35 4.57 5.06 5.50 5.78 5.94 6.02 6.06
46 5.68 5.16 5.36 5.95 6.54 6.94 7.17 7.29 7.36
48 6.80 6.10 6.25 6.93 7.69 8.24 8.57 8.76 8.86
50 8.09 7.17 7.26 8.03 8.96 9.70 10.17 10.43 10.58
52 9.57 8.41 8.40 9.24 10.36 11.32 11.96 12.33 12.54
54 1.13 9.8 9.7 10.6 11.9 13.1 14.0 14.5 14.8

56 13.2 11.4 11.2 12.1 13.6 15.1 16.2 16.9 17.3
58 15.4 13.2 12.8 13.7 15.4 17.2 18.6 19.5 20.1
60 17.9 15.3 14.7 15.6 17.4 19.5 21.3 22.5 232
62 20.6 17.6 16.8 17.6 19.6 22.0 24.1 25.7 26.6
64 23.7 20.2 19.1 19.9 22.0 24.7 27.3 29.2 30.4
66 27.2 23.1 21.7 22.4 24.6 27.6 30.6 33.0 34.6
68 31.1 26.3 24.6 252 27.4 30.8 34.3 37.1 39.2
70 35.4 29.8 27.8 28.2 30.6 342 38.2 41.6 44.1
72 40.1 33.8 31.3 31.6 34.0 37.9 42.3 46.4 49.4
74 453 38.1 352 354 37.7 41.8 46.8 51.5 55.2
76 51.1 42.9 39.5 39.5 41.8 46.1 51.5 56.9 61.3
78 57.4 48.2 443 44.0 46.3 50.7 56.6 62.7 67.9
80 64.3 53.9 49.4 48.9 51.1 55.8 62.1 68.9 74.9
82 71.8 60.2 55.1 543 56.5 61.2 67.9 75.5 82.4
84 80.0 67.0 61.2 60.2 62.2 67.0 74.2 82.4 90.3
86 89.0 74.5 67.9 66.5 68.5 73.4 80.8 89.8 98.7
88 98.7 82.5 75.2 73.5 75.3 80.2 88.0 97.7  107.5
90 109. 91. 83. 81. 83. 88. 96. 106. 117

Source: Guide for Design of Pavement Structures, American Association of State Highway and
Transportation Officials, Washington, D.C., 1993, with permission.
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TABLE 3.18 Axle Load Equivalency Factors for Rigid Pavements, Triple Axles, and p, of 3.0

Slab thickness D, in

Axle load,
kips 6 7 8 9 10 11 12 13 14
2 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001
4 0.0004 0.0003 0.0003 0.0003 0.0003 0.0003 0.0003 0.0003 0.0003
6 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001
8 0.003 0.003 0.002  0.002 0.002 0.002 0.002 0.002 0.002
10 0.007 0.006  0.005 0.005 0.005 0.005 0.005 0.005 0.005
12 0.013 0.011 0.010  0.009 0.009 0.009 0.009 0.009 0.009
14 0.023 0.020 0.018 0.017 0.017 0.016 0.016 0.016 0.016
16 0.039 0.033 0.030  0.028  0.028 0.027 0.027 0.027 0.027
18 0.061 0.052 0.047  0.045 0.044  0.044  0.043 0.043 0.043
20 0.091 0.078 0.071 0.068  0.067 0.066 0.066 0.066 0.066
22 0.132  0.114  0.104  0.100  0.098 0.097 0.097 0.097 0.097
24 0.183 0.161 0.148  0.143 0.140  0.139  0.139  0.138 0.138
26 0.246  0.221 0.205 0.198  0.195 0.193 0.193 0.192  0.192
28 0.322 0.296  0.277 0.268  0.265 0.263 0.262  0.262  0.262
30 0.411 0.387 0.367 0357  0.353 0.351 0.350  0.349 0.349
32 0.515 0.495 0476  0.466 0462 0460 0459 0.458 0.458
34 0.634  0.622 0.607  0.599  0.595 0.594  0.593 0.592  0.592
36 0.772  0.768 0.762  0.758  0.756  0.756  0.755 0.755 0.755
38 0930 0934 0942 0947 0949 0950 0.951 0.951 0.951
40 1.11 1.12 1.15 1.17 1.18 1.18 1.18 1.18 1.18
42 1.32 1.33 1.38 1.42 1.44 1.45 1.46 1.46 1.46
44 1.56 1.56 1.64 1.71 1.75 1.77 1.78 1.78 1.78
46 1.84 1.83 1.94 2.04 2.10 2.14 2.15 2.16 2.16
48 2.16 2.12 2.26 2.41 2.51 2.56 2.58 2.59 2.60
50 2.53 2.45 2.61 2.82 2.96 3.03 3.07 3.09 3.10
52 2.95 2.82 3.01 3.27 3.47 3.58 3.63 3.66 3.68
54 3.43 3.23 3.43 3.77 4.03 4.18 4.27 4.31 4.33
56 3.98 3.70 3.90 4.31 4.65 4.86 4.98 5.04 5.07
58 4.59 4.22 4.42 4.90 5.34 5.62 5.78 5.86 5.90
60 5.28 4.80 4.99 5.54 6.08 6.45 6.66 6.78 6.84
62 6.06 5.45 5.61 6.23 6.89 7.36 7.64 7.80 7.88
64 6.92 6.18 6.29 6.98 7.76 8.36 8.72 8.93 9.04
66 7.89 6.98 7.05 7.78 8.70 9.44 991 10.18 10.33
68 8.96 7.88 7.87 8.66 9.71 10.61 11.20 11.55 11.75
70 10.2 8.9 8.8 9.6 10.8 11.9 12.6 13.1 13.3

72 11.5 10.0 9.8 10.6 12.0 13.2 14.1 14.7 15.0
74 12.9 11.2 10.9 11.7 13.2 14.7 15.8 16.5 16.9
76 14.5 12.5 12.1 12.9 14.5 16.2 17.5 18.4 18.9
78 16.2 13.9 13.4 14.2 15.9 17.8 19.4 20.5 21.1
80 18.2 15.5 14.8 15.6 17.4 19.6 21.4 22.7 235
82 20.2 17.2 16.4 17.2 19.1 21.4 23.5 25.1 26.1
84 22.5 19.1 18.1 18.8 20.8 234 25.8 27.6 28.8
86 25.0 21.2 19.9 20.6 22.6 25.5 28.2 30.4 31.8
88 27.6 23.4 21.9 22.5 24.6 27.7 30.7 332 35.0
90 30.5 25.8 24.1 24.6 26.8 30.0 334 36.3 38.3

Source:  Guide for Design of Pavement Structures, American Association of State Highway and
Transportation Officials, Washington, D.C., 1993, with permission.
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TABLE 3.19 Worksheet for Calculating 18-kip Equivalent Single-Axle Load (ESAL)

Applications

Location

Analysis period

Assumed SN or D

years

in

Vehicle types

Current
traffic (A)

Growth
factors (B)

Design
traffic (C)

ESAL

factor (D)

Design
ESAL (E)

Passenger cars
Buses

Panel and pickup trucks
Other 2-axle/4-tire trucks
2-axle/6-tire trucks

3 or more axle trucks

All single-unit trucks

3-axle tractor semitrailers
4-axle tractor semitrailers
5+ axle tractor semitrailers
All tractor semitrailers

5-axle double trailers
6+ axle double trailers
All double trailer combos

3-axle truck-trailers
4-axle truck-trailers

5+ axle truck-trailers
All truck-trailer combos

All vehicles

Design
ESAL

Source: Guide for Design of Pavement Structures, American Association of State Highway and
Transportation Officials, Washington, D.C., 1993, with permission.

3.6 RIGID PAVEMENT DESIGN PROCEDURE

The steps involved in designing a rigid pavement using the AASHTO design equations are

as follows:

1. Determine the effective modulus of subgrade reaction.

. Select the material properties for the concrete pavement.

. Determine the drainage coefficient for the pavement.

. Estimate the total number of 18-kip equivalent single-axle loads for the design period.

. Select a level of reliability and the overall standard deviation.

2
3
4. Select the design serviceability loss.
5
6
7

. Determine slab thickness and steel reinforcement.
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TABLE 3.20 Worksheet for Calculating 18-kip Equivalent Single-Axle Load (ESAL) Applications
Analysis period = 20 years
Location
Example 1 Assumed SN or D = 9 in
Current Growth Design ESAL Design
Vehicle types traffic (A) | factors (B) traffic (C) | factor (D) ESAL (E)
2%
Passenger cars 5,925 24.30 52,551,787 0.0008 42,041
Buses 35 24.30 310,433 0.6806 211,280
Panel and pickup trucks 1,135 24.30 10,066,882 0.0122 122,816
Other 2-axle/4-tire trucks 3 24.30 26,609 0.0052 138
2-axle/6-tire trucks 372 24.30 3,299,454 0.1890 623,597
3 or more axle trucks 34 24.30 301,563 0.1303 39,294
All single-unit trucks
3-axle tractor semitrailers 19 24.30 168,521 0.8646 145,703
4-axle tractor semitrailers 49 24.30 434,606 0.6560 285,101
5+ axle tractor semitrailers 1,880 24.30 16,674,660 2.3719 39,550,626
All tractor semitrailers
5-axle double trailers 103 24.30 913,559 2.3187 2,118,268
6+ axle double trailers 0 24.30
All double trailer combos
3-axle truck-trailers 208 24.30 1,844,856 0.0152 28,042
4-axle truck-trailers 305 24.30 2,705,198 0.0152 41,119
5+ axle truck-trailers 125 24.30 1,108,688 0.5317 589,489
All truck-trailer combos
. Design
All vehicles 10,193 90,406,816 ESAL 43,772,314

Source:

Transportation Officials, Washington, D.C., 1993, with permission.

TABLE 3.21 Equivalency Factors for Determining ESAL

Guide for Design of Pavement Structures, American Association of State Highway and

Rigid pavement

Flexible pavement

Function classification B C
Rural interstate 2.27 0.914 1.60 0.735
All other rural 2.16 1.02 1.44 0.777
Urban interstate, freeway,

and expressway 2.50 1.48 1.74 1.13
All other urban 1.61 0.673 1.11 0.534

Notes: B = tractor-trucks with semitrailers and trucks with trailers. C = single-unit

trucks (2 axles, 6 tires or more).

Source: Ohio Department of Transportation, Location and Design Manual, Vol. 1,
Roadway Design, December 1990, revised October 1992, with permission.
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REPEATED LOAD ACTUATOR

LOAD CELL—
GHAMBER PISTON ROD “‘“‘ BALL SEAT {DIVOT)
13 mm (o 5 m) MIN. DIA. FOR STEEL BALL
TYPE 2 501 4—‘ 51 mm (2 in) MAX,
38 mm (1.5 in) MIN DIA. FOR
TYPE 1 SOILS LVDT SOLID BRACKET
LVDT

CELL PRESSURE INLET
THOMPSON BALL BUSHING

SPECIMEN l

v
///// '%/‘/;; 777

COVER PLATE

4‘72
E

| —— O-RING SEALS

|—SAMPLE CAP
CHAMBER (lexan or acrylic) PORGUS BRONZE
— DISC OR POROUS
STONE

| — SAMPLE MEMBRANE

POAOUS BRONZE
-— DISC OR POROUS
STONE

BASE PLATE

\m\m\mmm

SECTION VIEW
Nete: LYDT tips shall rest on the triaxial cell #self orena

platefbracket which is rigidly attached to the triaxial cell,

FIGURE 3.9 Triaxial test chamber for determining resilient modulus of soil specimen. (From NRC
Operational Guide No. SHRP-LTPP-OG-004, “SHRP-LTPP Interim Guide for Laboratory Material
Handling and Testing,” with permission)

Determine Effective Subgrade Modulus. The first step in designing the thickness of a
rigid pavement is the determination of the effective modulus of subgrade reaction. The
effective modulus (or composite modulus) is the modulus of subgrade reaction after cor-
rection for use of subbase, seasonal variation in subgrade and subbase strength, rigid
foundation within 10 ft of the surface, and loss of support. Figure 3.11 is used to deter-
mine the composite modulus of subgrade reaction when a subbase will be used under the
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FIGURE 3.10 Load-response curve used to
determine resilient modulus. (From M.
Thompson, “Factors Affecting the Resilient
Modulus of Soils and Granular Materials,”
Proceedings of Workshop on Resilient Modulus
Testing, Oregon State University, Corvallis,
1989, with permission)

concrete pavement. If the pavement will be placed directly on the subgrade, the AASHTO
Pavement Design Guide recommends a composite modulus of subgrade reaction of:

MR
Ty (3.8)

where k is in 1b/in® (pci) and M, is in 1b/in?.

When a stiff layer (bedrock, etc.) is located within 10 ft of the surface, the stiff
layer will provide additional support for the pavement. Figure 3.12 is used to correct
the composite modulus of subgrade reaction for this additional support.

In regions where large moisture variations, freeze and thaw, etc., will affect the
strength of the subgrade soils and subgrade, AASHTO provides a procedure to modify
the composite modulus of subgrade reaction. Table 3.22 provides a worksheet, and
Table 3.23 shows an example. The seasonal variation in strength is determined using
laboratory procedures or nondestructive testing (NDT). The seasonal strength of the
subbase and subgrade is entered in columns 2 and 3 of Table 3.22. The composite
modulus of subgrade reaction is determined using Fig. 3.11 and entered in column 4.
If a rigid foundation is present within 10 ft of the surface, the k value is corrected
using Fig. 3.12 and entered in column 5. The corrected & value is then used in Fig. 3.13
to determine the seasonal or relative damage factor, which is entered in column 6. The sum
of relative damage is divided by the total number of periods to determine the average rel-
ative damage factor. This value is entered in Fig. 3.13 to determine the average composite
modulus of subgrade reaction for the year. Many concrete pavements fail as a result of
pumping or loss of support under the slab. Figure 3.14 is provided to correct the effective
modulus of subgrade reaction for loss of support. This figure lowers the k so that the
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Example:
Dsa =8 in
Egp = 20,000 Ibfin
My = 7,000 Ihfin?

Solution: k, = 400IbAin>

b T T T 1 1 T
"ggg"ggg [ 111 T—LJ I \\Q SN Composite Modulus of
450,600 b Subbase Elastic N Subgrode Reaction, |
200,000 nAESES Modulus, E, (b/in?) SNEN e g
"rg'.oooh"“ A Iy N Y N \\\ \\I\Aalumﬂ Seml-infinite |
50 DOO o \ R Subgrade Pepth)
30,600 it TR N [~ RUAN |
18,000 b | T 1R, J \\\\ o%
- R § oY N \ \%a
. \\\\ N '\QK '\_"\‘
RS N P, Q N
8 N \@,\ NA N
7
Y NERS NEUAN
3 w N ] o I
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NEAWILN NN
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Jubgse Tekiers; R ), NN
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3000 [~ i ] 1
5000 f—| = [~ ™ f’c}.
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EESNASSNNNAE
S R L
T
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Roadbed N I
T Scoil Resiliant NN
| Modulus, Mg {Ibin?) \\\\
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FIGURE 3.11 Chart for estimating composite modulus of subgrade reaction k_, assuming a semi-
infinite subgrade depth; defined as over 10 ft below subgrade surface. (From Guide for Design of
Pavement Structures, American Association of State Highway and Transportation Officials,
Washington, D.C., 1993, with permission)

stress in the slab will be the same as for a slab with a void. Although the AASHTO
procedure includes design for loss of support, it is recommended that a pavement base
be designed to prevent or reduce loss of support, especially under pavements supporting
a large number of heavy loads in wet areas. The cost of providing a base to resist loss
of support may be less than the cost of restoring support in the future.
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TABLE 3.22 Table for Estimating Effective Modulus of Subgrade Reaction
Trial subbase: Type Depth to rigid foundation, ft
Thickness, in Projected slab thickness, in
Loss of support, LS
k value, Ib/in?
Roadbed Subbase Composite on rigid Relative
modulus modulus, k value, 1b/in’ foundation damage u,
Month M,, 1b/in’ Ep. Ib/in? (Fig. 3.11) (Fig. 3.12) (Fig. 3.13)
(D (2) (3) (4) (5) (6)
January
February
March
April
May
June
July
August
September
October
November
December
Summation: Yu, =
2,
Average: u, = =

n

Effective modulus of subgrade reaction k (Ib/in®) =

Corrected for loss of support (Fig. 3.14): k (Ib/in®) =

Source: Guide for Design of Pavement Structures, American Association of State Highway and
Transportation Officials, Washington, D.C., 1993, with permission.
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TABLE 3.23 Example Application of Method for Estimating Effective Modulus of Subgrade

Reaction
Trial subbase: Type Granular Depth to rigid foundations, ft 5
Thickness, in 6 Projected slab thickness, in 9
Loss of support, LS 1.0
k value, 1b/in3
Roadbed Subbase Composite on rigid Relative
modulus modulus, k value, 1b/in? foundation damage u,
Month M,, 1b/in? Eg. Ib/in? (Fig. 3.11) (Fig. 3.12) (Fig. 3.13)
()] ) 3) 4 Q) (©)
20,000 50,000 1,100 1,350 0.35
January
20,000 50,000 1,100 1,350 0.35
February
2,500 15,000 160 230 0.86
March
. 4,000 15,000 230 300 0.78
April
4,000 15,000 230 300 0.78
May
7,000 20,000 410 540 0.60
June
7,000 20,000 410 540 0.60
July
7,000 20,000 410 540 0.60
August
7,000 20,000 410 540 0.60
September
7,000 20,000 410 540 0.60
October
4,000 15,000 230 300 0.78
November
20,000 50,000 1,100 1,350 0.35
December
Summation: Yu, =  7.25
Average: u, = & = 0.60

n

Effective modulus of subgrade reaction k (Ib/in®) = 540
Corrected for loss of support (Fig. 3.14): k (Ib/in®) = 170

Source:

Guide for Design of Pavement Structures, American Association of State Highway and
Transportation Officials, Washington, D.C., 1993, with permission.
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FIGURE 3.13 Chart for estimating relative damage to rigid pavements based on slab thickness and
underlying support. (From Guide for Design of Pavement Structures, American Association of State
Highway and Transportation Officials, Washington, D.C., 1993, with permission)

Select Pavement Material Properties. The next step in the design of a rigid pavement
is to select material properties. The reliability level and overall standard deviation
consider the variation in material properties. Therefore, average material property values
must be used in design. The concrete material values needed for design are the average
concrete modulus of elasticity and the average concrete modulus of rupture. These
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FIGURE 3.14 Chart for correction of effective modulus of subgrade reaction for potential loss of
subbase support. (From Guide for Design of Pavement Structures, American Association of State
Highway and Transportation Officials, Washington, D.C., 1993, with permission)

values are not known until after construction of the pavement unless the plans for the
pavement contain a performance specification. Material properties from past pave-
ment construction may be used for design purposes provided a similar mix will be
used. American Society for Testing and Materials “Test Method for Static Modulus of
Elasticity and Poisson’s Ratio of Concrete in Compression,” ASTM C469, details the
laboratory test method for determining the concrete modulus of elasticity. ASTM C78,
“Test Method for Flexural Strength of Concrete (Using Simple Beam with Third-Point
Loading),” details the laboratory test method for determining the concrete flexural
strength (modulus of rupture).

Determine Drainage Coefficient. The drainage coefficient is used to modify the
design thickness for drainage conditions. Moisture affects the pavement performance
by decreasing the strength of the subgrade and subbase material and affects the warping
and curling behavior of the concrete slabs. The intent of the drainage coefficient is to
allow performance prediction for pavements without a proper drainage system.
Increasing the pavement thickness should not be used in lieu of a properly designed
drainage system. Recommended values for the drainage coefficient are given in Table 3.24.
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The Federal Highway Administration’s “Highway Subdrainage Design Manual,”
Report No. FHWA-TS-80-224, provides a procedure that may be used to determine
drainage times for base material. (See Arts. 5.4.5 and 5.4.6.)

Select Design Serviceability Loss. The design serviceability loss is the amount of
serviceability loss the agency will tolerate before rehabilitation. To select a design ser-
viceability loss, the designer needs to know the initial serviceability and the terminal
serviceability of the pavement. The initial serviceability is the serviceability immedi-
ately after construction. Since this value is unknown at the time of construction, the
designer will usually use the average initial serviceability of previously constructed
pavements. The terminal serviceability is the serviceability of a pavement immediately
before rehabilitation. The terminal serviceability is a function of traffic volume and
speed. A low-volume road with low speeds may be allowed to deteriorate to a lower
serviceability than a high-volume freeway, since the associated user costs will be
lower. The terminal serviceability used by an agency is a policy decision. Common
terminal serviceabilities are 2.5 for high-volume roads and 2.0 for low-volume roads.

Estimate ESALs. The daily ESAL loadings are determined as outlined in Art. 3.5.2.
The total number of ESAL loadings for design is the cumulative number of ESAL
loadings expected over the design life of the pavement. This value can be determined
by assuming a growth rate or, if the pavement is being built on an existing alignment, by
extrapolating past traffic patterns.

Select Level of Reliability and Standard Deviation. The level of reliability and
overall standard deviation can be selected using the guidelines discussed in Art. 3.5.3.

Determine Slab Thickness and Reinforcement. The design slab thickness is deter-
mined by using the design values as outlined above in the nomograph shown in Fig. 3.15.
The design thickness is usually rounded up to the nearest ' or 1 in depending on the
local practice for specifying slab thickness. As mentioned in Art. 3.5.2, if the design
thickness varies significantly from the thickness used to determine the equivalency factors,
the equivalency factors should be recalculated and the thickness design checked.
Determination of steel reinforcement content, if used, is detailed in Art. 3.1.1.

TABLE 3.24 Recommended Values of Drainage Coefficient C, for
Rigid Pavement Design

Percent of time pavement structure is exposed
to moisture levels approaching saturation

Quality of Less than Greater than
drainage 1% 1-5% 5-25% 25%
Excellent 1.25-1.20 1.20-1.15 1.15-1.10 1.10
Good 1.20-1.15 1.15-1.10 1.10-1.00 1.00
Fair 1.15-1.10 1.10-1.00 1.00-0.90 0.90
Poor 1.10-1.00 1.00-0.90 0.90-0.80 0.80
Very poor 1.00-0.90 0.90-0.80 0.80-0.70 0.70

Source:  Guide for Design of Pavement Structures, American Association
of State Highway and Transportation Officials, Washington, D.C., 1993, with
permission.
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3.7 FLEXIBLE PAVEMENT DESIGN PROCEDURE

The steps involved in designing a flexible pavement using the AASHTO design equa-
tions are as follows:

Determine the effective resilient modulus of the subgrade.

Select the design serviceability loss.

Estimate the total number of 18-kip equivalent single-axle loads for the design period.
Select a level of reliability and the overall standard deviation.

Determine the pavement structural number.

N R

Select the layer material type and determine the layer thickness.

Determine Effective Resilient Modulus. The first step in designing the thickness of
a flexible pavement is the determination of the effective resilient modulus of the sub-
grade. The resilient modulus may be determined as described in Art. 3.5.4. In regions
where large moisture variations, freeze and thaw, etc., will affect the strength of the
subgrade soils and subgrade, AASHTO provides a procedure to modify the composite
modulus of subgrade reaction. The seasonal variation in strength is determined using
laboratory procedures or through the use of nondestructive testing (NDT). The seasonal
strength of the subgrade is entered in Fig. 3.16. The relative damage is determined
from the nomograph and the sum of relative damage divided by the total number of
periods to determine the average relative damage factor. This factor is then entered in
the nomograph to find the effective resilient modulus.

Select Design Serviceability Loss. Considerations in the selection of the design ser-
viceability loss are the same as discussed for rigid pavements, Art. 3.6.

Estimate ESALs. The daily ESAL loadings are determined as outlined in Art. 3.5.2.
The total number of ESAL loadings for design is the cumulative number of ESAL
loadings expected over the design life of the pavement. This value can be determined
by assuming a growth rate or, if the pavement is being built on an existing alignment,
by extrapolating the past traffic patterns.

Select Level of Reliability and Standard Deviation. These selections are made from
the guidelines discussed in Art. 3.5.3.

Determine Pavement Structural Number. The flexible pavement process involves
the calculation of a pavement structural number. This is an abstract number reflecting
the relative strength contribution of all layers in the pavement buildup. The structural
number SN is calculated using the design values determined as outlined above in the
nomograph shown in Fig. 3.17. The design thickness for each layer is determined by
the following equation:

SN = a,D, + a,D,m, + a,Dim,

where a,, a,, a; = structural coefficients of surface, base, and subbase, respectively
D,, D,, D, = thickness of surface, base, and subbase, respectively
m,, my = drainage coefficients for base and subbase (see Table 3.25)

The structural coefficients of the asphalt layer, granular base, and subbase can be esti-
mated using Figs. 3.18, 3.19, and 3.20, respectively, or can be estimated from Table 3.26.
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Select Layer Material and Thickness. Once the structural coefficients are known, the
thickness of the individual layers is determined by varying D, D,, and D, until the calcu-
lated SN is equal to or greater than the required SN. Unbound bases are commonly speci-
fied to the nearest inch, and asphalt concrete is normally specified to the nearest % inch.
The procedure shown in Fig. 3.21 illustrates one method recommended for determining
layer thickness. This procedure designs the upper layers to protect the lower layers.
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TABLE 3.25 Recommended m;, Values for Modifying Structural
Layer Coefficients of Untreated Base and Subbase Materials in Flexible

Pavements

Percent of time pavement structure is exposed
to moisture levels approaching saturation

Quality of Less than

Greater than

drainage 1% 1-5% 5-25% 25%
Excellent 1.40-1.35 1.35-1.30 1.30-1.20 1.20
Good 1.35-1.25 1.25-1.15 1.15-1.00 1.00
Fair 1.25-1.15 1.15-1.05 1.00-0.80 0.80
Poor 1.15-1.05 1.05-0.80 0.80-0.60 0.60
Very poor 1.05-0.95 0.95-0.75 0.75-0.40 0.40

Source: Guide for Design of Pavement Structures, American Association
of State Highway and Transportation Officials, Washington, D.C., 1993, with

permission.
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FIGURE 3.18 Chart for estimating structural layer coefficient (a,) of dense-graded asphalt concrete
based on the resilient modulus. (From Guide for Design of Pavement Structures, American Association
of State Highway and Transportation Officials, Washington, D.C., 1993, with permission)
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(From Guide for Design of Pavement Structures, American Association of State Highway and
Transportation Officials, Washington, D.C., 1993, with permission)

3.8 PAVEMENT MANAGEMENT

Project-level pavement management is responsible for continuous evaluation of pave-
ment present serviceability, monitoring of the pavement loading rate, determination of
the cause and rate of pavement deterioration, prediction of optimal time for interven-
tion, and evaluation of the most economical rehabilitation strategy.

Pavement management can be applied at the project level or at the network level.
Although both levels are very dependent upon one another, they are seldom applied for the
same purpose. The network level applies to the whole system in a global sense. Network
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FIGURE 3.20 Variation in granular base layer coefficient (a;) with various subbase strength para-
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refers to systemwide averages and is used for system budgeting and performance modeling.
This chapter addresses only the project-level aspects. Project-level pavement management
is considered to be more complicated and more important than pavement design. Pavement
management is applied throughout the life of a pavement, whereas pavement design is com-
pleted and forgotten once the pavement is initially in service.

3.8.1 Pavement Deterioration

Pavement deterioration or distress can be classified into two basic categories for all pave-
ment types—structural and functional. The most serious category is structural.
Structural deterioration results in reduced ability to carry load and a decreased pavement
life. Functional deterioration can lead to and accelerate structural deterioration, but it
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TABLE 3.26 Pavement Coefficients for Flexible Section Design, Louisiana

Strength* Coefficient

1. Surface courset

Asphaltic concrete

Types 1,2, and 4 BC and WC 1000+ 0.40
Types 3 WC 1800+ 0.44
BC 1500+ 0.43

II. Base course

Untreated:

Sand clay gravel—grade A 33— 0.08

Sand clay gravel—grade B 35— 0.07

Shell and sand-shell 22— 0.10
Cement-treated§

Soil-cement 300+ 0.15

Sand clay gravel—grade B 500+ 0.18

Shell and sand-shell 500+ 0.18

Shell and sand-shell 650+ 0.23
Lime-treatedt

Sand-shell 2.0— 0.12

Sand clay gravel—grade B 2.0— 0.12
Asphalt treatedf

Hot-mix base course (type 5A) 1200+ 0.34

Hot-mix base course (type 5B) 800+ 0.30

II1. Subbase course

Lime-treated sand clay gravel—grade B 2.0— 0.14
Shell and sand-shell 2.0— 0.14
Sand clay gravel—grade B 3.5— 0.11
Lime-treated soil 35— 0.11
Old gravel or shell roadbed (8-in thickness) (200 mm) — 0.11
Sand (R-value) 55+ 0.11
Suitable material—A—6 (PI = 15—) — 0.04

IV. Coefficients for bituminous concrete overlay

Base course
Bituminous concrete pavement

New 0.40
Old 0.24
Portland cement concrete pavement
New 0.50
0Old, fair condition 0.40
Old, failed 0.20
Old, pumping 0.10
Old, pumping (to be undersealed) 0.35

*Refer to the following footnotes for strength designations. See the AASHTO guide refer-
enced below for further details.

FMarshall stability number.
iTexas triaxial values.
§Compressive strength, 1b/in?

Source: Interim Guide for Design of Pavement Structures, American Association of State
Highway and Transportation Officials, Washington, D.C., 1972 (rev. 1981), with permission.
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greater than the required value. (From Guide for Design of Pavement Structures,
American Association of State Highway and Transportation Officials, Washington, D.C.,
1993, with permission)

is only related to ride quality and frictional characteristics. A third type is environmental
deterioration, which is a form of material-related distress. Environmental deterioration
affects pavement materials and will generally exhibit itself as either functional or
structural deterioration.

Pavement deterioration is an important measurement for a pavement engineer. To
determine the remaining life of a pavement, or the amount of pavement repair required
to extend a pavement life for a given time period, or the most appropriate time for pave-
ment repair, the amount and type of deterioration in a pavement must be measured.
Methods of measurement of pavement deterioration vary, but most are similar in that they
all require a visual inspection of the pavement and a somewhat subjective distress rating.

3.8.2 Jointed Rigid Pavement Distress—Visual Rating

Jointed rigid pavement deterioration is exhibited in any combination of the following
distresses:

Surface Deterioration. Surface deterioration (Fig. 3.22) is the result of loss of
cement at the surface of the slab (scaling). It is generally caused by excessive surface
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FIGURE 3.22 Example of surface deterioration in jointed rigid pavement.

water and finishing practice, or the loss of both small aggregates and cement caused
by abrasion from tires. Surface deterioration affects the noise level of a pavement and
cannot be repaired. Surface deterioration by itself is generally of little concern.

Popouts. Figure 3.23 shows a typical popout. Popouts are generally due to high steel
placement, but also may be the result of poor-quality aggregate, which disintegrates,
causing cavities at the surface of the slab. Popouts affect the noise level of a pavement
and cannot be repaired. Popouts by themselves are generally of little concern.

Pumping. Pumping is defined as the ejection of subbase or subgrade materials from
under a pavement through a joint or crack and out onto the pavement and shoulder.
The loss of subbase or subgrade material causes loss of support and leads to corner
breaks and faulting. The existence of pumping can be determined visually by the pres-
ence of soil stains at the joints or cracks on the adjacent shoulder.

Faulting. Faulting is a result of the loss of load transfer across a joint or crack,
which causes the slab on one side of the joint or crack to be at a lower elevation than
the slab on the other side. Faulting (Fig. 3.24) is generally a result of pumping.
Faulting affects the noise level and the smoothness of a pavement. It is generally con-
sidered excessive when faulting exceeds 4 in. Faulting can be corrected by pavement
grinding, joint or crack repair, or slab jacking. However, unless load transfer is estab-
lished across the joint or crack and any existing voids under the joint or crack are
filled, faulting can be expected to return.

Settlement. Settlement is the result of poor construction practice. It may be due to
either poor compaction over a utility, poor grade control during the final grading of
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FIGURE 3.23 Example of popout in jointed rigid pavement.

the subgrade, or possible localized soil conditions that cannot resist additional over-
burden or increased loading. Settlement, which is displayed by a depression in the
profile of the pavement, affects smoothness. Repair methods consist of replacement to
the corrected profile, or an overlay of some type. Settlements are generally of little
concern unless they are numerous and severely affect the ride of the pavement.

Joint Spalling. Figure 3.25 shows typical joint spalling, defined as deterioration of
the concrete slab around transverse or longitudinal joints. The deterioration is generally
only to partial depth and is visible from the surface of the slab. Joint spalling may
result from poor-quality aggregates (D cracking); improperly placed dowels, tie-bars, or
dowel baskets; or excessive expansion of the concrete (pressure). Repair of spalled joints
can be accomplished by either partial-depth joint repairs or full-depth joint repairs.

Transverse Cracking. A significant transverse crack is depicted in Fig. 3.26.
Transverse cracking severity varies from hairline cracks to cracks sufficiently wide to
completely separate the slab into two distinct pieces. Hairline cracks are expected in
reinforced concrete and pose no expected problems. In plain concrete pavement, a
hairline crack can be a sign of future problems. Without reinforcing mesh to hold the
crack together, the long-term performance of the slab is questionable; however, as
long as the crack is tightly closed (hairline), it poses no problem. Regardless of
whether the pavement contains mesh, cracks that have separated by a distance greater
than one-half of the largest aggregate diameter are generally considered to be failed.

Longitudinal Cracking. Longitudinal cracking, such as shown in Fig. 3.27, may be
caused by excessive lane widths, longitudinal joints that were not sawed properly, or
local conditions that increase the stress level along the pavement. Longitudinal cracking
is primarily a concern when it occurs within the wheel track. Where a longitudinal



3.56 CHAPTER THREE

FIGURE 3.24 Example of faulting at joint in rigid pavement;
pavement on right is about s in lower than that on left.

crack is faulted, spalled, pumping, or working and is in the wheel path, it can become
a safety hazard.

Corner Breaks. As illustrated in Fig. 3.28, corner breaks are cracks found at the cor-
ner of the slab. They usually propagate from the transverse joint to the longitudinal
joint. Corner breaks are full-depth cracks and are generally the result of loss of sup-
port under the corner of the slab.

3.8.3 Continuously Reinforced Rigid Pavement Distress—Visual Rating

Continuously reinforced concrete (CRC) pavement deterioration is exhibited by the
same distresses discussed for jointed concrete pavement along with the following
additional considerations.

Settlement. As previously stated, settlement as displayed by a depression in the pro-
file of the pavement affects the smoothness of a pavement. It may be the result of poor
construction practice such as poor compaction over a utility, poor grade control during
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FIGURE 3.26 Example of transverse crack in jointed rigid pavement.

final grading of the subgrade, or localized soil conditions that cannot resist additional
overburden or increased loading. Repair methods consist of replacement to the cor-
rected profile or an overlay. However, settlements are more predominant in CRC
pavement, because transverse cracks are inherently more numerous. With the trans-
verse cracking at a close spacing (5 to 8 ft), the pavement is able to bend more freely
and does not bridge weak foundations as effectively.
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FIGURE 3.27 Example of longitudinal crack in jointed rigid pavement.

FIGURE 3.28 Example of corner break in jointed rigid pavement.

Transverse Cracking. Although CRC pavement is designed to have transverse
cracks, the cracks should be spaced properly. Transverse cracks spaced too closely
(less than 3 ft, as illustrated in Fig. 3.29) have a good chance of interconnecting,
because they do not form uniformly straight and perpendicular to the centerline. Thus,
as they interconnect, spalling will occur and pavement failures will result. On the
other hand, transverse cracks spaced too far apart create higher stresses than the rein-
forcement can tolerate, and this can also result in pavement failures. Although incorrect
transverse crack spacing is not a distress by itself, it must be monitored to help pavement
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FIGURE 3.29 Example of transverse cracks spaced too closely in continuously reinforced rigid
pavement.

engineers predict failures. Once failures are evident, they must be repaired by full-
depth pavement removal and replacement. It is important to reestablish continuity of
the reinforcement within the repair.

Punchouts. Figure 3.30 shows a punchout in a CRC pavement. A punchout is
formed by the combination of intersecting transverse and longitudinal cracks over an
area of weak foundation.

3.8.4 Flexible Pavement Distress—Visual Rating

Flexible pavement deterioration is exhibited in any combination of the following distresses.

Raveling. Raveling, as shown in Fig. 3.31, is the result of loss of small aggregates
from the pavement surface. Raveling can be caused by oxidation of the mix, improper
mix design, segregation, or lack of compaction.

Bleeding. Bleeding is the flushing of excess asphalt cement to the surface of the
pavement, as evident in Fig. 3.32. Asphalt cement concrete mixtures are more prone to
bleed with hotter pavement surface temperatures. Bleeding is a result of excess asphalt
cement in the mix and/or low air voids in the mix.

Potholes. One of the most common problems is the development of a pothole (Fig. 3.33).
Potholes are small, localized, but deep pavement failures characterized by a round
shape. Potholes are caused by weak and wet subbase and/or subgrade. In freeze-thaw
environments, potholes are generally formed during the thaw.
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FIGURE 3.30 Example of punchout in continuously reinforced rigid pavement.

FIGURE 3.31 Example of raveling in flexible pavement.
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FIGURE 3.32 Example of bleeding in flexible pavement.

Rutting. Rutting (Fig. 3.34) is the longitudinal deformation of the pavement structure
within the wheel tracks. Where found only in the uppermost portions of the pavement,
it is caused by poor mixture design and lack of stability. Where rutting is deep-seated
and found throughout the depth of the pavement structure, it is caused by inadequate
pavement structure above the founding layers or by a weak, wet subgrade.

Corrugation. Corrugations (Fig. 3.35) are transverse waves in the pavement profile,
which are found most generally at stop lights, at stop signs, or on hills. Corrugations
are found in the wheel track and are the result of acceleration and deceleration of
heavy trucks in a regular pattern on the roadway surface. The stability of the asphalt
mix can also be a contributing factor.

Longitudinal Cracking. Longitudinal cracking, such as shown in Fig. 3.36, is most
often found at paving joints established during construction. The construction joint is
most generally specified at lane lines. As weathering of the pavement takes place, the
longitudinal joint ravels and eventually spalls. Longitudinal cracks found at locations
other than paving joints are due to thermal shrinkage from seasonal temperature changes.
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FIGURE 3.34 Example of rutting in flexible pavement.

Transverse Cracking. As illustrated by Fig. 3.37, transverse cracking is best
described by cracks that form across the pavement perpendicular to the centerline.
Transverse cracking is caused by thermal shrinkage from seasonal temperature
changes and age hardening of the binder.

Block Cracking. Block cracking is the combination of longitudinal and transverse
cracking, as shown in Fig. 3.38. As the cracks worsen with time as a result of weathering,
they join each other and form block cracking.
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FIGURE 3.35 Example of corrugations in flexible pavement.

FIGURE 3.36 Example of longitudinal cracking in flexible pavement.

Wheel Track Cracking. Wheel track cracking is shown in Fig. 3.39. It can be described
as mostly longitudinal cracks found at the surface of the pavement within a 3-ft-wide strip
considered to be the wheel track. Wheel track cracking ranges from a single longitudinal
crack to a series of interconnected longitudinal cracks, also referred to as alligator cracking.
Wheel track cracking is commonly considered to be the most alarming distress found
in a flexible pavement. This type of cracking starts at the bottom of the pavement
structure and is transmitted to the surface. By the time alligator cracking can be
detected by visual inspection, the pavement is generally considered to be failed.
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FIGURE 3.37 Example of transverse cracking in flexible pavement.

FIGURE 3.38 Example of block cracking in flexible pavement.
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FIGURE 3.39 Example of wheel track cracking in flexible pavement.

Edge Cracking. Edge cracking, as shown in Fig. 3.40, is a series of short longitudinal
or irregular-shaped cracks at the outer 15 in of the pavement. Edge cracking is a result of
lack of support outside the pavement edge.

3.8.5 Composite Pavement Distress—Visual Rating

Composite pavement deterioration is exhibited in a combination of some flexible pave-
ment distresses and some rigid pavement distresses. The most prominent composite
pavement distresses, which were defined under flexible or rigid pavement, are raveling,
bleeding, rutting, corrugations, pumping, and various slab distresses.

3.8.6 Investigative Methods

If a pavement exhibits structural distresses, such as cracking, patching, potholes, faulting, etc.,
further evaluation may be necessary to identify the cause of the distress, the extent, and the
strength of the existing pavement system and subgrade. Roadways with high traffic volumes,
especially those with high truck volumes, should also be evaluated prior to rehabilitation.
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FIGURE 3.40 Example of edge cracking in flexible pavement.

Pavement Coring. Without question, the simplest and most reliable method of identifying
pavement deterioration is pavement coring. Pavement coring can be used to investigate
many different pavement distress factors, from rigid joint deterioration to stripping in asphalt
concrete pavement layers. The following are examples of pavement cores taken in various
investigations.

Figure 3.41 shows a core of a composite pavement taken at a transverse joint. The core
reveals a tight joint with aggregate interlock and little or no deterioration. The asphalt
overlay is left intact. However, during the coring operation, the asphalt portion of the
core should be inspected for delaminations between paving layers, rutting of any layers,
or stripping of the asphalt from the aggregate.

Figure 3.42 shows a core hole in the pavement taken at a midpanel transverse crack. A
wealth of information can be obtained by inspection of the core hole. The core hole
reveals aggregate interlock to be questionable. A close inspection revealed the reinforcing
mesh to be rusted and broken, not cut by the coring operation. Because the core hole indi-
cates most of the aggregate interlock is lost, this crack can be considered a working crack
and should be repaired.

Figures 3.43 and 3.44 show the remains of cores taken at transverse joints. It is
obvious that these joints need a full-depth repair. Cores should also be taken away
from the joint to determine required width of repair.

Figure 3.45 shows a core of an asphalt pavement that indicates a delamination
approximately 3 in from the surface. Several cores should be taken to verify the extent
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FIGURE 3.42 Hole in pavement after core was drilled at transverse crack in composite pavement.

of the flaw. A delamination found in an asphalt pavement such as this could result in
debonding of the surface layer. If warranted, asphalt milling may be required to a
depth sufficient to remove the delamination.

Dynamic Cone Penetrometer. The dynamic cone penetrometer (DCP) is commonly used to
determine the stiffness of the base and/or subgrade. As shown in Fig. 3.46, the DCP consists
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FIGURE 3.43 Crumbled core taken from transverse
joint in rigid pavement.

5
"
=
1l
=
=

(TR

L AL

FIGURE 3.44 Crumbled core taken from transverse joint in composite pavement.
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FIGURE 3.45 Core from flexible pavement indicating delamination about 3 in from surface.

of a 13/16-in-diameter, 60° cone mounted on a 5/s8-in rod. A 17.6-1b weight is attached to the
top of the DCP in such a manner that it can be raised 22.6 in and released while the cone is
resting on the base or subgrade. The penetration per drop of the weight is correlated to the
CBR or modulus of the base or subgrade. Figure 3.47 shows one such correlation used by
the Illinois Department of Transportation. The DCP is popular because it is a relatively inex-
pensive device that can rapidly determine the stiffness of a base or subgrade in the field.

Nondestructive Testing. The most common of the nondestructive testing (NDT) methods
is a deflection measuring device such as the falling weight deflectometer (FWD), road rater,
and Dynaflect. These devices place a load, either impulse or cyclic, on the pavement and
measure the deflection of the pavement using three or more geophones placed at various dis-
tances from the load. The measured deflection at each sensor can be described as a “deflec-
tion bowl” (see Fig. 3.48). The deflection bowl can be used to evaluate the pavement and to
determine the stiffness of the pavement system and individual pavement layers. Stiffness of
the layers can be determined using any one of numerous backcalculation programs such as
Modulus, Modcomp, Evercalc, etc., many of which are available in the public domain. The
calculated stiffness can then be used to design a rehabilitation treatment. The various deflec-
tion parameters shown in Fig. 3.48 can also be used to evaluate the pavement. Table 3.27
and Figs. 3.49 through 3.52 show an example of how the Dynaflect deflections can be used
to determine subgrade and pavement conditions.

Ground Penetrating Radar. Improved analysis software has moved the ground pene-
trating radar (GPR) from research to common usage. This GPR consists of a transmitter
and receiver. The GPR transmits pulses of electromagnetic energy at various frequencies
into the pavement system. The pulses are reflected back to the receiver by the interface of
the various pavement layers. The dielectric constant of the various pavement layers is
determined by coring the pavement and calibrating the GPR. The GPR can be used to
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FIGURE 3.46 Schematic of dynamic cone
penetrometer. (From Pavement Technology
Advisory 97-7, Dynamic Cone Penetrometer,
Illinois Department of Transportation,
Bureau of Materials and Physical Research,
1997, with permission)

determine pavement layer thicknesses, locate voids, and locate areas with high moisture.
Use of the GPR has been standardized in ASTM D-4748.

Spectral Analysis of Surface Waves. Spectral analysis of surface waves (SASW) is cur-
rently a research tool but may find use as an evaluation tool in the near future. As shown
in Fig. 3.53, two or more accelerometers are attached to the pavement in line with the test
point. An instrumented hammer is used to generate surface waves. The accelerometers
measure the travel time of the surface waves. By varying the distance between two
accelerometers or by using multiple accelerometers, data can be gathered for the deeper
pavement layers. Analysis of the surface waves can be used to determine the modulus
and thickness of each layer in the pavement surface.

3.9 METHODS OF PAVEMENT REHABILITATION

Once a pavement is determined to have unacceptable smoothness or has lost its ability
to properly transport goods, it is reasonable to determine the best strategy to return the
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FIGURE 3.47 Correlation of California Bearing Ratio (CBR) and
penetration rate. (From Pavement Technology Advisory 97-7,
Dynamic Cone Penetrometer, lllinois Department of Transportation,
Bureau of Materials and Physical Research, 1997, with permission)
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FIGURE 3.48 Typical Dynaflect deflection bowl deflection basin parameters. Wy, = deflection (W,);
SCI = surface curvature index (numerical difference between sensors 1 and 2); BCI = base curvature
index (numerical difference between sensors 4 and 5); SPR% = spreadability (XW/5W,X100). (From K.
Majidzadeh and V. Kumar, Manual of Operation and Use of Dynaflect for Pavement Evaluation, Resource
International, Inc., Columbus, Ohio, Report No. FHWA/OH-83/004, October 1983, with permission)

pavement to its original intended function. Many of the decisions that define the point
where corrective action should be taken are management decisions and can be
addressed properly only in a comprehensive study of pavement management data. Many
considerations must be addressed before determining a list of good rehabilitation
options. Leading rehabilitation techniques are reviewed in the following articles.
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TABLE 3.27 Joint Evaluation of Rigid and
Composite Pavements

Dynaflect SCI (W, — W,) Joint condition
<0.05 Probably frozen
0.05-0.11 Good load transfer
0.11-0.23 Fair load transfer
>0.23 Poor load transfer

Source: K. Majidzadeh and V. Kumar, Manual of
Operation and Use of Dynaflect for Pavement Evaluation,
Resource International, Inc., Columbus, Ohio, Report No.
FHWA/OH-83/004, October 1983, with permission.

Check Pavement
Maximum Deflection and Support
W, Satisfactory Layers OK
AC W, <0.70

PCC & Comp. W, < 0.50

Unsatisfactory
AC W, > 0.70
PCC & Comp. W > 0.50

Weak
Pavement
Measurement Unsatisfactory Support
W5 > 0.30

Satisfactory
W5 < 0.30

Pavement
Layer
Is OK

Check
Spreadability
SPR

Satisfactory
AC SPR = 60%
PCC & Comp. SPR = %75

Unsatisfactory
AC SPR < 60%
PCC & Comp. SPR < 75%

Pavement
Layer Is Weak

FIGURE 3.49 Rigid and flexible (thickness >6 in) pavement evaluation from Dynaflect measure-
ments. (From K. Majidzadeh and V. Kumar, Manual of Operation and Use of Dynaflect for Pavement
Evaluation, Resource International, Inc., Columbus, Ohio, Report No. FHWA/OH-83/004, October
1983, with permission)
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FIGURE 3.50 Evaluation of rigid and composite pavements from Dynaflect measurements. (From K.
Majidzadeh and V. Kumar, Manual of Operation and Use of Dynaflect for Pavement Evaluation, Resource
International, Inc., Columbus, Ohio, Report No. FHWA/OH-83/004, October 1983, with permission)

3.9.1 Rehabilitation of Rigid Pavement

CPR. The most common method of restoration for jointed pavement, both reinforced
and nonreinforced, is termed concrete pavement restoration (CPR). CPR includes load
transfer, restoration, joint removal and replacement, construction of rigid shoulders (if
not already present), profile grinding to reestablish smoothness, and usually resealing
joints and sealing any cracks. The CPR technique is only used when nondestructive
testing measurements indicate that an asphalt overlay is not needed for the future
design traffic. The disadvantage of this type of treatment is that, if the joints are not
repaired properly, they will fail prematurely. Joint repair quantities are difficult to esti-
mate, because joints continue to fail between the time the rehabilitation was designed
and the time construction begins. The advantage of this type of treatment is that it utilizes
the strength of existing pavement rather than an overlay, so overhead clearance problems
are postponed or eliminated.
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FIGURE 3.51 Evaluation of thin (thickness 4 to 6 in)
asphalt pavements from Dynaflect measurements. (From
K. Majidzadeh and V. Kumar, Manual of Operation and
Use of Dynaflect for Pavement Evaluation, Resource
International, Inc., Columbus, Ohio, Report No.
FHWA/OH-83/004, October 1983, with permission)

Repair and Overlay. When nondestructive testing measurements indicate that the
existing slab thickness is insufficient to carry future design traffic, a common tech-
nique is to repair failed joints or pavement and add an asphalt overlay. Generally,
rigid repairs are preferred over flexible repairs. Flexible repairs in a rigid pavement do
nothing to reestablish load transfer across the failed joint. Flexible repairs also have a
tendency to heave because they are weak in compression and the rigid pavements
expand during hot weather. Flexible repairs allow joints to open up beyond the design
of the joint sealant, causing the joint sealant to fail. Finally, flexible repairs reduce
pressure in a pavement and allow midpanel cracks to open up and lose aggregate inter-
lock. The advantages of flexible repairs are the favorable cost and construction time.
Disadvantages of rigid repairs include the construction complexity and time. It is
important to realize that the biggest drawback of the repair and overlay strategy is the
inability to estimate the amount of repair required at each pavement failure and, for
jointed pavements, the number of joints that need repair. Designed overlays are usually
thin (3 to 6 in). In cold climates, joints usually reflect through the overlay after one or
two winters. Joint reflection cracking can be addressed by sawing and sealing a joint
in the asphalt overlay at the exact same location as the joint in the underlying rigid
pavement. Failure to align the flexible joint with the rigid joint will result in premature
joint spalling of the asphalt layer.
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FIGURE 3.53 Schematic diagram of spectral analysis of surface waves (SASW) testing
setup. (From S. Nazarian, D. Yuan, and M. R. Baker, Rapid Determination of Moduli with
Spectral-Analysis-of-Surface-Waves Method, The University of Texas at El Paso, El Paso,
Texas, Report No. TX-94 1243-1, November 1995, with permission)

Bonded Concrete Overlay. Another technique to increase pavement structural
capacity is to bond additional concrete to the surface of the existing concrete pavement.
The required overlay thickness is determined by subtracting the effective thickness,
determined by nondestructive testing of the pavement, from the thickness required for
a new pavement. Cracks in the underlying pavement will reflect through the overlay.
Therefore, all joints and working cracks must be established in the overlay directly
over joints and cracks in the existing pavement. For CRC pavement, this is generally
not a concern. The existing pavement must be cleaned to ensure a proper bond. This
technique is advised only for pavements that are in sound condition with little distress.
Any areas showing deterioration must be repaired prior to the overlay.

Break and Seat for JRCP. The break and seat method for jointed reinforced concrete
pavement is accomplished by breaking the long slabs into shorter slabs to distribute
the expansion and contraction movement of the pavement over more cracks or joints.
This reduces the strains in the asphalt overlay over the cracks or joints to the point
where reflective cracking is retarded. The smaller slabs are seated in the subgrade by
rolling to reduce vertical deflections. The overlay is designed as a new flexible pave-
ment section with the broken and seated pavement as a base. The broken and seated
pavement is given a structural coefficient as determined by nondestructive testing. One
disadvantage of this technique is that, to fail or debond the reinforcing steel, tremen-
dous breaking effort is required, and this results in a weak and nonuniform base.
Where the reinforcing steel is not failed or debonded, large slabs continue to behave
as large slabs, causing the joints to reflect through the overlay. Additionally, breaking
does not correct problems at joints. Failed joints continue to be weak points in the
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pavement and usually heave, creating a hump in the overlay. The advantage to this
technique is that broken and seated pavements tend to require thick overlays and
maintain a high level of serviceability. Additionally, reflective cracking is of low
severity when compared with cracking in thin asphalt overlays.

Crack and Seat for JPCP. The crack and seat method for plain concrete pavement
(nonreinforced) is accomplished by producing several transverse cracks in each slab,
thus transforming the long slabs into shorter slabs to distribute the expansion and con-
traction movement. This reduces the strains in the asphalt overlay over the joints to
the point where reflective cracking is retarded, and the smaller slabs are seated in the
subgrade to reduce vertical deflections. By definition, crack and seat produces a crack
visible when the pavement is wetted with water. As with break and seat, the overlay is
designed as a new flexible pavement section with the cracked and seated pavement as
a base, and with a structural coefficient as determined by nondestructive testing. The
disadvantage of this method is that the cracking does not correct problems at joints. Joints
that have failed continue to be weak points in the pavement and usually heave, creating
a hump in the overlay. The advantage of this method is that cracked and seated pavements
with thick overlays (7 in or more) exhibit a high level of serviceability, and reflective
cracking is of low severity when compared with cracking in thin asphalt overlays.

Rubblize and Roll. Rubblize and roll is applicable for all types of rigid pavement.
This method is accomplished by breaking the existing pavement into 6-in size or less
using a resonant beam breaker or multihead breaker. The rubblized concrete is com-
pacted with a roller and used as a base for a new pavement. The overlay is designed as
a new flexible pavement section with the rubblized and rolled pavement as a base. The
rubblized pavement is given a structural coefficient based on nondestructive testing.
One disadvantage of this technique is that rubblizing weakens the pavement and thereby
increases the required overlay thickness. Areas with soft subgrade require removal of
the pavement and undercutting; otherwise, the rubblization process cannot be achieved
properly. The geometry of the equipment prohibits breaking near portable barriers
used for traffic control. Another disadvantage of this technique is that, because the
resulting overlay is thick, elevation transitions at bridges require pavement replacement.
One advantage of this technique is the complete utilization of the existing pavement as
a uniform base without discontinuities. For reinforced concrete pavement, the tech-
nique serves to completely debond the steel from the concrete.

Thick Asphalt Overlay with No Repairs. A thick asphalt overlay with no repairs is a quick
and inexpensive rehabilitation strategy that can be used on any rigid pavement beyond eco-
nomical repair. As the overlay thickness is increased, vertical deflection is decreased as a
result of the increased structure. Horizontal movements in the slab are decreased because
of lower temperature variations. This decreases the strain at the interface of the over-
lay and pavement, which retards reflective cracking. The overlay is designed as a new
flexible pavement section with the existing pavement as a base. The existing pavement
is given a structural coefficient based on deflection testing. A disadvantage of this
strategy is that problems at joints are not corrected. Joints that have failed continue to
be weak points in the pavement. Another disadvantage is that the thick overlay neces-
sitates pavement replacement to make elevation transitions at bridges. The advantages
of this strategy are the low initial cost and ease of construction. Reflective cracking is of
low severity when compared with cracking in thin asphalt overlays.

Unbonded Concrete Overlay. The purpose of breaking the bond between the old
pavement and the proposed overlay is to separate the distresses in the old pavement
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from the new concrete overlay. Thus, the concrete overlay can be treated as a separate
pavement, and the existing distressed pavement as a uniform base. There is little bene-
fit derived from repairing the existing pavement prior to placing the overlay, as the
bondbreaker will provide uniform support and interface for the concrete overlay. The bond-
breaker is placed as a thin (1- to 3-in) asphalt overlay on the existing pavement, and
the concrete overlay is placed on the bondbreaker. The thickness required for the concrete
overlay can be determined using the following modified version of an equation developed
by the Army Corps of Engineers:

T = V(RT)*> — (ET)* 3.9

where T = the required thickness of the concrete overlay, in

RT = required thickness of new concrete pavement on the existing subgrade
and for the anticipated truck loading, in; the existing subgrade strength
can be determined from original construction and design records or from
nondestructive testing

ET = effective thickness of existing concrete pavement as determined by non-
destructive testing, in

This technique is most efficient if the entire width of the roadway is available for
overlay at the same time, but this makes maintenance of traffic difficult. However, the
strength of the existing pavement is utilized, and the performance can be expected to
be similar to that of a new pavement.

3.9.2 Rehabilitation of Flexible Pavement

Asphalt Overlay. Without question the most common method of rehabilitation for
flexible pavement is an asphalt overlay. There are many variations of this technique
ranging from pavement planing and a thick asphalt overlay to a thin skin patch placed
infrequently along a pavement. The existing condition of the asphalt pavement and the
results of nondestructive testing dictate the most economical strategy. The pavement
can be designed as a layered system.

Whitetopping. The construction of a concrete pavement on an existing asphalt pave-
ment is termed whitetopping. An asphalt pavement provides an excellent base for a
rigid pavement. The concrete pavement is designed as if it were a new pavement con-
structed on an asphalt base. The AASHTO design procedure can be used to design the
concrete pavement, and the strength of existing pavement is utilized. A concrete overlay
is an acceptable rehabilitation technique for flexible pavements beyond economical
repair. However, construction is difficult unless lane lines are shifted permanently,
and the thickness of the overlay makes elevation transitions at bridges difficult.

3.10 PAVEMENT PREVENTIVE MAINTENANCE

Preventive maintenance (PM) is a cost-effective strategy of early maintenance done to a
pavement as a preemptive measure to preserve the pavement by retarding deterioration. PM
is traditionally a low-cost treatment done early in a pavement’s deterioration cycle. By
definition, pavement preventive maintenance extends the service life and maintains or
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improves the functional condition of the system without substantially increasing struc-
tural capacity.

Pavement PM treatments reduce the amount of water infiltrating the pavement
structure and correct surface deficiencies such as roughness and non-load-related distress.
These treatments contribute little or no improvement to the pavement structure. PM
should never be applied if fatigue-related distress exists in the pavement.

If applied at the proper time, pavement PM will lower the life cycle cost of any
given pavement section, and when applied on a network of pavements, will improve
the system condition at a lower cost. Some of the more common pavement preventive
maintenance treatments are discussed in Arts. 3.10.1 to 3.10.4.

3.10.1 Crack Sealing

Crack sealing is the placement of a sealant into existing cracks of a pavement. The
sealant is made of a mixture of a neat or modified asphalt cement binder, with a number
of possible additives such as rubber, polyester or polypropylene fibers, or polymers.
Crack sealing can be placed into routed crack reservoirs using backer rods (see Fig. 3.6)
or can be placed directly over the crack using an overband technique. Crack sealing is
used to minimize the intrusion of water into the pavement. By keeping water out of
the pavement, erosion of the mix is kept to a minimum, deterioration of the crack is
slowed, and less water is available to saturate the base materials.

There is a wide window of opportunity for cost-effective crack sealing of flexible
or composite pavements. In general, cracks that display significant raveling of the
crack face and secondary branch cracking (see Fig. 3.54) need more than just a crack
seal and should be considered for some other type of preventive maintenance, which
may include crack sealing.

Rigid pavements are not expected to have cracks wider than hairline. Crack sealing
hairline cracks in a rigid pavement has not been shown to be cost effective (see Fig. 3.55),
and will result in a noisier and rougher riding pavement. Where cracks are found to be
wider than !/8 in and less than /4 in, crack sealing may be beneficial; however, further
investigation is recommended, as more serious problems may be present.

FIGURE 3.54 Secondary cracking of asphalt surface.
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FIGURE 3.55 Hairline crack in rigid pavement.

TABLE 3.28 Rubber-Asphalt Joint Sealing Compound Quantities Needed for
Different Depths and Widths of Openings

Pounds required per 100 lineal ft for indicated width of opening

Depth,

in Y in % in % in % in % in % in 1in

% 8.3 12.4 16.5 20.6 24.8 28.9 33.0

% 9.6 144 19.3 25.0 28.9 33.7 38.5
1 11.0 16.5 22.0 27.5 33.0 38.5 44.0
1% 12.4 18.6 22.8 31.0 37.2 433 49.5
1% 13.8 20.7 27.5 34.4 41.3 48.1 55.0
1% 15.2 23.8 30.3 37.8 454 52.9 60.5
1% 16.5 24.8 33.0 41.3 49.5 57.8 66.0
1% 17.9 26.8 35.8 44.7 53.6 63.5 72.5
1% 19.3 28.9 38.5 48.1 57.8 67.4 77.0
1% 20.6 30.9 41.3 52.5 61.9 73.2 82.5
2 22.0 33.0 44.0 55.0 66.0 77.0 88.0

Best practice is to select pavements that have sufficient cracking for crack sealing
mobilization to be worthwhile, yet preclude excessively cracked pavements.
Furthermore, pavements that require the use of crack sealing material in excess of
5000 Ib/lane mile are questionable candidates for crack sealing. Where crack sealing
is not a suitable method of preventive maintenance, other forms of pavement preservation
should be considered. Table 3.28 is provided for quantity estimation. The table is based
on a unit material weight of 63 1b/ft’, and does not account for waste or spillage. This
table is applicable for crack sealing materials meeting the requirements of ASTM D-6690.

Maintenance of traffic is required to apply the sealant and allow it to cure. Cure time
is usually less than 1 h. Crack sealing operations are most effective when pavement
temperatures are cool to cold. As pavements cool they contract, and thus widen the
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cracks, allowing more sealant to enter the pavement. Crack sealing should not be done
on wet or damp pavements and should be applied on pavements when both surface
temperature and ambient air temperature are above 40°F.

Crack sealing will have little effect on the current pavement condition. The intent
of crack sealing is to slow the rate of deterioration and prolong pavement life. Crack
sealants are expected to last 2 to 3 years before reapplication is necessary.

3.10.2 Fog Sealing

A fog seal is an application of a diluted asphalt emulsion to a weathered asphalt surface.
It is used to seal and enrich the surface, seal out moisture, close up hairline cracks,
and prevent oxidation and raveling. Fog seals are generally restricted to low-volume,
low-speed roadways and parking lots, as they have a tendency to cause loss of friction
for a short period of time after application. Fog seals should only be used on suffi-
ciently weathered pavements that have the ability to absorb the asphalt emulsion. Fog
seals should be placed on dry, clean pavements, when temperatures are warm or hot.
Traffic should be kept off the fog seal until the emulsion has cured. Up to 3 h may be
necessary to ensure sufficient cure. Fog seals can be expected to last as long as 3 years.

3.10.3 Chip Sealing

Chip seal is a sprayed application of a polymer-modified asphalt binder covered
immediately by a washed limestone, dolomite aggregate, or trap rock and rolled with a
pneumatic roller. The binder is applied by an approved bituminous distributor, and the
aggregate placed by an approved aggregate spreader. The rolling operation is intended to
seat the aggregate into the binder and ensure chip retention. Chip seals can be placed
as single or double applications, depending on pavement condition. Chip seal is most
generally applied to low-volume roadways, but has been applied to roadways with
average daily traffic levels (ADTs) as high as 30,000. Chip seals are intended to pro-
vide a new wearing surface as well as to eliminate raveling, retard oxidation, reduce
the intrusion of water, improve surface friction, and seal cracks.

Chip seals should only be applied to pavements that are structurally sound and suit-
able for preventive maintenance. The following conditions should be given careful
consideration prior to a chip seal:

Localized wheel track cracking should be repaired full depth.

Any potholes must be repaired full depth.

Areas which exhibit debonding must be patched partial depth.

All existing patches must be in good repair prior to chip sealing.

All existing cracks must be crack-sealed prior to chip sealing.

Localized high-severity edge cracking must be repaired full depth (see Fig. 3.56)
prior to a chip seal.

Rutting must be no more than /8 in deep.

Traffic should be restricted and speeds reduced to minimize the loss of chips from
the pavement surface. Length of time for traffic restrictions depends largely on ambient
weather conditions at the time of construction of the chip seal. The construction season
for this work is relatively short. Chip seals should not be placed in cool weather. It
usually requires about 1 month of warm weather following construction for the aggregate
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FIGURE 3.56 Localized edge cracking must be repaired full depth before chip sealing.

particles to become reoriented and properly embedded in the asphalt membrane. The
expected service life of a chip seal is 5 to 7 years.

3.10.4 Microsurfacing

Microsurfacing is the application of a thin cold-applied paving mixture composed of
polymer-modified asphalt emulsion, 100 percent crushed aggregate, mineral filler, water,
and other additives. A self-propelled continuous loading machine or a truck-mounted
machine is used to proportion and mix the materials and apply the mixture to the pave-
ment surface. Microsurfacing is used to retard raveling and oxidation, fill ruts, reduce the
intrusion of water, improve surface friction, and remove minor surface irregularities.

The following conditions should be given careful consideration prior to microsurfacing:

Localized wheel track cracking or edge cracking (see Figs. 3.57 and 3.58) should be
repaired full depth.

Any potholes must be repaired full depth.

Areas which exhibit debonding must be patched.

All existing patches must be in good repair.

All existing cracks must be sealed.

Crack sealing is not an acceptable treatment for cracks wider than 1 in as these
cracks should be addressed with partial depth repairs.

Microsurfacing is suitable for all traffic levels. However, where ADT is greater than
10,000 vehicles/day, a double application of microsurfacing is required. This requirement
is to ensure the wearing surface is durable throughout the intended design life.
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FIGURE 3.58 Localized edge cracking.
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3.11 LIFE CYCLE COST ANALYSIS OF PAVEMENTS

It is seldom readily apparent which is the most economical rehabilitation method for a
particular pavement. Each rehabilitation strategy has unique initial construction costs,
performance expectations, and future maintenance needs. What is most economical for
one pavement may not be for another. Local costs may differ from one location to
another, and material performance expectations may be different from region to region.
The only rational way to compare one rehabilitation strategy and another is to perform
an economic analysis of the alternative strategies. The method used for such a study is
the life cycle cost analysis (see Chap. 10).

It is not good practice to compare a minor pavement rehabilitation strategy and a
complete pavement replacement strategy. Even when comparing a new rigid pavement
and a new flexible pavement, difficult choices must be made concerning the expected
performance of each pavement type. Table 3.29 shows a hypothetical example of life
cycle cost analysis assuming a 35-year performance period for both alternatives with
no salvage values at the end of the period. It is not the intent to show that one pave-
ment type has an economical advantage over another, as many hypothetical assump-
tions were made in the example. The intent is to indicate the level of information
needed to make a life cycle cost analysis, and the information an analysis presents.

Probably the most important consideration in a life cycle cost analysis is the selec-
tion of the discount rate used to evaluate the time value of money. It is sometimes
defined as the difference between the market interest rate and the rate of inflation.
(Article 10.8.2 provides further discussion on this subject.) Because costs are incurred
at different times over the life of a pavement, the discount rate is used to convert these
costs occurring at different times to equivalent costs in present dollars. In the example
shown in Table 3.29, the discount rate was unrealistically assumed as zero. Figure
3.59 shows the effect of discount rates from O to 6 percent. As is typically the case,
the analysis is very sensitive to the discount rate. In this example, the rigid pavement
provides the lower life cycle cost when the discount rate is less than about 1.7 percent,
and the flexible pavement when the rate is higher. It is apparent that the discount rate
must be selected with great care.
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FIGURE 3.59 Sensitivity analysis showing effect of discount rate selection on life
cycle cost of pavement alternatives.
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This chapter is directed at practical issues of importance in the design and rehabilita-
tion of traditional bridge types for short and medium spans. Subjects addressed
include characteristics of various bridge types, considerations in their selection, and
suggestions for economical design; materials for bridges and bridge decks; bridge
deck design, construction, and maintenance; deflection and expansion joints; and
bridge bearings. The issues are addressed from a general viewpoint, with the emphasis
on what is generally done and why. Detailed design methods are available in other
publications. (See R. L. Brockenbrough and F. S. Merritt, Structural Steel Designer’s
Handbook, McGraw-Hill, and E. H. Gaylord and C. N. Gaylord, Structural Engineering
Handbook, McGraw-Hill.)

4.1 CLIENT-CONSULTANT RELATIONSHIP

State departments of transportation, bridge and turnpike authorities, and other agencies
often require the services of a consulting engineering firm. This may be because the
agency chooses not to maintain an engineering staff of its own, because its workload
is greater than its staff can handle, or because expertise in special kinds of bridges is
needed. Consultants can fill these needs.

Where only routine types of bridges are involved and the agency has an engineering
staff, the best that a consultant can be expected to do, usually, is only as good a job as
the agency’s engineers can do. The agency’s staff may include veteran engineers who
have become extremely proficient in design of routine and not so routine bridges, and
who also know exactly how to prepare plans in the proper format and sheet sequence

4.1
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preferred by the agency, as well as how to use exact pay item descriptions and to refer
to pertinent proposal notes and special provisions. A consultant, in this instance, is like
a temporary employee who knows the basics but needs to be trained in local procedures.
When a consultant serves a client for many years, however, that consultant can
become as proficient as the agency’s staff. Long-term contracts for continuing or on-call
services eliminate the need to train a new consultant. However, they can be seen as
showing favoritism in an environment where other consultants expect an opportunity
to compete for contracts. For this reason, and because a long-term contract may allow a
consultant to become complacent, the client may limit the term of the contract and, upon
expiration, issue a request for proposals (RFP) to perform the services. The original con-
tract holder may or may not be eligible to respond to this RFP, at the agency’s discretion.
In other instances, agencies may hire consultants as program managers. In these cases,
the consultant manages designated design and construction contracts for the agency,
providing administration, technical review, and construction inspection services.

Consultant’s Responsibilities. To serve the client in a professional and efficient
manner, the consultant should:

e Deliver the product promised in the contract scope of services

e Deliver the product on time

¢ Conform to accepted codes and standards

e Develop economical designs

e Use time-tested materials, avoiding purely experimental materials and systems
e Confirm in writing to the client any verbal understandings

o Keep the client informed of project status

e Avoid issues that could involve the client in litigation

e Not make statements to the public or to the media without the client’s knowledge
and authorization

Client’s Responsibilities. Just as the consultant has a responsibility to the client, the
client has a responsibility to the consultant. Responsibilities include:

e Executing a contract with the consultant that includes adequate hours to perform
the work, recognizing any unique requirements, and not applying standard
allowances for nonstandard work.

e Performing reviews in a timely manner.

¢ Performing reviews either concurrently or sequentially, but not expecting the consultant
to make changes required by one branch of the client’s office only to be subsequently
countermanded by another branch. In other words, the client should transmit con-
solidated review comments.

¢ Not interrupting the work unless absolutely necessary.

e Paying invoices in a timely manner. Contracts with subconsultants often stipulate
that the subconsultant’s invoices will not be paid until payment is received from the
prime consultant’s client, so a delay in payment from the client results in delay of
payment to the subconsultant.

e Being frank with the consultant about any dissatisfaction the client may have with
the consultant’s performance so that corrective action can be taken immediately.

If the client and consultant meet their respective responsibilities, the relationship will
be a partnership that benefits both parties.
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4.2 AESTHETIC CONSIDERATIONS

While highway bridges are utilitarian structures, they are visible to the public and
therefore should be pleasing to the eye. At the outset of design, one should be conscious
of the aesthetic qualities of the structure, lest one end the project saying (after Shelley),
“Look on my works, ye Mighty, and despair!”

Some basic guidelines that were adopted by the Ohio Department of Transportation
(DOT), Bureau of Bridges and Structural Design, and are included in its Bridge Design
Manual illustrate the commonsense approach that can be taken to apply this consciousness:

Aesthetics. Each structure should be evaluated for aesthetics. Normally it is not practical
to provide cost premium aesthetic treatments without a specific demand, however careful
attention to the details of the structure lines and forms will generally result in a pleasing
structure appearance.

Some basic guidelines that should be considered are as follows:

a. Avoid mixing structural elements, for example concrete slab and steel beam super-
structures or cap and column piers with wall type piers.

b. In general, continuous superstructures shall be provided for multiple span bridges. Where
intermediate joints cannot be avoided, the depth of spans adjacent to the joints preferably
should be the same. Avoid the use of very slender superstructures over massive piers.

c. Abrupt changes in beam depth should be avoided where possible. Whenever sudden
changes in the depth of the beams in adjacent spans are required, care should be
taken in the development of details at the pier.

d. The lines of the structure should be simple and without excessive curves and abrupt
changes.

e. All structures should blend in with their surroundings.

One of the most significant design factors contributing to the aesthetic quality of the
structure is unity, consistency, or continuity. These qualities will give the structure an
appearance of a design process that was carefully thought out.

The aesthetics of the structure can generally be accomplished within the guidelines of
design requiring only minimum special designs and minor project cost increase. As special
situations arise preliminary concepts and details should be developed and coordinated
with the Bureau of Bridges and Structural Design.

Some states have adopted, in principle if not in writing, a similar philosophy in
regard to aesthetics of their bridges. California, for example, is known and admired for
applying some degree of architectural attention to all of its bridges. Some agencies,
however, seem to neglect aesthetics, particularly in regard to the very visible piers of
grade-separation bridges. Here the primary objectives seem to be standardization of shape
to facilitate computer design, and emphasis on straight, flat lines to obtain minimum
cost of forming. These objectives are achieved at a price—ungraceful substructures
not in keeping with the lines of the superstructure.

4.3 BRIDGE DESIGN SPECIFICATIONS

AASHTO Specifications. For many years, the basic manual for design of highway
bridges has been the Standard Specifications for Highway Bridges adopted by the
American Association of State Highway and Transportation Officials (AASHTO).
These specifications permit use of either allowable stress design or load factor design.
In 1994, however, AASHTO published a completely new alternative volume, LRFD
Bridge Design Specifications. It was subsequently updated with a second edition in
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1998 and annual Interim Specifications thereafter. Based on the load and resistance
factor design method, the LRFD Specifications represent a major step in improved bridge
design and analysis methods. It is anticipated that usage of the new specifications will
lead to bridges with improved serviceability, enhanced long-term maintainability, and
more uniform levels of safety. The initial volume resulted from a five-year research
effort conducted under AASHTO’s National Cooperative Highway Research Program.
Independent consultants, technical representatives from various industries, AASHTO
members, and other engineers participated in the effort to develop a draft document.
Then the provisions were tested in trial designs at 14 AASHTO member departments
before final specifications were adopted. One of the most useful features included is a
detailed commentary that explains the specification provisions and gives references
for further study.

The use of the new specifications has been increasing throughout the country. The
Federal Highway Administration (FHWA) and AASHTO have established a goal that
the LRFD Specifications be used for all new bridges designed after 2007. The
Standard Specifications would be applicable only to structures designed prior to 2007,
and could be used for the maintenance and rehabilitation of existing bridges. Only
minor technical revisions will likely be made to the Standard Specifications in the
future as its usage is phased out.

AASHTO specifications are developed under the direction of the AASHTO Highway
Subcommittee on Bridges and Structures. This subcommittee consists of all bridge engi-
neers of states of the United States and of Canadian provinces and officials of selected
turnpike and bridge authorities. The specification development process is a deliberate one.
Nevertheless, changes are made on a regular basis (some would say too frequently for the
average bridge designer to stay abreast of them). Between new editions, revisions are
published under the title of Interim Specifications. When identifying the AASHTO specifi-
cations used for design on plans, some states refer to “AASHTO Standard Specifications
for Highway Bridges, Current Edition.” A better practice is to refer to the specific edition,
by number and year, along with any interims that were in effect at the time of design.

Unless there is a cogent reason for not meeting the minimum requirements of the
AASHTO Specifications, engineers designing bridges where they are in effect should
apply and conform to them. Any exceptions should be noted on the plans. In case of
litigation, one would have to explain why these recognized standards were not met.

Other AASHTO Publications. AASHTO offers numerous publications related to
bridges and structures. A bridge designer should be aware of the availability of these
publications and should use them where applicable.

In this chapter, references to the “AASHTO Specifications” or “AASHTO” will be
to the AASHTO Standard Specifications for Highway Bridges unless otherwise noted.

Bridge Design Manuals. Many state departments of transportation publish bridge
design manuals, which they develop for guidance of their own staff and consultants.
States that do not have manuals often publish design memoranda. Before starting a bridge
design project, a consultant should determine which of these aids are available, acquire
and become familiar with them, and apply them in designing and preparing plans. Some
state bridge design manuals are quite explicit, and are almost textbooks on bridge design.

4.4 BRIDGE GEOMETRICS

Bridge Width. Roadway width on bridges is the inside measurement to the bottom
of the sidewalk curb or the bottom of the safety barrier. For bridges on roads where
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sidewalks are not provided, the bridge width is made equal to the approach roadway
width including shoulders, so that the bottom of the barrier curb or the near face of the
railing is aligned with the face of the barrier rail at the outside edge of the shoulder.

In the past, policy did not always permit full shoulders to be accommodated on
bridges. Often the roadway was made narrower, particularly on longer bridges. This
was done strictly to reduce bridge cost. From the traffic operations standpoint, however,
it was an unwise practice. Disabled vehicles could not find refuge on the shoulder, and
a full shoulder was not available for temporary maintenance of traffic during road
rehabilitation or repaving. It is now recognized that a bridge is an integral part of a
highway system when it comes to roadway width. The FHWA requires a minimum
shoulder width of 8 ft on each side of the roadway on federally funded projects.

Bridge Horizontal Clearance. For bridges over streams, the location of substructure
units, and therefore the length of spans, is controlled by hydraulic requirements and by nav-
igation clearance requirements established by agencies such as the U.S. Coast Guard and
the U.S. Army Corps of Engineers. For bridges over navigable waters, the bridge designer
should also consider the possibility of collisions from vessels. Refer to AASHTO’s Guide
Specifications and Commentary for Vessel Collision Design of Highway Bridges.

For crossings of highways, the bridge columns or pier walls should clear the traveled
way, shoulders, ditches where required, barrier rail, and any additional width required
to provide a safe clear zone from edge of pavement. A minimum clearance of 30 ft from
edge of pavement is required except where this clearance is impractical, in which case the
pier or wall may be placed closer to the edge of pavement, with barrier rail 2'-0" minimum
from edge of shoulder, and pier or wall 2'-0" minimum from face of barrier rail. The
barrier rail offset from face of pier or wall will be further controlled by the dynamic
deflection of the particular system used. (See Chap. 6 for additional information.)

For crossings over railroads, the horizontal clearance requirements are usually set by
the railroad company or by the state public utilities commission. In addition to clearance
for safe operation of trains, including allowance for accidentally overhanging cargo,
railroad companies are cognizant of the importance of trackside drainage and require
that drainage ditches be accommodated where present. In addition, a maintenance road-
way for off-track equipment is often required. A horizontal clearance of 25 ft from the
centerline of the track is desirable and will obviate the need for pier crash walls.

If a pier adjacent to a railroad track is located closer than what is considered to be an
adequate distance to prevent derailed cars from striking the pier (generally 25 ft from
centerline of railroad track), the pier is required to be of heavy construction, or a substan-
tial crash wall is required to be constructed to protect the pier and prevent catastrophic
collapse of the bridge. This wall should be aligned with the pier. For additional details,
refer to the American Railway Engineering and Maintenance-of-Way Association
(AREMA) Manual for Railroad Engineering.

AASHTO LRFD Specifications require abutments and piers located closer than 30 ft
to the edge of the roadway or closer than 50 ft to the centerline of a railway track to be
designed for a vehicular collision load defined in the specifications, unless protected by
an embankment or a structurally independent, crashworthy, ground-mounted barrier.

Bridge Vertical Clearance. Generally, a clearance of 16 ft plus an allowance for
resurfacing should be provided over major state, U.S., and interstate highways, over
the entire width of roadway. Over less important highways, a clearance of 14 ft should
be provided. These are AASHTO requirements. Published state standards, if different
from AASHTO, should be followed.

The above vertical clearances apply to vehicular bridges. Because pedestrian
bridges are narrower and lighter in weight, and therefore more vulnerable to major
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damage or collapse in the event of collision from overheight vehicles passing under
the bridge, states are beginning to require an additional clearance of 1 ft for pedestrian
bridges. This additional clearance is also recommended for overhead sign structures.

Vertical clearance requirements over railroads, like horizontal clearances, are set
by the railroad company or state public utilities commission. A minimum clearance of
23 ft above high rail is common for new bridges over nonelectrified racks. If the
tracks are electrified, an additional 1-ft minimum clearance is required for catenary
wires. Widened or rehabilitated bridges will generally be allowed to maintain the
existing clearance, but no less.

4.5 BASIC BRIDGE MATERIALS

The basic materials most often used to construct bridges are concrete and steel. Timber
is occasionally used for deck construction and sometimes for short-span bridges.

451 Concrete

High strength is desirable for bridge concrete to reduce member size and weight, but
durability is equally or more important. Component materials must be compatible with
each other, and the concrete must have low permeability.

A long-term destroyer of concrete from within is alkali-silica reaction. While mate-
rial specifications for concrete have been developed to preclude use of cement and
aggregates that will produce alkali-silica reaction, the best prevention of this problem
is the use of cements and aggregates from sources that have a known history of
absence of this problem.

Given that required strength can be obtained by mix design with relative ease, low
permeability becomes one of the most desirable properties, because bridge concrete is
reinforced or prestressed and prevention of corrosion of the embedded steel is essential
for long-term durability. Reduced permeability will also reduce carbonation, alkali-silica
reaction, and freeze-thaw damage. Permeability can be reduced by proper mix design, by
maintenance of a low water/cement ratio during concrete placement, by use of admix-
tures, by compactive effort, by use of specialty concretes, or by application of concrete
sealers or coatings. Often a combination of these procedures is employed.

Another desirable quality for the prevention of reinforcing steel corrosion, along
with low permeability, is resistance to cracking. The cracking of bridge decks and of
bridge deck overlays has been a persistent problem. The use of shrinkage-compensating
concrete using type K cement has been found to be effective in reduction of cracking,
and some agencies mandate its use in construction of bridge decks. One property of
shrinkage-compensating concrete that is different from regular concrete is the need for
adequate amounts of mix water to cause the chemical reaction necessary for the devel-
opment of the expansion. The normal rules of low water/cement ratio do not apply and
must not be enforced. Another difference is that bleed water cannot be expected to
appear. Waiting for bleed water to appear will result in the start of concrete hardening,
making finishing very difficult. Agencies that have adopted shrinkage-compensating
concrete have also adopted strict specifications for the production, placement, and curing
of the concrete. These specifications address the requirements peculiar to shrinkage-
compensating concrete, but also include many requirements that are applicable to normal
concrete as well. Perhaps the most important requirement is that prior to placement of
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the deck concrete, a preconstruction meeting be held, and that all participants in the
cement manufacturing and concrete mixing, delivery, placement, finishing, curing, and
inspection be required to take part. This meeting gives the type K cement manufacturer
the opportunity to instruct the other participants in special requirements, and to correct
any misconceptions that exist. Such meetings in themselves go a long way toward
improving the quality of the concrete.

Admixtures. Various admixtures are available to enhance the properties of concrete made
with the basic ingredients: coarse aggregate, fine aggregate, portland cement, and water.

Air-entraining admixtures produce a distribution of bubbles that become permanent
tiny voids in the concrete. This system of voids makes the concrete resistant to scaling,
a surface failure that became frequent when deicing salts came into use. Air entrain-
ment has virtually eliminated scaling. The use of air entrainment is recommended
even with high-strength concrete.

Water-reducing admixtures make concrete mixtures workable at a lower water/cement
ratio than is possible with use of “water of convenience” (water in excess of that required
for hydration of the cement) alone. High-range water reducers provide great workability
at very low water/cement ratios, and have been developed to provide reasonable control
of duration of extra fluidity.

Dense concrete is a concrete developed by the Iowa Department of Transportation
for overlayment of new and existing concrete bridge decks. It has a low water/cement
ratio and relies on special compactive effort imparted by vibrating screeds to produce
a dense concrete with reduced permeability.

Latex-modified concrete uses an admixture of latex, generally liquid styrene butadiene
with a minimum solids content of 40 percent. It achieves a reduced permeability
equivalent to dense concrete at a lesser thickness. This quality is important to the via-
bility of latex-modified concrete as an alternative option to dense concrete because the
cost of latex-modified concrete is higher on a volume unit measure basis.

Silica fume concrete, or microsilica concrete, incorporates extremely fine particles
of microsilica. Added to concrete in powder or liquid form, it densifies the concrete,
increases strength, and reduces permeability. Where silica fume concrete has been
allowed as a contractor’s alternative option to latex-modified or dense concrete, it has
rapidly replaced these other specialty concretes.

Calcium nitrite concrete contains calcium nitrite, a widely used inorganic corrosion
inhibitor that acts at the surface of the steel reinforcement to limit the electrochemical
reaction involved in the corrosion process. The calcium nitrite is added in liquid form
to the concrete at a rate of 3 to 5 gal/yd’, depending on the quality of the concrete, the
level of chlorides expected, and the life required for the concrete. (See Manual for
Corrosion Protection of Concrete Components in Bridges, Task Force 32 Report,
February 19, 1992, AASHTO, Washington, D.C.)

High-Performance Concrete. High-performance concrete (HPC) is defined as con-
crete that meets special combinations of performance and uniformity requirements
that cannot be achieved routinely using conventional ingredients, normal mixing and
placing procedures, and typical curing practices. HPC offers many strength-related
improvements such as higher compressive strength and modulus of elasticity, and
lower creep and shrinkage. It also offers ductility-related improvements such as
increased resistance to freeze-thaw, abrasion, and scaling, as well as reduced perme-
ability. Potential benefits to owners include lower initial and life cycle costs as a result
of lower construction costs, less required maintenance, longer structure life, and elimi-
nation of additional protective systems. Also, there should be less disruption to the
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public due to the decreased maintenance requirements and longer periods between
major rehabilitations.

HPC qualifies for the special federal funding allocated by the U.S. Congress (fiscal
1998 to 2003) for repair, rehabilitation, replacement, and new construction of bridges
or structures that demonstrate the application of innovative materials. Missouri,
Nebraska, New Hampshire, Texas, Virginia, and Washington are included in the
AASHTO Strategic Highway Research Program (SHRP) lead state team for HPC
implementation. HPC program bridges have already been constructed in Texas,
Nebraska, Virginia, Washington, New Hampshire, and Colorado. HPC bridge decks
are designed and either built or scheduled to be constructed in Ohio and Puerto Rico.

HPC mixes must use pozzolan materials such as silica fines and fly ash. Pozzolans
make concrete denser, thereby increasing durability. Silica fines eliminate the detrimental
effects of fly ash on concrete mechanical properties. Fly ash reduces the heat of hydra-
tion and thereby reduces plastic shrinkage. Mix design requirements vary, depending
upon the application. For bridge decks, states have specified a 28-day compressive
strength from 4000 to 8000 1b/in?, and from less than 750 up to 2000 C for chloride
permeability. For prestressed concrete beams, states have specified a 28-day compressive
strength from 6000 to 10,000 Ib/in?, and from less than 1000 up to 2000 C for chloride
permeability. The minimum specified for silica fines has ranged from 5 to 10 percent.
Curing requirements have included a wet burlap covering within 10 min of finishing,
and a 7-day wet cure followed by application of a curing compound.

HPC specifications typically also include production, placement, and curing trials.
Testing programs include evaluations of strength, permeability, scaling, freeze-thaw,
abrasion, elasticity, creep, and shrinkage. Not all tests are required for each applica-
tion, but because many of the tests are of long duration, mix design may take 6 months
or more.

Lightweight Concrete. Although the concrete most often used in bridge construction
is normal-weight (hardrock) concrete having a unit weight, reinforced, of 150 1b/ft?,
lightweight concrete can be produced from manufactured aggregate that is available from
several sources around the United States. The coarse aggregate is produced by heating
shale in a kiln, which expands it. Lightweight fine aggregate can also be produced but
is not recommended for bridge concrete. Use of lightweight coarse aggregate can
reduce the weight of reinforced concrete to 115 1b/ft>. While the history of lightweight
concrete for bridges includes premature failures, it also includes successful applica-
tions in both deck slabs and beams. It is important to recognize the different (greater)
creep characteristics of lightweight concrete in structures where long-term deflections
are a significant design factor.

4.5.2 Structural Steel

Steel for bridges is available in several different strength levels, each of which may be
specified under ASTM A709, Standard Specification for Structural Steel for Bridges.
The grade designations are indicated in Table 4.1, as well as some alternative specifica-
tions that may be more familiar. The grade designation indicates the specified minimum
yield stress in kips per square inch, and a “W” indicates that it is a weathering steel
composition. ASTM A709 contains supplementary requirements for notch toughness
and other items that are available but apply only when specified by the purchaser.
When such supplementary requirements are specified, they exceed the requirements of
the basic specifications such as A36 or A572.
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TABLE 4.1 Steels for Bridges

ASTM designations

Bridge Structural steel AASHTO
Type of steel specification* specification designations
Structural carbon A709 grade 36 A36 M270 grade 36
High-strength, low-alloy A709 grade 50 A572 grade 50 M270 grade 50
High-strength, low-alloy A709 grade S0W A588 M270 grade SOW
Quenched and tempered A709 grade 70W A852 M270 grade 70W
high-strength, low-alloy
Quenched and tempered, A709 grade 100/ A514 M270 grade 100/
high-strength alloy A709 grade 100W M270 grade 100W
Control rolled A709 grade HPS-50W
Quenched and tempered, A709 grade HPS-70W M270 grade HPS-70W
control rolled, interrupted
accelerated cooled
Quenched and tempered A709 grade HPS-100W

*When the supplementary requirements of A709 are specified, the steel exceeds the requirements of the
listed structural steel specification. The supplementary requirements include toughness testing, grain size, and
frequency of tension tests.

The HPS designation indicates that the material is one of the newly developed
high-performance steels. They are so designated because they possess superior weld-
ability and toughness compared to conventional steels of similar strength. Tests of
production material have shown that the Charpy V-notch (CVN) toughness of HPS far
exceeds the minimum requirements of AASHTO Zone 3 (minimum service tempera-
ture of —30 to —60°F). Grades HPS-50W and HPS-70W are commercially available and
have been used successfully in several bridges. Grade HPS-100W is developmental.
The FHWA initiated the research program to develop HPS in 1992. With participation
from the U.S. Navy and the American Iron and Steel Institute (AISI), it expanded to a
cooperative research program in 1994. A steering committee and advisory groups with
a wide range of expertise guided the research.

Grades 36, 50, and 50W are available either as structural shapes or as plates. The
other grades are available only as plates. Grades 36, 50, and S50W are the most
frequently used materials. In general, compared with A36 steel, where other limitations
such as deflection or stiffness do not override, the extra unit cost of the higher-
strength grades (50 or 50W) is more than offset by the higher yield strength. Grades
70W and 100/100W have proven economical in longer-span structures, or the higher-
stressed portions of medium-span structures. The AASHTO publication Guide
Specification for Highway Bridge Fabrication with HPS-70W Steel suggests that
economies can be achieved by combining the use of HPS-70W and Grade 50W steels
in a structure. In a 181-ft span bridge for the New York State Thruway Authority, the
use of HPS-70W steel reduced the number of girders in the cross section from five to
four, enabling a savings of 28 percent in weight and 18 percent in cost.

Weathering grades (50W, 70W, and 100W) have chemical compositions that pro-
vide enhanced resistance to atmospheric corrosion. They can be used in the bare
(unpainted) condition for bridges in many cases (see Art. 4.13). The savings on cost of
painting and repainting frequently makes them an economical choice.
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Although prices vary widely, in reference to the unit price of grade 36 steel, the
relative material price of the other steels in plate grades is approximately as follows:

Grade Price relative to A36
36 1.00
50 1.12
50W 1.23
T0W 1.52
100W 2.07

As indicated, these are only price factors and do not consider the reduced quantity of
steel that may be required as the yield strength increases. For structural shapes, grade
50 steel can usually be obtained for about the same price as grade 36 steel, but there
would usually be some additional cost for grade SOW.

The cost of fabrication and erection for members of grade 36 and grade 50 or 50W
steel is approximately the same. Thus, in preliminary cost studies, only the cost of the mill
material for the members selected need be compared. Fabrication costs for grade 70W,
grade 100, and grade 100W tend to be higher than those of the as-rolled products, and
thus, the cost comparisons must include those costs.

Steels with greater strength than grade 36 tend to be economical for beams and
girders in many cases, and are particularly attractive under the following conditions:

e When dead load is a major part of total load

e When deflection limits do not control

¢ When deflections can be reduced (composite design, continuous structure, etc.)
e When weight reduction cuts cost of foundations, shipping, etc.

e When selection avoids use of built-up members (cover plates, fabricated girder versus
rolled beam, etc.)

The higher-strength steels often show advantage for tension members of trusses
because the higher strength is used more effectively (for the entire depth of the member,
because there is no stress gradient). The same is true for compression members of
trusses where the member slenderness ratio is small to moderate (ratio of length to
radius of gyration of about 80 or less, depending on grade).

4.5.3 Other Materials

Aluminum. A few bridges, including highway plate girder bridges and arch-type
pedestrian bridges, have been constructed of aluminum. These bridges have generally
performed well and have not required much maintenance. The plate girder bridges do
not seem to have experienced problems that one might anticipate due to the difference
in thermal coefficient between the aluminum girders and the concrete deck. The main
reason aluminum bridges have not captured a larger share of the market is high cost.
Lack of availability of appropriate design specifications for aluminum bridges has also
been a factor, but this has been alleviated by the publication, in 1991, of the AASHTO
Guide Specifications for Aluminum Highway Bridges.
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Aluminum railings, while not having the strength or ductility of steel, do not
require maintenance painting. Aluminum posts are cast, and aluminum rail elements
are extruded in shapes that are convenient for bolted assembly of the railing. Bolts to
anchor aluminum railings in concrete parapets are generally stainless steel.

Rubber. Rubber, sometimes natural but more often synthetic, is used in bridge bearings
and expansion joint sealing devices. Reinforced rubber sheets are used to fabricate
troughs to conduct storm water that is permitted to flow through open expansion joints.

Stone. Stone is used in some states to face barriers and to provide waterline protection
of piers. It is sometimes also used for aesthetic reasons.

4.6 BRIDGE DECK MATERIALS AND SYSTEMS

Bridge decks can be constructed of timber, concrete, or steel.

Timber Decks. For bridges on unpaved roads or low-volume roads in rural environ-
ments, timber decks of modern construction, such as Glulam (glued laminated) decks,
can be serviceable and durable. For high-traffic-volume highways, timber is at a great
disadvantage because of high cost, difficulty of fitting to a variable support profile,
lack of skid resistance if a separate wearing surface is not provided, and difficulty in
maintaining adhesion of an asphalt wearing surface. The choice then is usually
between concrete and steel, or a combination of both.

Cast-in-Place Concrete Decks. Where light weight or speed of construction is not
prerequisite, cast-in-place concrete decks prevail because they easily conform to the
top of the supporting superstructure and to the required surface profile. Cast-in-place
concrete decks also easily accommodate concrete sidewalks, median barriers, and outside
safety barriers.

The durability of concrete decks became a matter of great concern after the use of
roadway deicing salts became prevalent and decks began to develop spalls at an early age.
Extensive investigation and development have resulted in adoption of improved design
and construction requirements that show promise of extending deck life by preventing
premature corrosion of reinforcing steel. Life-extending measures include greater design
cover over the top reinforcing bars, tighter control of actual construction tolerances,
use of lower water/cement ratio concrete, use of admixtures and special concretes
such as silica fume concrete to reduce permeability, imposition of stricter curing
requirements, use of epoxy-coated or galvanized reinforcing bars, application of various
types of waterproofing surface sealants, installation of membranes or protective over-
lays, and installation of cathodic protection.

Cast-in-Place Concrete Decks Composite with Precast Formwork. This type of
concrete deck is constructed using half-depth, precast, prestressed panels as forms on
which the remaining half-depth is cast-in-place. This type of construction, which elim-
inates traditional formwork, is used by some states for both bridge decks and box cul-
verts. The prestressed concrete panels are a minimum of 31/2 in thick, with greater
thicknesses required for some beam spacings. The transverse prestressing strands are
usually 3/8, 7/16, or 1/2 in in diameter. Longitudinal reinforcement is usually No. 3 bars
or equivalent welded wire fabric. The panels are designed to support the dead load of
the panel, the weight of the subsequently cast portion of the deck, and any specified
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construction loads. In addition, the resulting full-depth composite section is designed
to support the design highway live loads and any other dead loads, such as overlays.

Precast Concrete Deck Units. For rehabilitation of existing bridges requiring deck
replacement, the use of precast prestressed-concrete deck units placed transversely across
existing beams permits deck replacement at night or during other hours of reduced traffic
volume. Only as much of the existing deck slab as can be replaced in a work shift is
removed, and the gap between the remaining slab and the new deck units is minimized so
that it can be bridged by a steel plate to maintain traffic. The deck units can be fastened
by welding studs to the beams through formed holes in the deck unit, and by filling the
holes with a fast-setting concrete. Adjusting devices can be built into the deck units to
control the deck profile. Longitudinal posttensioning can be used to ensure a tight deck
at the grouted joints. The deck units can cantilever beyond the outside beams and have
provision for barrier placement.

Steel Decks. Sometimes the weight of the deck needs to be minimized. This is true
when replacing or widening the deck on an existing superstructure or substructure of
limited strength. It is also important on movable bridge spans where every pound
reduced in the movable span is accompanied by a similar reduction of counterweight.
In these cases, steel decks can effectively reduce weight. The lightest-weight decks
have been open steel-grid decks, but these decks often have an unpleasant riding quality
when new, and can become slippery and unsafe with wear. Skid resistance can be
restored by grinding grooves on the riding surface, which weakens the grid, or by
welding studs to the surface, but the unpleasantness of the sound and overall sensation
perceived by the traveling public remains. Another type of damage to which open-grid
decks are vulnerable is breakage of bars when chains, dragged from passing vehicles
such as car haulers, become lodged in the grid openings. Open-grid decks are also
prone to fatigue failure at the welds. The location and nature of the welds create a
severe condition for fatigue susceptibility. For all the reasons above, open steel-grid
decks are falling from favor.

Concrete-filled, partially filled, and overfilled steel-grid decks (now referred to as
grid reinforced-concrete bridge decks) are also available and have often provided many
years of service under heavy traffic with minimum maintenance. Where the concrete
is filled only to the surface of the steel grid, wear of the concrete between the grid
members, called cupping, can result in an unpleasant and unsafe riding condition.
Therefore, overfilling is recommended.

In a few cases, concrete-filled steel-grid decks have been known to “grow,” breaking
welds to the supporting members. After extensive testing and analysis, the cause was
determined to be corrosion on the vertical interfaces between the steel and the con-
crete fill. Although a very small expansion occurred at each interface, the accumulated
expansion measured several inches at the ends of units. This phenomenon emphasizes
the importance of preventing corrosion by any suitable means. In this case, the use of
a corrosion-inhibiting concrete admixture seems appropriate

An attribute of the steel-grid deck, whether filled or open, is that it is or can be fabri-
cated off-site, complete with concrete fill and wearing surface if necessary. This can be
advantageous for speedy redecking where downtime must be held to a minimum, and
may be a reason for selecting this type of deck even if weight reduction is not necessary.

A more recent (1980) variation of the concrete-filled steel-grid deck is the patented
“exodermic” deck, where a thin reinforced-concrete slab is constructed on top of and
made composite with the steel grid.

Another type of steel deck is the orthotropic deck, where the steel plate that supports
traffic, and its stiffeners, are a part of the longitudinal load-carrying member of the bridge.
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Some of these decks have experienced problems with wearing surface adhesion, but
the main reason they are not used more extensively is their high cost of fabrication.

Corrugated-Steel Bridge Flooring. Corrugated-steel bridge flooring, like stay-in-place
steel forms but thicker (up to % in thick), can be used on bridges such as existing truss
bridges where the tops of the stringers are at the same level transversely. The planks
are usually galvanized. They extend the full width of the roadway but are narrow, and
so can be erected without cranes. The planks are fastened to the stringer flanges by
bolted clips or by plug welding in holes over the stringers, thus permitting installation
by the owner’s forces. The deck is then paved with asphalt concrete. The valleys are
filled first, and then the entire deck is overlaid, building in crown if necessary. To promote
longevity of the plank and wearing surface, drainage holes are placed in the valleys of
the plank. However, leakage of salt-laden water can corrode supporting stringers.
Measures can be taken to prevent leakage, including seal-welding the seams, and
eliminating the drain holes and waterproofing the entire plank surface before paving,
but these measures can make this floor system costly.

4.7 CONCRETE BRIDGE DECK DESIGN

AASHTO Standard Specification requirements for design of concrete bridge deck slabs

on longitudinal beams are based on distribution of loads in the slab according to

Westergaard theory and assume flexural action of the slab. On the basis of these specifica-

tions, many states have developed design tables and charts for quick determination of

slab thickness and both primary (transverse) and secondary (longitudinal) reinforcement.
The main variables in the design of the deck slab are:

e Beam spacing

¢ Concrete strength

o Weight allowance for future paving

e Live load (generally HS 25 or, LRFD, HL-93)
¢ Continuity factor for dead load

Applying the specifications, the simple dead and live load moments per unit width of
slab are calculated. Dead load includes the client-specified future paving allowance,
weight of any separate wearing surface, and weight of the deck slab including any
monolithic wearing surface. Live load is the wheel load(s) of the client-specified HS
or HL truck loading. The simple span moments are calculated for the design slab span
length, and are then modified for continuity over the beams. For this factor, most
states use 0.8 for both dead and live load, but some states use 1.0 for dead load. The
moments are factored, and the slab is designed by the strength method using the slab
thickness minus any monolithic wearing surface considered subject to loss due to traffic
wear. Effective depth dimension d from the compressive face is usually different for
the top and bottom steel, because a minimum cover of 1 in is permissible and generally
adequate for the bottom of the slab but much greater cover, up to 3 in, is specified for
the top steel to provide protection against intrusion of chlorides. The rebar diameter is
usually different as well, since most agencies maintain the same spacing of top and
bottom steel and vary the bar size. However, practices vary among agencies. For
example, the New Jersey DOT keeps the bar size the same for top and bottom reinforce-
ment. A uniform spacing makes bar placement and inspection easier and facilitates
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concrete placement. Secondary steel is provided in accordance with the specifications,
with a lesser amount in the outer quarters compared with that in the middle of the distance
between beams. But again, practices vary and some states prefer uniform spacing of
secondary steel.

Slab overhang beyond outside beams is limited so that the reinforcement furnished
for interior panels is adequate for the overhang, or extra reinforcement is provided if
required. Slab overhang is sometimes also limited for construction reasons; the weight of
fresh concrete on an excessive overhang, acting through a diagonal brace, can cause
local buckling of unstiffened steel girder webs or can damage the web of a prestressed-
concrete girder.

The Ohio DOT deck slab design procedures based on the load factor design method
in AASHTO Standard Specifications are shown in Figs. 4.1 and 4.2. The detailed calcu-
lations shown for the example in Fig. 4.1 can be omitted by using the chart given with
the example in Fig. 4.2. This chart reflects many of the variables discussed above.
Note that one exception from usual practice is that the top distribution reinforcement
is placed above rather than below the primary steel. This practice was adopted in
recognition of the fact that most deck slab cracking is transverse, and the distribution
steel is more effective in resisting that cracking if placed closest to the surface.

Some states continue to use deck slab design tables developed using the allowable-
stress design method, while other states have updated using the LRFD method. In addition,
some states assign an allowable concrete stress that is less than AASHTO Standard
Specifications would allow on the basis of the required 28-day strength of the specified
concrete. These conservative practices reflect the prevalent attitude gained from a common
experience of premature and extensive bridge deck deterioration, mostly in the form of
spalling due to reinforcing bar corrosion. If the preventive measures now being taken
prove to be effective in eliminating or greatly reducing this premature deterioration,
those states will be more inclined to adopt less conservative design methods.

The design procedures described above have resulted in safe designs. However,
research has determined that significant membrane action is present in interior panels,
and actual stresses are considerably lower than design stresses calculated on the basis
of flexural action. Following laboratory testing, the province of Ontario and several
states have constructed and tested full-scale bridges with so-called orthotropic deck
slab reinforcement. In these designs, the reinforcement is the same size and spacing in
both directions, and of a reduced total amount compared with designs by current
AASHTO Standard Specifications. These experimental decks have performed well, in
most cases.

A further experimental advancement of this concept is the complete elimination of
top-slab reinforcement, except for longitudinal continuity reinforcement over piers.
Load testing was conducted on an actual full-scale four-span continuous prestressed
concrete girder bridge in Colorado, on which the deck slab in one span was built in
this manner, i.e., without top reinforcement except continuity reinforcement in the
composite slab. The bridge was test-loaded with a vehicle having five axles, with
maximum axle loads of 28 kip. The research report abstract states, “...It was found
that the peak transverse tensile strains developed in the top of the deck were less than
30% of the cracking strain.... This study confirms the feasibility of eliminating most
of the top reinforcement in bridge decks.”* Additional testing with repeated heavier
loads, combined with environmental effects, will no doubt be required before this
major change in deck slab construction practice is adopted. The great potential saving
in bridge deck construction cost that can be realized if the major source of distress—

*#“A Case Study of Concrete Deck Behavior in a Four-Span Prestressed Girder Bridge: Correlation of Field
Test Results and Numerical Results,” by Li Cao, John H. Allen, and P. Benson Shing, University of Colorado;
and Dave Woodham, Colorado DOT; Report to the Sponsor, Colorado DOT, April 1994.
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FIGURE 4.1 Example of transverse slab design for HS 25 loading using calculations based on AASHTO
load factor design. (From Bridge Design Manual, Ohio DOT, Columbus, 2000, with permission.)

spalling due to rebar corrosion—can be eliminated by eliminating the steel itself warrants
further experimentation and development.

Yet another experimental approach to concrete deck slab design has been taken at
Canada’s Technical University of Nova Scotia, where a 2-m span concrete slab was
reinforced with polypropylene fibers to control shrinkage cracking, and with greatly
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FIGURE 4.2 Example of transverse slab design for HS 25 loading using chart based on AASHTO
load factor design. (From Bridge Design Manual, Ohio DOT, Columbus, 2000, with permission.)

reduced steel reinforcement. The design takes advantage of the slab’s arching action.
A flat steel bar was welded to the undersides of the girder top flanges to provide the
reaction to the arch thrust. The slab failed in static punching shear at 94 tons. In
rolling-load tests of an identical slab at Carleton University, Ottawa, after 4 million
passes of a 12-ton load, the deck showed no distress.

4.8 CONCRETE BRIDGE DECK CONSTRUCTION

During construction, bridge deck concrete can be supported by reusable wood forms,
permanent stay-in-place steel forms, or precast prestressed-concrete planks. Where
permitted, contractors will generally use stay-in-place steel forms rather than removable
wood forms. Allowance must be made in the design of the bridge for the extra weight
of the steel forms, and for extra concrete where required. The forms are corrugated.
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Where the bottom transverse bar spacing can be made the same as the pitch of the cor-
rugated form, the extra concrete in the valley below the nominal bottom of the slab
line is compensated for by the concrete displaced by the peak of the corrugation above
the bottom of the slab line, and the allowance can be for the weight of the forms only.
If the spacing is different from the pitch, which is usually the case for curved bridges, a
greater allowance will be required because extra concrete must provide the necessary
cover. For long slab spans, the stay-in place forms are corrugated, but with a flat top
plate. In this case, no extra concrete is required, and the extra weight allowance is for
the forms only.

Prestressed concrete planks can also be used as support forms. In this case, the planks
also serve as a component of the structural slab. Some agencies have used prestressed
planks for years with success, but others have experienced problems—particularly,
longitudinal cracking through the cast-in-place top slab over the ends of the planks at
the supporting beams—and have discontinued their use.

When stay-in-place steel forms or prestressed-concrete planks are used, the slab
overhang beyond the outside beam is generally formed separately using conventional
removable wood forms.

4.9 CONCRETE BRIDGE DECK PROTECTION

Concrete bridge decks designed by the current AASHTO method described above have
large amounts of reinforcing steel. (Some say it is enough to drive on, and that the con-
crete is provided just to make the ride smoother!) In the past, in areas where deicing
salts are used, corrosion of the top steel caused extensive spalling that led to premature
repair or replacement of many decks. In some coastal areas, saltwater spray on the bottom
of deck slabs has caused similar corrosion of the bottom reinforcing steel.

For the foreseeable future, concrete bridge decks will continue to be reinforced
with steel bars, even though revised design procedures may be adopted that permit
lesser amounts. Therefore, it will continue to be necessary to protect those bars against
corrosion. Reinforcing bar corrosion can be prevented or forestalled by a number of
means, including:

e Making concrete more resistant to penetration of chlorides (less permeable; see HPC
in Art. 4.5.1)

¢ Preventing chlorides from penetrating the concrete by applying concrete sealers or
waterproofing membranes

o Applying a physical coating to the bars to prevent contact between the chlorides
and the bars

¢ Adding a corrosion-inhibiting admixture to the concrete mix
¢ Installing cathodic protection

Concrete Permeability. As discussed above, improvements have been made in the
quality of concrete, and in the development of special concretes, in an effort to reduce
the amount of chlorides reaching the reinforcing steel. These improvements them-
selves may be adequate to prevent premature corrosion, especially in areas where the
application of deicing salt is moderate. In areas of greater rates of salt application, it
may be necessary to provide supplementary protection of the types listed above.

Concrete Sealers. Sealers are available that can reduce the permeability of hardened
concrete. Forms of silanes and siloxanes are among the best sealers. In some cases,
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however, the field performance of concrete sealers has not lived up to expectations
based on laboratory testing. When selecting a sealer, one should avail oneself of the
most current field evaluations of effectiveness over a reasonable period of time, and
not rely solely on the claims of the manufacturer’s representative.

Waterproofing Membranes. Where an asphalt concrete overlay is placed on a
bridge deck in an area where deicing salt is used, the salt will penetrate through the
overlay unless an impermeable membrane is installed on the concrete deck. Both hot
and cold rubberized materials are available, as well as more labor-intensive built-up
systems. Built-up systems, like roof systems, combine layers of fabric alternated with
applications of a bituminous coating. Built-up systems may cause the asphalt overlay to
slide on steep grades or superelevation. All kinds of membranes are subject to devel-
opment of blisters due to entrapped water vapor if the membrane cures before the vapor
escapes. This can generally be prevented by placing the membrane when the temperature
in the deck is decreasing, that is, during the late afternoon or evening, rather than in the
morning or midday.

Epoxy-Coated Reinforcing Steel. The coating that has received the most widespread
acceptance for physical encapsulation of the reinforcing bars is fusion-bonded epoxy
coating. Some agencies require epoxy-coated bars for the top mat only; others require
them top and bottom.

The epoxy coating is applied electrostatically in powder form to cleaned and heated
bars in a continuous operation, and rapidly quenched immediately after being applied.
The coating is quite hard, but must be handled carefully to avoid damage. Nylon
slings are used to lift the bundles, and padding is used within the bundles.
Specifications that allowed a small but liberal percentage of openings in the coating
have recently been reexamined and tightened. Following the widespread adoption of
epoxy-coated reinforcing steel, some unfavorable experience in marine structures has
put somewhat of a damper on its enthusiastic acceptance.

A disadvantage of epoxy coating is that the coating reduces the bond between the
bars and the concrete, requiring longer lap splices.

Galvanized Reinforcing Steel. About the time when many states began to install
epoxy-coated bars for experimental evaluation, some states experimented with galva-
nized bars. This was based partly on the contention of some corrosion experts that
flaws in epoxy-coated bars would result in aggravated corrosion at those flaws. One
state, Pennsylvania, adopted galvanized reinforcing steel for a time as its primary
means of protecting the bars. Now at least one state has changed to that policy.

Galvanizing does not provide a permanent barrier, but creates a sacrificial coating,
and consequently would be expected to have limited life expectancy when exposed to
sufficient quantities of chlorides over a period of time. Because of the electrochemical
nature of the way galvanizing prevents corrosion, it should not be used on only one
mat of reinforcement.

Corrosion-Inhibiting Admixtures. Another means of protecting against corrosion of
reinforcing steel, without application of physical coating to the bars, is the incorporation of
a corrosion-inhibiting admixture in concrete. The amount of chemical added to the concrete
mix is proportioned to the amount of chlorides expected to penetrate to the reinforcing
steel. Therefore, the degree of effectiveness of the inhibitor is related to the accuracy
of that prediction. Higher dose rates will provide greater protection, but at greater
cost. A lower dose rate may not provide the necessary protection.

Some inhibitors have undesirable effects on other properties of the concrete, but
one admixture that is effective without side effects is calcium nitrite.
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Available publications do not provide specifications or guidelines for the evalua-
tion and comparison of corrosion-inhibiting admixtures, requiring users to rely on
information provided by product manufacturers. However, a National Cooperative
Highway Research Program project is planned to develop test procedures to evaluate
and compare the effectiveness of corrosion inhibitors, and to recommend performance
criteria for their acceptance.

Cathodic Protection. Since rebar corrosion is an electrochemical reaction, an effective
means of preventing or arresting corrosion is cathodic protection. The two main types
of cathodic protection are sacrificial anode and impressed current. In the sacrificial
anode system, disks of metal are installed at intervals in the deck before placement of
the deck or overlay concrete. Corrosion activity involves the consumption of this
metal rather than rusting of the bars. The impressed-current method requires the input
of electricity, and therefore requires an electric source and is dependent on the continued
monitoring and maintenance of the system. Power consumption is low. One reason
cathodic protection was late in being implemented is that it involves the expertise of
electrical or corrosion engineers rather than the structural engineers who are normally
responsible for bridge design and rehabilitation.

4.10 DECK SURFACES AND DECK OVERLAYS

New Construction. Some agencies use asphalt concrete overlays on new decks and
protect the deck with a waterproofing membrane below the asphalt overlay. Currently,
however, concrete wearing surfaces are more popular on new bridges than asphalt con-
crete. Concrete surfaces may be placed as an integral part of the structural bridge deck
(monolithic), or placed as bonded overlays of various types including dense concrete,
latex-modified concrete, and silica fume concrete (see Art. 4.5.1).

Repair of Existing Bridge Deck Surface. The concrete overlays discussed above can
be used, in combination with patching of spalled areas, as a means of repairing deterio-
rated existing bridge decks. In addition to these overlays, which are at least 1 in thick
and usually thicker, thin overlays "4 in or less thick are available. Binder materials
include epoxy, epoxy-urethane blends, and polyester resin. Because of their thinness
and light weight, they are advantageous for bridges where weight reduction is desir-
able, or where thicker overlays would present problems with expansion joint or scupper
modification, or where railing height would be reduced more than an acceptable
amount by a thicker overlay.

The repair of a spalled bridge deck involves removal of the fractured or disintegrated
concrete by some means. Mechanical methods include scabblers, scarifiers, and jack-
hammers. Because these methods all tend to create microfractures in the sound concrete,
a better method is hydroblasting, or use of very high pressure water jets. This method
is selective in that it automatically removes unsound concrete while leaving the sound
concrete undamaged. The operation consumes large quantities of water and is noisy,
and passing motorists must be protected from stray jets and flying debris. The muddy
effluent must be disposed of properly, and not allowed to flow into catch basins.

After removal of unsound concrete, or concurrently with it, the surface of the remain-
ing good concrete is removed to a depth of about !4 in. The entire surface to be overlaid is
dried or wetted to the required moisture condition, and the overlay placed. Where deep
removal areas are present, it is generally preferable to patch these areas in a separate
operation from the general overlay. After texture is applied, the fresh overlay concrete is
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then given an appropriate cure of the required duration. In cold weather the overlay must
be prevented from freezing. For this reason specifications require placement at tempera-
tures well above freezing.

4.11 SELECTION OF MATERIALS FOR MAIN
SUPERSTRUCTURE MEMBERS

For the primary superstructure members of a bridge (not including the deck), concrete
(reinforced and prestressed) and structural steel are the principal candidates. Concrete and
steel both have desirable attributes and shortcomings as bridge materials. In general,
bridges of both materials can be designed, constructed, and maintained to ensure long
life. Claims of both steel and concrete industry associations, including references to
national bridge inventory data used to support contentions of superiority of one material
over the other, must be critically considered. One can find examples of both concrete and
steel bridges that are old and in good condition, and conversely, relatively new and in
poor condition. The trade associations do a service in countering each other’s claims.
Some advantages of concrete bridges are:

e They do not require painting.
e They do not rust (but are susceptible to rebar corrosion).
e They can be formed to the desired shape (if of reinforced concrete).

o If of prestressed concrete, they may be fabricated more quickly than steel, although
in some emergencies steel replacement structures have been fabricated and erected
as quickly as prestressed members.

o They are not susceptible to fatigue failure (to date).
Some advantages of steel bridges are:

o Lighter weight permits smaller cranes for erection.
o Lighter weight permits reduction of substructure size, number of piles, etc.
e They are more readily dismantled and reused at the same or another site.

e Use of conventional erection and construction techniques may avoid construction
cost overruns and litigation sometimes experienced with segmental concrete.

e Attachments to bridge are readily made by bolting or welding.
+ Components are accessible and visible for inspection.

e Members damaged by vehicular collision may be more easily repaired than con-
crete members.

For short- to medium-span bridges, the selection of material will depend on which
bridge type and material are the most economical for the particular site. This may be
known by experience with bids received over a period of time, or can be determined
by taking alternative bids on projects.

Long-span bridges are often designed in both steel and concrete, or in different framing
systems of the same material, so that contractors bidding on both sets of plans can make
the determination of which is less costly. An increasingly common practice for bridges
of all sizes is to allow the contractor to submit alternative designs, which must be
designed by professional engineers and conform to the requirements of the owner.



BRIDGE ENGINEERING 4.21

4.12 CORROSION PROTECTION OF NEW
STEEL BRIDGES

The application of protective coatings to steel bridges, and the maintenance reapplication
of coatings, is costly and so alternatives to the use of coated steel should be sought.
Where appropriate, unpainted weathering steel should be used instead (see Art. 4.13).
If a coated bridge is still the best candidate for the particular location, a long-lasting coating
system should be applied.

Modern Paint Systems. The development of high-performance paint systems for
new bridges has resulted mostly in two- or three-coat systems involving combinations
of various materials including organic and inorganic zinc, epoxy, and urethane. The prime
coats of these systems require cleaning the steel to a white or near white condition, which
is an expensive operation even when done conveniently in a steel fabricating plant.
The application of subsequent coats, especially field coats, is labor-intensive. Despite
these factors, these new systems can provide acceptably economical protection.

Water-Based Paint. The most recent emphasis in the development of paint systems
has been on water-based paints. Because they do not contain volatile organic com-
pounds, water-based paints can easily conform to the environmental restrictions
placed on the levels of those compounds emitted during the painting process.
Evaluation of this system and other systems continues. At this time, one can say that
there is no one single paint system that is the best and most economical for all expo-
sures. If a department of transportation or another agency representing an area with
diverse geography, climate, or industrial development dictates a single paint system
for all parts of that area, it is likely that some of the bridges will be overprotected and
some underprotected.

Galvanizing. Depending on local availability of galvanizing facilities of adequate
size, steel members of limited length can be hot-dip galvanized. In addition to the
deposition of zinc, the galvanizing process results in a change in chemistry of the surface
of the steel, where an alloy is created, so that a degree of protection remains after the
zinc coating is gone. The different stages of loss of coating and rusting that will eventually
occur on galvanized steel can be seen on exposed highway hardware such as galva-
nized steel roadside barriers, luminaire supports, and traffic sign and signal supports.
Since these structures are more exposed to salt spray than a bridge superstructure may
be, unless the bridge is a grade-separation structure, the longevity of the protection
may be expected to be greater on a bridge.

Fusion-Bonded Coating. The coating of large structural members by fusion bonding
with epoxy or other powders is now feasible in at least one coating plant, but this
method of coating has not been used extensively for bridges. It is frequently used for
pipe piles.

Metallizing. Another method of coating steel, which has been used on small compo-
nents of new bridges, such as bearing plates, and on a few existing bridges, is applica-
tion of a metallic coating by the flame spray method, or “metallizing.” The existing
steel is first prepared to a near white condition. Then a continuously fed wire is vaporized
in a flame and sprayed onto the surface of the steel. Although results have been satis-
factory, the cost on complete bridges has been extremely high compared with other
methods of coating.
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Selection of Protection System. Environmental conditions and owners’ experience
may dictate the selection of a corrosion protection system. Where acceptable life of
protection can be expected from galvanizing, painting, or use of unpainted weathering
steel, the selection may be based on cost. Alternative bids should be encouraged.

4.13 WEATHERING STEEL

The cost of initial painting and periodic repainting of structural steel bridges can often
be eliminated by the use of bare weathering steel. From an economic standpoint, the
use of multicoat high-technology paint systems should be reserved to those bridges
that are not suitable candidates for weathering steel.

To ensure successful long-term performance, the Federal Highway Administration
(FHWA) has published “Guidelines for the Use of Unpainted Weathering Steel.”
Principal considerations are as follows:

e Consider with caution use in marine coastal areas; in areas of frequent high rainfall,
high humidity, or persistent fog or condensing conditions; at grade separations in
“tunnel-like” conditions; and at low-level water crossings. (Some states such as
New Jersey require painting of weathering steel girders if within 15 ft of salt water.)

¢ Eliminate expansion joints where possible.
e Use a trough under open expansion joints.
o Paint all steel within a distance of 1/4 times the depth of girders from bridge joints.

e Seal box members where possible or provide weep holes to allow proper drainage
and circulation of air.

e Seal overlapping surfaces exposed to water to prevent capillary penetration action.

e Implement maintenance and inspection procedures designed to detect and minimize
corrosion.

e Divert roadway drainage away from the bridge.

e Clean troughs, reseal deck joints, and periodically clean and—when needed—
repaint all steel in the vicinity of joints.

e Regularly remove all dirt, debris, and other deposits that trap moisture.
e Regularly remove all vegetation that can prevent natural drying of wet steel surfaces.

4.14 DEFLECTION AND EXPANSION JOINTS

Joints in bridges fall into two categories: deflection joints and expansion joints.

4.14.1 Deflection Joints

Contrary to what the name implies, deflection joints, when placed in concrete barriers
and parapets, are used primarily to minimize the vertical shrinkage cracking that
would otherwise occur in long, unjointed panels. Some states permit a longitudinal
spacing of joints as great as 30 ft in simple spans. Over piers of continuous bridges,
the spacing is generally less, 7.5 ft or closer. Preformed joint filler is used to form the
joints and is left in place. Sometimes the placement of parapet concrete is required to be
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done in two stages, with placement of alternate panels only in the first stage, to facilitate
placement of the joint filler.

When barriers are permitted to be slipformed, the deflection joints are sawn an
inch or so deep on the periphery of the barrier, and then caulked with a joint sealer. In
this case the steel is not made discontinuous at the joints. Slipforming is a much faster
way of constructing barriers, but the finished appearance, especially the straightness
of the top, is sometimes rather crude compared with conventionally formed barriers.

Deflection joints can extend full depth of the barrier or parapet, or through only the
top portion. Deflection joints in the New Jersey safety-shape barriers, when the concrete
is placed in forms, are sometimes placed only above the curb portion of the barrier. In
this case the longitudinal reinforcing steel is continuous in the curb, but discontinuous
at the joints above the curb. This usually results in reflection cracks developing in the
curb below the joints.

It is also common, in spite of the joints, to see one or more vertical cracks between
the joints in long panels. These cracks may be aggravated by bridge deflection but are
caused primarily by shrinkage. The development of these cracks illustrates a rule of
thumb applied to slabs on grade, that there will be a tendency to crack if the slab is
longer than twice its width. However, the likelihood of ultimate damage to the bridge
resulting from these unwanted cracks is small, and so the cost to provide more closely
spaced joints is not justified.

Deflection joints are also used in the deck slab at piers or over transverse floor
beams where the slab is not continuous (and sometimes when it is continuous), and at
abutments where the bridge slab abuts the approach slab. Since the amount of movement
is small, due only to rotation, the joint can be sealed with a small compression seal or
with liquid joint sealer.

4.14.2 Expansion Joints

Bridge roadway expansion joints are provided to accommodate the thermal changes in
the superstructure, and, in the case of prestressed-concrete bridges, to accommodate
creep shortening of the superstructure as well. They are required at abutments that are
restrained against longitudinal movement and at the end of supported superstructures
free to translate due to provision of expansion bearings. In some long-span steel bridges,
expansion joints and expansion bearings must also accommodate change of length of
span due to live load stresses. Expansion joints are not required in short bridges where
movement is small—for example, in steel bridges with span less than 50 ft—or in longer
bridges where the superstructure is fixed to the abutment (jointless bridges or integral
construction). For these longer bridges, designs that eliminate or minimize bridge
expansion joints, without introducing problems in the approach roadway or causing dis-
tress in the superstructure or substructure, are favored. (See Arts. 4.15 and 4.16.7.)

Expansion joints, or, more accurately, rotation joints, are also provided where the deck
is made discontinuous, or a hinge is provided, in anticipation of settlement of the end of
a span.

Where expansion joints are required, they should be sized to accommodate the
anticipated movement with a liberal allowance. A joint-sealing device such as a strip
seal can be destroyed by one occurrence of a record cold period. For deep simple-span
girders, the joint movement due to live load rotation of the end of the span should be
included. Specifications for installation of joints should take setting temperature into
account. A table giving required joint opening dimensions for different ambient tem-
peratures is preferred over an equation for adjustment of a fixed dimension that is
applicable to a given temperature. In areas where roadway deicing salts are not
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applied, it may not be necessary to seal expansion joints. Even in this case, though,
sealed expansion joints will prevent intrusion of foreign objects, which can damage
the bridge by causing excessive local pressure, and will prevent accumulation of
debris on bridge seats.

Large-capacity open expansion joints can be fabricated using steel plates with
meshed fingers, the so-called finger joint. Finger joints have served well for many
years on many bridges. The plates used in these joints must be thick to withstand the
direct cantilever wheel loading to which the fingers are subjected. The two halves of
finger joints are massive steel fabrications, but they can be gas-cut with accurate
dimensional control. In snowplow areas, where the ends of the fingers may be snagged by
the plow blade, the use of a finger joint should be avoided, or the ends of the fingers should
be rounded downward. In areas where joints should be sealed, the finger joint surface may
be left open, but an elastomeric trough should be installed beneath the joint.

Bicycles should not be permitted on bridges with finger joints, because the wheels can
drop into the space between fingers, causing injury to the rider. Conversely, open finger
joints should not be used on bridges on which bicycles are permitted.

In areas of salt application, expansion joints must be sealed. Northern states have
incurred tremendous cost to repair damage to superstructures and substructures in the
form of steel corrosion, prestressed-concrete beam deterioration, and concrete spalling
due to salt drainage through open or inadequately sealed expansion joints.

4.14.3 Expansion Joint Sealers

Several types of expansion joint sealing devices are available. Properly sized and
installed, they can greatly reduce, if not eliminate, drainage through the joint. Some of
the available types are:

e Polymer-modified asphalt
e Compression seal

e Slab-type seal

e Strip seal

e Modular seal

Polymer-Modified Asphalt. For resurfacing projects where an asphalt concrete overlay
or a portland cement concrete overlay is placed on an existing bridge deck, the
approach slab is also overlaid, and the joint movement is moderate (1.5 in or less), an
expansion joint seal using a poured liquid joint sealer and “armor” of polymer-modified
asphalt concrete (elastomeric concrete) can be used. Construction is simple and
requires only a minimum of removal of the existing structure, if any. The elastomeric
concrete will bond to steel, concrete, or asphalt concrete, and also develops a tenacious
bond with the liquid joint sealer, which is poured over backer rod installed between
formed vertical faces of the elastomeric concrete. Figure 4.3 illustrates this seal.

Compression Seal. The compression seal (Fig. 4.4) is a rectangular elastomeric tube
that has internal webbing and is manufactured by extrusion. It is installed between
formed or sawn faces of concrete, or, more commonly in bridges, between steel armor. A
lubricant/adhesive is used to facilitate installation and prevent displacement in service.
Compression seals can be of the high-compression type, which relies more on
internal compression than on the adhesive to stay in place, or the low-compression
type, which relies more on the adhesive. The high-compression type is more subject to
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loss of tight fit due to compression decay with age, and so is less desirable. Catalogs
will not describe the seals in this manner, but manufacturers’ representatives will
know. A clue to the type of seal is the number of internal webs, which is greater for
the high-compression type.

Compression seals are available for joint widths up to 5 in, but some agencies
impose a 4-in limit. Some skew can be accommodated by using a larger seal than
would be required for an unskewed joint. A maximum allowable skew of 15° (with
respect to a line normal to the bridge centerline) is imposed by one state. Seals should
be one piece for the entire length of the joint.

A variation of the compression seal is a proprietary seal that has no internal webbing.
It is installed in the joint by air inflation, which presses the sides against the supporting
surfaces, onto which an epoxy adhesive has been applied. The air pressure is released after
an adequate curing period, and the adhesive is relied upon to maintain the seal in position.

Cold-applied pourable self-leveling joint sealer

Polymer-modified asphalt Existing deck surface,
(elastomeric) concrete asphalt or concrete

| Backer rod

FIGURE 4.3 Cross section of polymer-modified asphalt concrete joint seal.
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FIGURE 4.4 Cross section of compression seal.
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Slab-Type Seal. The slab-type sealing device consists of an elastomer and internal steel
plates that combine to provide a surface that bridges over the joint opening and supports
traffic loads. There are notches in the slab that, along with the elasticity of the elastomer,
permit it to change length. The sides of the slab are supported on horizontal steel or
concrete surfaces, and a bedding adhesive is applied before the slab is fastened down.
The slab is fastened to the bridge by closely spaced bolts.

A primary disadvantage of the slab-type seal is that large stresses are induced in
the slab by temperature changes, which, along with pounding by traffic, tend to break
it loose. Some users of slab-type seals have had satisfactory experience with them, but
most users have changed to other types of seals.

Strip Seal. The strip seal (Fig. 4.5) is an elastomeric extrusion, called a gland, that
spans between supporting steel armor. It is anchored by enlargements on the ends of the
glands, which are inserted into grooves in the armor. The gland is generally only one
layer thick, but some strip seals have two layers, the lower of which should act as a
backup if the top layer is punctured. A lubricant/adhesive is used to facilitate installation.
Like the compression seal, the gland should not be spliced. Special tools should be
used to install the gland, and the gland should not be stretched during installation. Left
by themselves, contractors may try to use inappropriate tools and brute force to install
the gland.

Strip seals can accommodate skew somewhat better than compression seals and are
favored by agencies for joint openings larger than can be accommodated by compres-
sion seals.

Modular Seal. At the ends of long bridges, or the ends of individual units of long
bridges, the joint movement may be greater than can be accommodated by a single
joint seal of the types described above. In this case a finger joint with an elastomeric
trough may be used, or a modular joint can be provided. The modular joint consists of
multiple compression seals or strip seals separated by steel or aluminum structural
members, which are in turn supported by bars that span transversely to the joint, parallel
to the centerline of the roadway. Figure 4.6 illustrates this type of seal. The support
mechanisms can become quite elaborate, with sliding bearings and components to
ensure that uniform spacing between longitudinal seal elements is maintained. The
designs must provide for joint rotation as well as translation. It is also important that
the design of these joints allows for replacement of components.

The fact that many specifiers of sealed expansion joints do not expect them to be,
or remain, watertight throughout their life is indicated by the practice recommended

Polychloroprene gland Deck surface

\

Steel armor
and anchorage

Portland cement concrete
or elastomeric concrete

FIGURE 4.5 Cross section of strip seal.
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FIGURE 4.6 Cutaway view of modular expansion joint seal.

for weathering steel bridges (see Art. 4.13). That recommendation is that the steel be
painted at the joints, and is applicable to sealed and unsealed joints alike.

Failure of an expansion joint can occur in the sealing mechanism itself, but in the past,
failures have occurred as frequently in the anchorages. Some causes of anchorage failure
have been:

¢ Inadequate consolidation of concrete below wide legs of armor angles
e Too small or too widely spaced welded stud anchors

e Vulnerability to snowplow damage because the sealing device was not recessed
below the wearing surface

e Pressure exerted during thermal changes by overlapping steel angles because the
joint design did not properly accommodate longitudinal grade

e Material used to bed or anchor the joint sealing device that was not shrinkage-resis-
tant and broke under traffic

4.15 CONTINUITY AND JOINTLESS BRIDGES

Where possible, bridges should be made continuous. Continuous spans are less prone
to catastrophic collapse from loss of substructure support due to stream erosion, earth-
quake, or vehicle or vessel collision. Bridges with multiple simple spans must have
two lines of bearings and an expansion joint at each intermediate support. Two lines
of bearings, each having the required capacity for the end of a simple span, will
almost certainly be more expensive than the single line of bearings required for con-
tinuous spans. Expansion joints are expensive and in most geographic locations should
be sealed against storm drainage and intrusion of debris, which further increases their
cost. (Even the manufacturers of sealed expansion joints agree that the best joint is no
joint.) Aesthetically, continuous bridges are generally superior, especially if constant
depth is maintained, and do not require the cosmetic plates or other devices that have
sometimes been used to conceal the gaps between simple spans.
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Continuous bridges are generally more economical than simple-span bridges
because of the reduction of midspan moments. Most bridges can be designed continuous
for live load, and some bridges may be designed continuous for dead load as well. In
the case of precast prestressed-concrete bridges, it is generally more convenient and
economical to place the deck slab concrete while the beams are supported on their
bearings, without temporary intermediate shoring, so that the beams are not continuous
until the deck slab has acquired its strength and top longitudinal reinforcing bars are
present in the composite section over the piers to resist negative moment. Therefore,
these bridges are designed continuous for live load and for superimposed dead loads
(loads above the deck slab) only. Note that this type of construction unavoidably
requires two lines of bearings at intermediate supports because practical prestressed-
concrete design and construction require that the spans be simple initially. This is
called “made-continuous” construction.

There are situations where simple spans are preferable. Examples include situations
where adjacent spans are unavoidably different in length and depth, or where adjacent
spans have widely different geometrics with beam layouts that do not lend themselves
to continuity, such as varying beam spacing or splayed framing. Simple spans may also
be preferable where the bridge is part of a facility, such as an interchange, where stage
construction will require future removal or addition of one or more spans. Simple spans
are also desirable where differential substructure settlement is anticipated.

4.16 CHARACTERISTICS AND SELECTION OF
BRIDGE TYPES

The type of bridge and the span layouts are interdependent. Bridge type cannot be
selected without regard to the length of spans, the ratio of adjacent span lengths, and
whether spans are to be made continuous.

Table 4.2 lists common types of bridges and the maximum span lengths below
which they may be an economical choice. The maximum spans tabulated are approximate,
and are presented as a guide only. They are subject to increase as technology
advances. Similarly, increases in specified live load may tend to reduce the maximum
span. The economic competitiveness of a particular bridge type varies with regional
availability and workload of fabricators and specialty contractors, yearly fluctuations
of labor and material costs, and other factors. Thus, it is usually desirable to seek and
permit bids on alternative bridge types.

Characteristics of some of the more common bridge types for short and intermediate
spans and considerations in their selection are discussed in the following articles.

4.16.1 Reinforced-Concrete Flat-Slab Bridge

For short simple spans (30 ft or less) and for somewhat longer continuous spans (interior
spans up to 55 ft), reinforced-concrete flat slabs provide a minimum-depth bridge.
Figure 4.7 shows a schematic of this bridge type. At a slab depth of about 2 ft, the slab
begins to become uneconomical, with too much of the section required to support itself.

Falsework is required to construct the slab. Where space is available beneath the
structure, scaffolding may be used. If the bridge is over a stream, or over a highway or rail-
road where traffic must be maintained, the falsework must include support beams to span
over the feature crossed. In that case, camber should be built into the falsework to compen-
sate for its deflection. Also, the falsework must provide for the vertical geometry of the
bridge and for deflection of the slab after removal of the falsework.
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TABLE 4.2 Approximate Maximum Span for Various Types of Bridges

Approximate

maximum
Type span, ft
Reinforced-concrete flat slab, continuous 55
Composite steel beam (36-in series), simple 100
Precast prestressed-concrete voided box beam 120
Precast prestressed-concrete beams (bulb-tee), simple 120
Composite steel beam (36-in series), continuous 125
Precast prestressed-concrete beams (bulb-tee), made-continuous 140
Composite steel plate girder, simple 230
Cast-in-place (on falsework) posttensioned-concrete box girder, continuous 300
Precast posttensioned segmental concrete box girder, continuous, balanced 400
cantilever
Composite steel plate girder, continuous, parallel flange 460
Composite steel plate girder, continuous, haunched 540
Cast-in-place posttensioned segmental concrete box girder, continuous, balanced 850
cantilever
Steel arch (New River Gorge, Fayetteville, West Virginia, U.S.A.)* 1700
Steel cantilever truss (Pont de Québec, Canada)* 1800
Steel cable—stayed (Tatara Bridge, Ehime, Japan)* 2920
Suspension (Akashi Kaiko, Japan)* 6529

Note: No attempt has been made to include every bridge type in the above tabulation.

*Indicates record span.

Longer continuous-slab spans can be constructed if the slab is haunched, that is,
made deeper over the piers or bents. However, the cost and difficulty of constructing
the forms, and bending and placing the longitudinal reinforcing bars, often negates the
advantage of haunched construction.

Another type of construction that can be used to extend the span capability of slab
bridges is voided construction. Voids, similar to those used to fabricate prestressed-
concrete box beams, are used to replace the relatively ineffective concrete at mid-depth
of the slab, thereby reducing the weight of the slab. However, where this type of construc-
tion has been used, it has generally been found to be more expensive than competitive
types of bridges. A principal reason is the cost of providing adequate hold-down devices
to prevent the voids from floating when the concrete is placed.

For balanced design of continuous-slab bridges, the usual rule that the end span
should be shorter than the adjacent interior span may not apply. In the design of a three-
span continuous flat-slab bridge with three equal spans of 30 ft, considering an HS 25
live load (a load 25 percent greater than HS 20) and the AASHTO Alternate Military
Loading, a good balance resulted between maximum positive and negative moments
using equal span lengths.

—L Flat \slab J_
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FIGURE 4.7 Cross section of reinforced-concrete flat-slab bridge on pile bent; pile caps may
be required for shorter spans.
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4.16.2 Prestressed-Concrete Box-Beam Bridges

The span range of a shallow bridge may be extended beyond the limits of a slab bridge
by using precast prestressed-concrete box beams as illustrated in Fig. 4.8. The beams
are prefabricated off-site. They are rectangular and, except for very shallow beams (12 in),
which may be solid, have from one to three rectangular or circular voids. The void forms
are either waterproofed cardboard or solid polystyrene foam and are left in the beams.
Void drains must be provided to prevent entrapment of water. Prestressing strands are
located on the bottom and in the sidewalls of the box, and may include debonded or
deflected strands. The selection depends upon owner preference or, where the designer
and owner allow the option, fabricator preference.

This type of bridge can be constructed using adjacent beams or spread beams. In
adjacent box-beam construction, prefabricated box beams are placed side by side,
abutting each other. The box beams are connected by transverse tie rods or posttensioned
tendons, or by welded connection of tie plates to plates embedded in the tops of the
beams. Shear keys between beams are grouted. The combination of transverse connection
and grouted shear keys is intended to make the beams act together as a unit and prevent
relative movement and cracking at the longitudinal joints. This type of bridge can be
erected quickly, and temporary traffic can be maintained on partially completed portions
of the bridge. These features have made this a popular type of bridge, despite at least
one shortcoming discussed below, and sometimes cause it to be selected over a com-
petitive type when both types are viable candidates for a bridge of a given span length.

For low-traffic-count roads, the tops of the beams may constitute the riding surface,
but on most bridges a topping will be used. This may be a composite concrete slab,
which adds to the strength of the bridge, or an asphalt concrete overlay, which is used
to smooth out any irregularities between beams, to compensate for difference between
roadway profile and final camber of the beams, and sometimes to maintain continuity of
pavement type when the adjacent roadway is asphalt concrete. A waterproofing mem-
brane should be used with this type of construction, with special attention to the joints.

The elimination of movement at the longitudinal joints and the maintenance of a
waterproof condition has not always been achieved, even when a composite concrete slab
has been used. Leakage of roadway drainage containing deicing salt through longitudinal
joints has sometimes resulted in corrosion of the prestressing strands. In some cases,
wires have broken.

In spread-box construction, the beams are spaced apart, and a reinforced-concrete
slab is constructed on top. The slab between the beams is formed, and stay-in-place
steel forms are frequently used. This has been an economical type of construction in
Pennsylvania. In bridges with end spans shorter than interior spans, the beams can be
the same depth for aesthetic reasons, with the spacing between beams varied to meet
structural requirements. However, diagonal and vertical cracks have been observed in
the sidewalls of spread-box beams near supports in sharply skewed bridges. The fine
diagonal cracks were most evident on the acute sides of the box beams.

—L Wearing surface J_
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FIGURE 4.8 Cross section of prestressed-concrete box-beam bridge.
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4.16.3 Prestressed-Concrete |I-Beam Bridge

Prestressed-concrete beams of the basic I-shape, but with variations, can be used over
approximately the same range of spans as steel beams. The deepest AASHTO standard
prestressed beams (72 in) have a somewhat greater simple-span capacity than 36-in
deep rolled steel beams, although deeper rolled beams are available. This type of
bridge is illustrated in Fig. 4.9.

Prestressed-concrete beams are heavier to transport and erect than steel beams, and
require more care in handling. A prestressed-concrete beam can be destroyed if it is
not maintained in an upright position.

I-beams may be standard AASHTO-PCI sections or conform to individual state
standards. Depth varies from 28 in for the little-used AASHTO type I to 72 in for the
AASHTO type VI and BT-72 bulb-tee. The basic difference between the AASHTO
type V and type VI beams and the bulb-tee beams, all of which have 3.5-ft-wide top
flanges, is that the bulb-tees have a thinner web (6 in instead of 8 in) and shallower top
and bottom flanges. The bulb-tees have a flatter slope on the top of the bottom flange,
as well. A variant of both is the modified AASHTO type VI, which uses the side
forms for the AASHTO type VI beam but only a 6-in web. Individual analysis will
determine which shape is best, but only shapes that are available from local precasters
should be investigated unless the project is large enough to economically justify the
purchase of special forms.

As with prestressed-concrete box-beam bridges, the prestressing strands may include
deflected or debonded strands. When strands are deflected and a number of beams are
cast in line on a casting bed, resulting in many hold-down or hold-up points, stressing
procedures should be used and verified that limit the maximum prestress loss due to
friction to the amount permitted by specifications.

For very long bridges with repetitive spans over water, and where there is a precasting
plant at a site from which the bridge units can be delivered by barge, the option of pre-
cast deck units consisting of the beams, diaphragms, and deck slab cast monolithically
should be considered.

4.16.4 Steel-Beam Bridge

The steel-beam bridge uses rolled steel beams as shown in Fig. 4.10. Until recent
years, rolled beams were available only in depths up to 36 in. Now, rolled sections 40
in and 44 in deep are available. Because the 44-in beams are rolled outside the United
States, and because federal law applicable to federally aided projects, as well as many
state laws, prohibits the use of foreign steel, 44-in beams have not been used to any
appreciable extent. However, there is currently one domestic producer that can roll
most of the 40-in sections. Rolled 40-in beams have been included in designs for most
bridges in several states.

T X X &

Prestressed |-beam

FIGURE 4.9 Cross section of prestressed-concrete I-beam bridge.
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Steel beams may be made continuous by welding or bolting sections in the field. In
the past, some states made welded connections at the piers, and currently at least one
state makes welded connections at contraflexure points, supporting the field sections
temporarily and providing enclosures to shield the joint from wind. More commonly,
field sections are spliced by high-strength bolts, using web-and-flange splice plates.
Bolts may be installed using calibrated wrenches, by the turn-of-nut method, or by use
of tension-indicating washers, depending on what the designer allows and what the
erector prefers to use. With all methods of bolting, it is important to use a procedure
and sequence of bolting that will compact the joint and prevent a bolt initially ade-
quately tightened from losing tension when subsequent bolts in the joint are tightened.
Fasteners are generally ASTM A325 or A490 high-strength bolts.

To increase the span capacity of a rolled beam, or to permit a lighter beam to be
used, cover plates may be added above the top flange and below the bottom flange in
regions of high bending stress due to both positive and negative moments. The fatigue
strength at the end of the cover plates, which is generally at a point of low maximum
stress but high stress range, is much less than the fatigue strength of the unplated
beam. Allowable fatigue stresses must not be exceeded, and this consideration may
favor an unplated beam. However, an improved detail is available that uses bolts at the
end of the plate, and the fatigue strength is somewhat higher. New Jersey DOT
requires full-length cover plates, with termination about 2 ft from the end of the beam
where the stress range is very small.

4.16.5 Welded Steel Plate Girder Bridge

The welded steel plate girder bridge (Fig. 4.11) extends the span range of deck-type
bridges (bridges having all the structural support below the deck slab) well beyond the
range of rolled steel beams or precast prestressed-concrete beams.

Whereas haunched girders were economical in the past for long spans, the current prac-
tice, strongly advocated by the steel fabricating industry, is to use parallel-flange girders
wherever possible. This is an economic consideration rather than an aesthetic one. Properly
configured haunched girders are thought by many to be more pleasing. They permit a
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FIGURE 4.10 Cross section of bridge with rolled steel beams.
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shallower structure depth at mid-span, which can result in a lower grade line and conse-
quent savings in roadway construction cost. However, parallel-flange girders can be fabri-
cated more rapidly and economically than haunched girders. As an example of long-span
parallel-flange steel girder construction, the Tennessee DOT has designed a continuous
1717-ft-long parallel-flange five-span steel plate girder bridge of girder—floor
beam-stringer type construction, including two spans of 460 ft each. This design uses
ASTM A36 and A572 steel in the webs, and A572 and A517 steel in the flanges. The A517
steel, which has a minimum yield strength of 100 kip/in?, is used for the flange plates at
points of maximum stress over the piers and at mid-span of one of the 460-ft spans.

In designing a steel plate girder bridge for economy, designing for minimum
weight does not always result in the most economical girder. The cost saved by reducing
web or flange plate width or thickness may be more than offset by the cost of making
the welded splices. Cost data should be obtained from local fabricators to make this
comparison. One rule of thumb is that the weight saved by a change of flange plate
thickness should be at least 1500 1b. Also, it is generally desirable to use a constant-
width flange plate to reduce fabrication and construction costs.

The use of excessively thin webs and narrow flanges, while saving weight, can
result in flimsy sections that require special handling and erection equipment such as
strongbacks. If such measures are not employed, the girder may be damaged in handling.
Either consequence may more than offset the cost saved through weight reduction. For
this reason many states have adopted minimum plate dimensions that are greater than
minimum requirements of AASHTO or industry recommendations.

4.16.6 Composite Construction for Steel Beam and Plate Girder Bridge

The concrete deck for steel beam and girder bridges may be designed and constructed
on the basis of either composite or noncomposite behavior. With composite construction,
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FIGURE 4.11 Cross section of bridge with steel plate girders.
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the effective area of the slab can be calculated and used in determining the moment
resistance of the section in positive moment regions. In negative moment regions, ten-
sile stresses can be resisted by the reinforcing steel. The required number of shear
connectors must be calculated and furnished. These are generally headed studs that are
welded to the top flange (Fig. 4.11). Overall economy depends upon the cost of the
installed shear connectors and the reduction in steel weight that can be obtained.
However, composite construction is frequently the economical choice.

4.16.7 Economical Design of Steel Plate Girder Bridge

Suggestions for maximum economy of steel girder bridges may be summarized as follows*:

1.

10.

Load-and-resistance factor design (LRFD) is the preferred design procedure.
Load-factor design (LFD) yields more economical girder designs than does allow-
able-stress design (ASD).

. Properly designed for their environment, unpainted weathering-steel bridges are

more economical in the long run than those requiring painting. Consider the fol-
lowing grades of weathering steels: ASTM A709 grade 50W, 70W, HPS70W, or
100W. Grade 50W is the most often used.

. The most economical painted design is that for hybrid girders, using 36-kip/in’

and 50-kip/in® steels. Painted homogenous girders of 50-kip/in” steel are a close
second. The most economical design with high-performance steel (HPS) will also
be hybrid, utilizing grade SOW steel for all stiffeners, diaphragm members, and
web and flanges, where grade 70W strength is not required. Rolled sections
(angles, channels, etc.) are not available in HPS grades.

. The fewer the girders, the greater the economy. Girder spacing must be compati-

ble with deck design, but sometimes other factors govern selection of girder spac-
ing. For economy, girder spacing should be 10 ft or more.

. Transverse web stiffeners, except those serving as diaphragm or cross-frame con-

nections, should be placed on only one side of a web.

. Web depth may be several inches larger or smaller than the optimum without sig-

nificant cost penalty.

. A plate girder with a nominally stiffened web—1/16 in thinner than an unstiffened

web—will be the least costly or very close to it. (Unstiffened webs are generally
the most cost-effective for web depths less than 52 in. Nominally stiffened webs
are most economical in the 52- to 72-in range. For greater depths, fully stiffened
webs may be the most cost-effective.)

. Web thickness should be changed only where splices occur. (Use standard-plate-

thickness increments of !/16 in for plates up to 2 in thick and !/8-in increments for
plates over 2 in thick.)

. Longitudinal stiffeners should be considered for plate girders only for spans over

300 ft.

Not more than three plates should be butt-spliced to form the flanges of field sec-
tions up to 130 ft long. In some cases, it is advisable to extend a single flange-
plate size the full length of a field section.

*From R. L. Brockenbrough and F. S. Merritt (eds.), Structural Steel Designer’s Handbook, 3d ed.,
McGraw-Hill, New York, 1999. Used with permission.
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11. To justify a welded flange splice, about 700 1b of flange steel would have to be
eliminated. However, quenched-and-tempered plates are limited to 50-ft lengths.

12. A constant flange width should be used between flange field splices. (Flange
widths should be selected in 1-in increments.)

13. For most conventional cross sections, haunched girders are not advantageous for
spans under 400 ft.

14. Bottom lateral bracing should be omitted where permitted by AASHTO specifica-
tions. Omit intermediate cross frames where permitted by AASHTO, but indicate
on the plans where temporary bracing will be required for girder stability during
erection and deck placement. Space permanent intermediate cross frames, if
required, at the maximum spacing consistent with final loading conditions.

15. Elastomeric bearings are preferable to custom-fabricated steel bearings.

16. Composite construction may be advantageous in negative moment regions of
composite girders.

Designers should bear in mind that such techniques as finite-element analysis, use of
high-strength steels, and load-and-resistance-factor design often lead to better designs.

Consideration should be given to use of 40-in-deep and 42-in-deep rolled sections.
These may be cost-effective alternatives to welded girders for spans up to 100 ft or
longer. Economy with these beams may be improved with end-bolted cover-plate
details. Contract documents that allow either rolled beams or welded girders ensure
cost-effective alternatives for owners.

With fabricated girders, designers should ensure that flanges are wide enough to
provide lateral stability for the girders during fabrication and erection. Flange width
should be at least 12 in, but possibly even greater for deeper girders. The AISC rec-
ommends that, for shipping, handling, and erection, the ratio of length to width of
compression flanges should be about 85 or less.

Designers also should avoid specifying thin flanges that make fabrication difficult.
A thin flange is subject to excessive warping during welding of a web to the flange.
To reduce warping, a flange should be at least /4 in thick.

To minimize fabrication and deck forming costs when changes in the area of the
top flange are required, the width should be held constant and required changes made
by thickness transitions.

To get cost-effective results from the many different designs of fabricated girders
that can satisfy the requirements of specifications, designers should obtain advice
from fabricators and contractors whenever possible.

4.16.8 Beam and Girder Spacing for Steel Beam and Plate Girder Bridge

In regard to efficiency in the number of lines of girders in bridges consisting of multiple
girders connected by cross frames, cursory cost comparisons almost always conclude
that the widest spacing of girders is the most economical. Savings result not only from
the reduced number of main members but also from the reduced number of secondary
elements (shear connectors, cross frames, stiffeners, and bearings). However, other costs
must be considered. Wide girder spacing will generally be accompanied by a wide
slab overhang over the outside girders, for a balance of load on interior and exterior
girders. This may necessitate extra reinforcing steel in the top of the deck slab beyond
the amount required for the slab span between girders, and may require a thicker slab.
Use of three lines rather than four or more puts the bridge closer to a nonredundant
condition. In some cases, a greater number of girders than the optimum for minimum
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material cost may be necessary or desirable to permit the bridge to be built in stages, or
to have the deck replaced while maintaining traffic on a portion of the deck width. In
general, beam and girder spacings of up to 10.0 or 12.5 ft should be investigated for
typical bridges. For economy, the size of interior and exterior stringers should be the same.

4.16.9 Welded Steel Box Girder Bridge

The steel box girder bridge is depicted in Fig. 4.12. The steel elements are fabricated
and erected as “tubs,” and the composite concrete deck is placed in the field. This con-
figuration has some advantages over plate girder construction. Visually, it is “cleaner,”
and it does not provide surfaces for birds to perch. For high-visibility bridges, such as
urban interchange bridges where motorists are constantly passing beneath the bridge,
the enhanced appearance may be a deciding factor. Also, the cleaner surface areas tend to
improve durability and reduce repainting costs. The bridge is torsionally stiff—especially
beneficial for horizontally curved bridges. These advantages come at a price, however,
because box girder bridges are generally more expensive than plate girder bridges.
Sometimes the extra cost is knowingly borne for the aesthetic advantage.

4.17 DETERMINATION OF SPAN LENGTHS

Where the spans are not controlled by features crossed—such as roads, railroads,
streams, or existing buildings—and there is freedom to locate piers, the lengths of
spans will be controlled by aesthetic, economic, and structural requirements.
Generally, from an aesthetic standpoint, spans should have a length at least 3 or 4
times the pier height.

The profile of the site crossed will influence the span proportions. On the uphill
end of a crossed hillside, the end spans will be shorter than at the bottom of the valley.
The type of bridge will also affect the selection of span ratios, from both aesthetic and
structural standpoints. Where spans are continuous, the end span should not be made
too short, because uplift may occur under live load, and loss of positive reaction at the
abutment will occur sooner if the abutment settles.

The most economical bridge will generally not be either the one with the most eco-
nomical superstructure or the one with the most economical substructure, but the one
with the least combined cost. That determination is made by performing a cost study
wherein a number of different span lengths are investigated, along with the cost of
their substructures. To be meaningful, the superstructure and substructure designs
should be fairly detailed. The superstructure and substructure costs are then plotted.
The optimum span length will be at the low point of the combined cost curve. A typical
cost study curve is shown in Fig. 4.13.

Shear connectors
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FIGURE 4.12 Cross section of bridge with steel box girders.
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4.18 BRIDGE WIDENING AND REHABILITATION

Shoulders were not always provided on bridges in the past. This in itself can be a reason
for widening an existing bridge. More frequently, widening is necessitated by the
addition of lanes to the highway, at which time a full shoulder can be provided.

The design and preparation of plans for bridge widening usually require all the
same elements as the preparation of the original plans for the structure, plus details
and notes for partial removal of the existing bridge, rebar splice details, and notes on
sequence of construction and maintenance of traffic. Therefore, it is a mistake to think
of such a design project as “just a widening job” when estimating the hours required
to design and prepare plans, or when reviewing such estimates for agency approval.

Bridges are generally widened in kind—that is, steel-beam bridges are widened with
additional steel beams, prestressed-concrete beam bridges are widened using prestressed-
concrete beams, etc. However, beam types different from the original have been used
successfully in some widening projects.

It is sometimes possible to increase the design load capacity of a bridge when
widening. If the bridge is steel and was originally designed and constructed noncom-
positely, it may be feasible to weld shear studs onto the top flange of the beam or girder
if the deck slab must also be replaced. If the deck slab is good, another available tech-
nique is to carefully core holes in the slab over the beams, weld shear studs onto the
beam flange, and fill the hole with high-strength concrete, thereby making the beam
composite. One should always be cognizant of the effect of retrofits on fatigue life, just
as one is conscious of the fatigue effect of structural details on new construction.

Another means of increasing load capacity is to space the existing beams closer
together. Before this is done, a study should compare the cost of renovation with the
cost of replacement with a new superstructure.

Posttensioning of members can also be used to increase the load capacity of existing
bridges, or to correct deficiencies in the original design. External posttensioning of
prestressed or posttensioned girders has been necessary on some bridges where the
design did not adequately anticipate the magnitude of time-dependent deflections that
occurred. In one case, a utility bridge developed a sag that trapped rainwater, further
increasing the deflection. It was corrected by external posttensioning. Members of
truss bridges can be posttensioned to increase the load capacity of the truss. A com-
puter program is available from the BEST Center, University of Maryland, which
allows analysis including the effect of posttensioning cables.

When determining the load capacity of an existing bridge, one should refer to the
original plans, if available. These plans will generally state the design specifications
used and the type and required strength of materials. For steel bridges for which plans
are not available but the year of construction is known, the type of steel and the allow-
able stress may be obtained by reference to the AASHTO Manual for Maintenance
Inspection of Bridges. If the bridge is a large or significant one, the type and strength
of the steel should be determined by chemical and physical analysis performed on a
coupon taken from the bridge. The chemistry, particularly the carbon equivalent, will
be important if welding is proposed on the existing steel.

When evaluating the strength of an existing bridge for widening or rehabilitation,
reference should be made to AASHTO publications dealing with evaluation and rating
for strength and fatigue. Two such publications are the AASHTO Guide Specifications
for Fatigue Evaluation of Existing Steel Bridges and the AASHTO Guide
Specifications for Strength Evaluation of Existing Steel and Concrete Bridges.

Evaluation of an existing prestressed-concrete girder bridge for which plans are not
available may be more difficult. The type of girder, whether a standard AASHTO
shape or a state standard, may be determined by measurement. The number and size of
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strands may be apparent at an exposed end, but whether any strands are deflected or
debonded, whether the strands are stress-relieved or low-relaxation, and what their
strength is are not easily determined. Full-scale load-deflection testing may provide
some answers, but is very expensive. This illustrates the importance of maintaining
and safeguarding the original plans and as-built drawings, and having complete design
data on those plans.

4.19 REPAINTING OF EXISTING BRIDGES

Repainting of bridges over highways or railroads may necessitate use of protective
covers, or require traffic lanes to be diverted or work interrupted during passage of
trains, while existing paint is removed and new paint applied. These factors all favor
use of a bridge material or protection system that does not require maintenance reappli-
cation of a coating. (See Art. 4.13.)

Removal of Existing Paint. Complete removal of the existing paint on a bridge that is to
be recoated with a paint system that requires it can be extremely expensive, particularly
if the existing paint contains lead. Lead-based paints were used extensively in the past
because they provided good protection. Because of the health issue involved, portions of
bridges where lead-based paints are being removed are often required to be completely
enclosed, and the paint particles contained and properly disposed of, often at great cost.
Severe monetary penalties can be imposed if violations occur. (See Art. 1.4.)

Repainting. Maintenance paint should be applied with the same care as paint on new
bridges, but it must be applied in a more difficult environment. Painting must be done
under acceptable atmospheric and environmental conditions, particularly in regard to
temperature, humidity, wind, and absence of dirt. Overspray onto vehicles and other
objects must be prevented. Some painting contractors are consciously careless about
this, preferring to take their chances and let their insurance company pay claims,
rather than taking necessary precautions. This results in bad public relations between
travelers and the owner.

Because of the cost associated with complete removal of existing paint, paint systems
that do not require complete removal, but only removal of loose paint and minimal
preparation of sound paint and exposed steel, are much desired. Some such systems
are on the market. While longevity can be projected by accelerated testing, only real-
time exposure will truly prove their worth.

Inspection. Thorough inspection during repainting contracts is essential to satisfactory
performance of the work. Painting contractors often work during off-hours, and so the
owner’s inspectors should be prepared to work those same hours. Inspectors should
follow closely behind the painters. On high bridges, the use of inspection devices such
as high lifts, Reach-Alls, Snoopers, or cherry pickers, which permit inspectors to
reach areas otherwise not readily accessible, will keep the painters on their toes just
through awareness of their availability to the inspector.

4.20 DECK DRAINAGE

Adequate drainage of the deck is important for safe operation during rainstorms, to
prevent accumulation of rainwater or snowmelt that could freeze and cause skidding, and
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to prolong the life of the deck by removing standing water, which would otherwise
contribute the water element necessary for corrosion.

Design of the drainage system is frequently one of the last items listed in the scope
of services for a bridge design project. This implies a secondary importance, but that is
certainly not the case. On the contrary, the South Carolina DOT requires that scuppers
of adequate size and spacing for high-intensity rainfall be shown in the preliminary
bridge plan view. The DOT reviewers check the scupper design as part of the prelimi-
nary design review. This is the stage when deck drains should be designed. At this
stage changes as major as span layout revision can be made with relative ease to
ensure adequate drainage, including provision for longitudinal conductors with acceptable
slopes, and downspouts, if necessary.

Scupper Size and Shape. Bridge scuppers are unlike roadway drains, which can have
large grates through which the storm water flows and drops into a large sump and then
is conducted away by transverse or longitudinal drain pipes. Bridge scupper outlet
pipes generally must be small circular, square, or rectangular pipes, and so any enlarge-
ment of the scupper surface opening must be limited to prevent debris from being
trapped, clogging the scupper and making it ineffective. A minimum surface opening
larger than the diameter of a beverage can is desirable and should be maintained to the
outlet end. An open 4-in- or 6-in-diameter pipe meets this requirement and is economical
compared with scuppers having large fabricated boxes with crossbars, so that more of
them can be provided at the same cost. Where the discharge can be corrosive, such as
where deicing salts are used, the pipe should extend below the bottom of an adjacent
beam to prevent the discharge from being blown onto the beam. This is especially
important on weathering steel bridges, and is also important on painted steel and concrete
bridges. In areas that do not experience freezing, a formed opening in the deck may be
acceptable, or the pipe need not extend below the beam. In this case one can expect a
stain to develop on the beam onto which the discharge is blown. Some states prohibit
drainage directly onto unpaved embankments or natural ground where erosion could
undermine structural elements, or onto any traveled way, either vehicular or pedestrian.

Deck Drainage Criteria. Deck drainage design is based on preventing storm water
from spreading in the gutter more than an acceptable amount during a rainfall of a
given intensity. For example, the maximum permissible spread may be the width of
the shoulder, or the spread may be permitted to extend across half of the outside lane
of a multilane directional roadway. One source of such drainage design criteria is the
U.S. Department of Transportation document “Drainage of Highway Pavements,”
Hydraulic Engineering Circular 12 (HEC 12).

Scupper Design Procedure. After the size of the scupper opening is established, the
spacing may be determined. Rather than try to directly determine the spacing, it may
be easier to select a trial spacing and then check the adequacy of that spacing by using
a hydraulic analysis method acceptable to the client. The use of computer programs
greatly expedites this task.

Collection of Runoff. In areas such as reservoirs and sensitive wetlands, it may be
necessary to provide a collector system and temporarily detain the first half inch or
inch of rainfall from each storm. It is assumed that the initial rainwater that falls at the
beginning of a rainstorm will contain most of the roadway pollutants that can be carried
away with the runoff. The objective is to prevent these pollutants, especially petro-
chemicals (crankcase drippings, fuel spills, etc.), from polluting the area under the
bridge. The collected storm water is treated and then discharged. In some cases this
protection is extended to the roadway as well.
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4.21 BRIDGE BEARINGS

For concrete-slab bridges where expansion is not provided, the slab is normally sup-
ported directly on the substructure, concrete on concrete. A “centerline of bearing
(singular)” is denoted on plans at each support. (Some states do not identify a center-
line of bearing at the end bent of a slab bridge. Instead, they measure the end span to
the end of the slab.)

In other types of bridges, individual bearings are used to support the superstructure.
The centerline of these devices is denoted as the “centerline of bearings (plural).”

AASHTO requires that steel bridges with spans of 50 ft or greater have a type of
bearing employing a hinge, curved bearing plates, elastomeric pads, or pin arrange-
ments for deflection (rotation) purposes. (This specification does not distinguish
between simple and continuous spans. Presumably, it was written for simple spans,
and so it would make sense that a span greater than 50 ft be allowed for pier bearings
not providing for rotation when spans are continuous.)

Bearings consist of some or all of the following components:

e Masonry plate resting on the substructure bridge seat
¢ Rotation device

¢ Sliding device

e Movement-restraining devices, or “keepers”

e Sole plate attached to the superstructure

Bearings may be fixed bearings, providing for rotation only and preventing differential
movement between superstructure and substructure, or expansion bearings. Sliding
expansion bearings have a finite capacity depending on the length of the contact surface,
or may employ keepers to limit the movement. The range of movement accommodated
by the bearing should be greater than the calculated movement.

The type of bearing is typically denoted on the elevation view of the general plan
and elevation sheet in the project plans, using “E” for expansion and “F” for fixed.

The main types of bearings are:

¢ Sliding plates

e Rockers and bolsters
e Pins

¢ Rollers

¢ Elastomeric bearings
¢ Disk bearings

e Pot bearings

Sliding Bearings. Sliding bearings will generally have a component made from a material
that has a lower coefficient of friction than steel, and that is more corrosion-resistant.
Bronze has been used in the past, but has not always maintained sliding capability over the
life of the structure. When bearings “freeze,” that is, lose their sliding capability, forces
much greater than those anticipated in the design can be exerted on the substructure and
ends of beams, doing great damage to both. To reduce friction and prolong the life span
of bronze bearings, long-lasting lubrication can be forced under great pressure into
trepanned rings on the surface of the bronze. These bearings are known by the brand
name Lubrite.
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Low friction can be achieved by use of polytetrafluoroethylene (TFE) sheets mated
with stainless steel. This combination is included in many current bearing types to
provide for expansion, while other components are used to accommodate rotation. The
TFE can be in solid sheet form or woven fabric. During shipping and storage at the
job site, the assembly should be banded to prevent dirt from contaminating the sliding
surface. The configuration of the bearing should be such that the sliding surface will
not easily become dirty in service.

Rockers and Bolsters. Another means of allowing the superstructure to move, with-
out sliding, is by use of rockers. Rockers, as the name implies, permit the superstructure
to rock, like a person in a rocking chair, on the substructure. Rockers (Fig. 4.14a) consist
of a masonry plate that is bolted to the concrete bridge seat; a rocker element, which is
a heavy steel fabrication with a large-radius curved bottom surface and a small-radius
semicircular convex pintle on top; and a sole plate, which has a mating concave surface.
The height of the rocker is made proportional to the anticipated movement. Within the
design range of movement, as the superstructure translates, the rocker tips, but the reac-
tion to the base plate is maintained within the geometric limits of the rocker, so that
the rocker does not tip over. To help prevent the rocker from tipping over, the space
between the shoulder of the rocker and the bottom of the sole plate is limited, so that
the assembly will bind as its capacity is reached.

Compared with sliding plates, rockers use more massive plates and are therefore
less susceptible to severe corrosion and freezing. Because their inclination is readily
visible, inspectors can easily determine whether they are functioning properly.
Assuming that the rockers were properly installed to be vertical at a given average
temperature, one can easily see whether they are inclined excessively or in the wrong
direction. In cold weather, when the tops of the rockers should be tipped toward the
center of the bridge, an opposite inclination indicates either that unexpected move-
ment of the superstructure has occurred, or that the substructure has moved. Sliding
plates can give similar indications, but they require closer observation.

Generally, when rockers are used for expansion bearings, bolsters are used for
fixed bearings. The bolster (Fig. 4.14b) is a large steel fabrication consisting of a base
plate, which is bolted to the concrete bridge seat; a pintle, which extends upward from
the base plate and has at its top a machined convex semicircular shape that fits into a
mating concave shape in the sole plate; and reinforcing plates on the sides of the pintle.
These side plates are tapered, being wider at the base. This configuration of the mating
surfaces allows the beam or girder to rotate, but fixes the superstructure against translation.

Rockers and bolsters, being taller than sliding plates, place the superstructure higher
above the substructure. This is desirable for inspection and maintenance, including
painting, and in fact is in line with AASHTO requirements that beams, girders, and
trusses on masonry be so supported that the bottom flanges or chords will preferably
be 6 in minimum above the bridge seat. However, if rockers or bolsters are tall and
narrow, they may be aesthetically undesirable for overpass structures, giving the
appearance of placing the superstructure on stilts.

Pin Bearings. The pin bearing is used where a fixed condition is desired but rotation
needs to be accommodated. As illustrated in Fig. 4.15, it consists simply of a masonry
plate, a bottom plate welded to the masonry plate and machined to receive a pin, the
pin, and a sole plate that is machined to bear on the pin. The pin is fabricated with
shoulders to restrain it laterally within the plates. Clearance is provided between the
ends of the plates and the inside faces of the shoulders to allow for lateral expansion
of the bridge. For wide bridges, a greater clearance should be provided. A smooth finish
is machined onto the pin and the mating surfaces. To prevent corrosion, all parts
should be galvanized or metallized.
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FIGURE 4.14 Bearings for structural steel showing (a) rocker (expansion) type and (b) bolster
(fixed) type.

Rollers. For long-span bridges with large reactions, rollers have been used, sometimes
in combination with a geared rocker mechanism that is used to transmit the superstructure
reaction to the rollers. Several rollers are usually installed in a roller nest, which is a box
having (1) a bottom plate, on which the rollers bear, (2) end plates, and (3) substantial
side bars by which the relative position of the rollers is maintained. Grease is placed in
the box, and a skirt is added to shield the rollers from water and dirt. Unfortunately, the
measures taken to prevent corrosion have often not been successful, and the rollers end
up being piles of rusted steel, with all expansion capability lost.

Elastomeric Bearings. The elastomeric bearing, in which superstructure translation
can be accommodated by shear, is often the most economical type for both steel and
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FIGURE 4.15 Fixed-pin bearing for structural steel.

concrete bridges. As shown in Fig. 4.16, this bearing consists of an elastomer such as
natural or synthetic rubber (polychloroprene, or neoprene), with or without internal
reinforcement, which may be steel plates or glass fiber fabric laminates. A steel-reinforced
elastomeric bearing is cast as a unit in a mold and is bonded and vulcanized under heat
and pressure; fabric-reinforced elastomeric bearings, popular in California, may be
vulcanized in sheets and cut to size. Elastomeric bearings may have external steel load
plates bonded to the upper or lower elastomer layer, or both. Natural rubber has better
low-temperature properties than neoprene but is not as resistant to surface decay.

In addition to accommodating horizontal movement by deforming in shear, elastomeric
bearings can accommodate superstructure rotation. AASHTO design specifications
provide methods for properly designing elastomeric bearings, taking into account both
translation and rotation requirements. Another desirable attribute of elastomeric bearings
is that they can tolerate movements or rotations in directions other than longitudinal. This is
not true of sliding plates, rockers and bolsters, and pin bearings. For structures with large
skew or curvature, where it is known either qualitatively or quantitatively that such out-
of-plane rotations exist, this is a desirable quality. Elastomeric bearings can be fixed
bearings (shear prevented), in which case the allowable average compressive stress may
be increased 10 percent over that permitted for bearings allowed to deform in shear.
Shear is prevented by placing anchor bolts through holes in the bearing, the holes being
only slightly larger than the anchor bolts. Steel reinforcement of elastomeric bearings is
protected against corrosion by being contained in the elastomer. A minimum cover of ' in
is maintained at the edges of the bearing, except at laminate restraining devices and
around holes that are entirely closed in the finished structure.

Under load, elastomeric bearings will undergo a compressive deflection that is
determined by the shape factor (loaded plan area divided by the perimeter area free to
bulge) and the hardness of the elastomer. Where the dead load compressive strain is
significant, allowance should be made for it when establishing bridge seat elevations.
The compressibility of elastomeric bearings should also be considered in the design of
expansion joints. Joints with overlapping steel elements should be avoided.

A significant shear force can be induced in an elastomeric bearing by movement of
the superstructure. This force should be calculated and used in design of the substruc-
ture, taking into account also the flexibility of the substructure. For large-movement
bearings, a tall and uneconomical elastomeric bearing would be required if the move-
ment were taken entirely by shear. As an alternative, a sliding surface can be com-
bined with an elastomeric bearing so that the bearing initially deforms in shear until
the shear force exceeds the frictional resistance of the sliding surface, at which point the
bearing slides.
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FIGURE 4.16 Elastomeric bearing for structural steel or concrete.

Disk Bearings. Disk bearings are used where rotations occur in different planes.
They consist of a polyether urethane disk confined by upper and lower steel bearing
plates. Fixed-disk bearings provide for rotations in all directions but do not provide
for longitudinal or transverse movements.

To permit expansion, a polytetrafluoroethylene (PTFE) to stainless steel sliding surface
is provided above the upper bearing plate. Expansion disk bearings may be guided or
nonguided. In a guided bearing, a guide bar or keyway system is used to restrict trans-
verse movement, with the sliding surfaces being PTFE and stainless steel. Nonguided
bearings allow rotation and longitudinal and transverse movement.

Pot Bearings. Pot bearings, like disk bearings, are used where rotations occur in dif-
ferent planes. In a pot bearing, the rotational motion is accommodated by compression
of elastomeric material in a shallow steel base cylinder, or pot. The load is transmitted
to the elastomer through a circular plate or piston, which is part of the upper load plate
and which is just slightly smaller in diameter than the inner circumference of the pot.
The surface of the elastomeric rotational element is lubricated or has PTFE attached to
it to facilitate rotation. Brass sealing rings are used between the steel piston and the
elastomeric rotational element to prevent the elastomeric material from being
squeezed out. This type of bearing is illustrated in Fig. 4.17. The elements of pot bear-
ings that provide for guided or nonguided expansion are like those described for disk
bearings. As can be concluded from the discussion of disk and pot bearings, these
devices require expensive machining and demand high-quality materials. They are
therefore expensive and will not likely be used where other, less costly bearings can
serve adequately.

4.22 PROVISION FOR INSPECTION OF NEW
BRIDGES

In the design of a new bridge, provision must be made for maintenance inspection. For
example, plate girders can be provided with safety handrails, safety railings can be
specified on top of wide piers for inspectors to check bearings, and safety ladders can
be installed to provide access to elements of the bridge otherwise difficult to reach.
For deck-type bridges of moderate span and width, it will be possible to access the
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FIGURE 4.17 Pot bearing for structural steel or concrete.

superstructure from special bridge inspection vehicles operating on the deck. For
longer spans where the depth of girder exceeds the vertical capacity of a boom, and
for wider bridges where the horizontal reach of the boom is not adequate, it may be
necessary to provide catwalks or permanent movable inspection platforms. These
devices are becoming increasingly popular as inspection and maintenance require-
ments are given the attention they deserve in the design process.

4.23 SCOUR

Stream scour can undermine bridge piers or abutments, resulting in collapse of spans
and loss of life. Several such incidents, including collapses in Alabama, New York
(Schoharie Creek bridge on the New York Thruway, 1987), and Tennessee, caused
FHWA to mandate the evaluation of all highway bridges for scour vulnerability by 1997.

An insidious aspect of scour is that soil around a foundation can be removed and
redeposited during a flood without leaving clear evidence that this has occurred, so
that material may be present but may not provide the required support. Beyond sur-
veying the stream bottom for local lowering of the flow line and inspecting around the
pier by visual, manual, and remote means, current techniques for determining whether
a loss of support has occurred are limited. They include physical probing and use of
ground-penetrating radar.

Scour Study. A scour study at an existing bridge will include some or all of the following:

¢ A channel bottom physical inspection

¢ A channel bottom topographic inspection

e A localized scour evaluation conducted around each substructure element
e Photographic or video recording of observations

e Hydraulic analysis

o Soils investigation including laboratory testing
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Hydraulic Analysis. In the hydraulic analysis, depth of scour is calculated for 100-
year and 500-year floods. Inclusion of the 500-year flood calculation reflects a change
of thinking in regard to bridge hydraulics that has taken place in the last 20 or 30
years. Previously, it was thought acceptable to have a very small percentage of bridges
wash out in a severe flood, and if this did not occur the hydraulic design requirements
were considered excessive. The current thinking is that a complete washout should be
avoided, even in very extreme floods. A difficulty in implementing this policy, as in
earthquake engineering, is that the hydrologic database has been developed over a rel-
atively short period of time in the United States.

A series of hydraulic analysis computer programs are available to assist in scour
analysis. They include HEC-18, Evaluating Scour at Bridges; HEC-20, Stream
Stability at Highway Structures; and FHWA’s water surface modeling program,
WSPRO. These programs are primarily for inland streams. In coastal areas, tidal
velocities and hurricane surge velocities may also cause scour. To perform the
hydraulic analyses for these conditions, it may be necessary to obtain data from the
Federal Emergency Management Agency (FEMA) and the National Oceanic and
Atmospheric Administration (NOAA) and to use other analysis techniques.

Soils Investigation. The objective of the soils investigation is to determine whether and
to what degree the soils are subject to being eroded. Grain size is of particular interest.

Countermeasures. Where a potential for undermining is found, countermeasures will
be required to ensure the stability of the bridge. Countermeasures include riprap,
poured-concrete protective aprons with keyed edges, cabled-concrete sections, precast-
concrete units, rock-filled basket mattresses, and protective piles. In the case of new
bridges, where more opportunities for preventing scour exist, some of the available
options are a larger waterway opening that reduces stream velocity, location of piers out
of the scour-vulnerable zone, use of deeper piles, and selection of a different pier shape.

Design Information on Plans for New Bridges. Information from the scour analysis
for a new bridge should be placed on the construction drawings so that a permanent
record of scour estimates, and their effect on design, is readily available for future
inspections and for improvement of this design process.

4.24 SEISMIC DESIGN

In recognition of the serious potential destructive effects of earthquakes, AASHTO
specifications contain comprehensive provisions for seismic design. Although earlier speci-
fications contained some provisions, the more comprehensive provisions were not
adopted until the 1980s. They were based on a detailed study by consultants who were
specialists in that field, with review and participation by bridge engineers and design
firms. The standards developed apply to conventional steel and concrete girder and
box girder construction with spans up to 500 ft, but do not cover suspension, cable-
stayed, arch-type, and movable bridges.

Bridges and components designed to the AASHTO seismic provisions may suffer
damage under severe seismic events, but should have a low probability of collapse due
to ground shaking. The general philosophy adopted in the development was:

¢ Small to moderate events should be resisted elastically without significant damage.
¢ Realistic seismic ground motion intensities should be used in design.
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e Large events should not cause bridge collapse, and damage that occurs should be
readily detectable and repairable.

Seismic performance categories are assigned on the basis of a ground acceleration
coefficient for the site determined from a contour map of the United States, and an
importance classification of “essential” or “other.” Different degrees of design com-
plexity are specified, depending on the seismic performance category. Site coefficients
are applied to approximate the effects of the site conditions (soil profile) on the
response. Lateral forces and displacements may be determined from a single-mode
spectral analysis, a multimode spectral analysis, or more rigorous procedures. Elastic
response is assumed in the analysis, but forces are adjusted with response modification
factors. The lateral forces are applied in orthogonal directions to account for the direc-
tional uncertainty of earthquake motions. An important requirement specifies the min-
imum length of the bearing seat supporting the expansion ends of girders, determined
as a function of the span length and the height of the supporting columns. Foundation
design is also treated.

Seismic retrofit is a major consideration for older structures, particularly in the
western United States. Serious distress and collapse of some bridges in California during
the Loma Prieta (1989) and Northridge (1994) earthquakes received wide publicity.
However, the problem structures were generally those designed and constructed to
earlier standards. Where bridges were built according to modern methods, problems
were minimal. Problems included failure of reinforced-concrete rigid-frame supports,
failure of reinforced-concrete columns, columns punching through decks, and collapse
of a structural steel span where the longitudinal displacement was excessive.

Active programs are in place to retrofit older structures to current criteria, but it is
a massive undertaking that requires several years to accomplish. Some of the tech-
niques being applied include (1) increasing the length of the seats for the bearings to
provide a greater tolerance for longitudinal displacements, (2) adding cable restraints
and hold-down devices at supports and hinges to restrict excessive movement and
keep members in place, (3) adding spiral reinforcing steel and steel jackets or composite
overwraps to strengthen concrete column piers, (4) replacing obsolete bearings with
energy-dissipating types having lead cores or shock absorbers, and (5) adding founda-
tion tie-down rods inserted into holes drilled into the soil. In the Northridge earthquake,
several structures that had recently been retrofitted survived intact, giving confidence to
the retrofit program. Retrofitting is not limited to the west but is under way in other
parts of the United States as well.
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CULVERTS, DRAINAGE, AND
BRIDGE REPLACEMENT*

Kevin E. White, PEE.

Senior Hydraulic Engineer
Wilbur Smith Associates
Columbus, Ohio

A properly designed highway requires a well-designed drainage system. This requires a
determination of the quantity of runoff reaching the drainage structures and an accurate
analysis of water flow through the structures in order to properly size them. Also, a
working knowledge of structural characteristics of buried pipe systems and effects of
environmental factors is necessary to provide for long-term performance. Timely
inspection and maintenance of drainage facilities will ensure satisfactory service life. If
all of these issues are properly addressed, an efficient drainage system can be devel-
oped. Because a large percentage of highway funds is spent on culverts, storm drains,
and other drainage facilities, it is incumbent upon the engineer to use funds wisely and
create an efficient drainage system. Thus, the roadway and adjacent property will be
protected without wasting taxpayers’ money.

This chapter includes a review of fundamental hydrology considerations and runoff esti-
mation, fundamentals of the hydraulics of open-channel flow, and design considerations
and methods for the various components of highway drainage. The design, construction,
and service life of both flexible and rigid pipe are addressed, as well as rehabilitation and
maintenance. The range of products is broad, extending from small-diameter drainage pipe
to long-span structures that may be used for the replacement of short-span bridges. Article
5.6 may be referred to for a general description of the major products available.

5.1 HYDROLOGY

The science of hydrology is concerned with the estimation of the intensity of rainfall, the
distribution of the flow of the rainwater over the land, and the determination of the flow
quantity (peak and total) that eventually reaches some specified point, the “point of solu-
tion.” Of primary concern to the highway engineer is the frequency of occurrence of the

*Revised and updated from “Culverts, Drainage, and Bridge Replacement” by Paul W. Cotter, P.E., Chap. 5 in
the First Edition.
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peak discharge. Although many methods for determining runoff have been proposed over
the years, making an accurate prediction is difficult, because of the many and varying
parameters that contribute to the complexity of the problem. These parameters include
the affected drainage area, the rainfall intensity, the time of concentration of the rainfall,
and the percent of the rainfall that will actually reach the point of solution. In addition to
the difficulty in forecasting flows due to the inaccuracies in measuring and predicting the
above parameters, different techniques that are commonly used to predict flows may pro-
duce significantly different results for a specific site and situation.

The objective of hydrologic analysis is to estimate the quantity of runoff for which a
specific hydraulic structure must be designed. The magnitude of the study must be propor-
tional to the risks involved. Those risks include the potential for damage to the roadway
and adjacent property and the importance of the roadway in the transportation system.

5.1.1 Watershed Characteristics

Characteristics of the watershed area directly affect the hydrologic analysis. Basic fea-
tures of the watershed basin include size, shape, slope, land use, soil type, storage, and
orientation.

The size of the watershed basin is the most important characteristic affecting the
determination of the total runoff. It is generally measured in acres, square miles, or
square kilometers and is defined by the limits of the topographic divide. A topographic
divide is a line that separates water flow between basins, thus causing the rainfall that
falls on one or the other side to flow into a particular watershed. The location of this
divide, and thus the perimeter of the basin, may be determined from aerial photographs,
topographic maps available from the U.S. Geological Survey (USGS), and field surveys.

The shape of the watershed primarily affects the rate of water flow to the main
channel. Because the rainfall in narrow watersheds reaches the main stream relatively
quickly, a narrow basin generally has a low peak discharge compared with a fan- or
pear-shaped basin of otherwise similar characteristics.

The main effect the slope has on water flow is on the time of concentration, or the
time it takes the rainfall to flow from the farthest point in the watershed to the point
under consideration. Everything else being equal, steeper slopes cause a shorter time
of concentration, and thus a higher peak discharge, than do flatter slopes.

The use of the land and the type of surface the precipitation falls upon have an
obvious impact on the flow of water. Developed areas covered by asphalt or concrete
will allow a much greater percentage of the rainfall to flow to the point under deliber-
ation than will an undeveloped vegetated area.

Peak flows may be reduced by the effective storage of drainage water. Of the three
main types of storage—interception, depression, and detention—detention storage has
the major impact in determining runoff. Interception refers to storage on aboveground
fixtures such as plants, and depression refers to storage in depressions in the ground
surface. Interception storage will eventually evaporate, and depression storage will
either evaporate or infiltrate into the ground. Detention storage is runoff that is either
in transit to the main channel or in storage in a pond, swamp, basin, or constructed
detention chamber prior to transmission.

The final characteristic of the watershed basin is orientation. Taking into account the
slope of the basin, if it is north- or south-facing, the runoff may be affected. If the basin
accumulates snow and faces north, the snow may not melt until the late spring. If the snow
melt is caused by a spring rain, the total runoff will be increased. On the other hand, if the
basin faces south, the snow melt may come much earlier in the year, and with evaporation
and infiltration, it may not contribute as greatly to the runoff. Basin orientation for small,
steep basins also affects the peak rates of runoff. Where these basin types are in line with
prevailing storm movements, the watershed responds with higher, shorter peak discharges.
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5.1.2 Flood Frequency

There are two accepted alternatives for determining the design flood frequency at a
specific site: (1) by policy and (2) by economic assessment. An example of an estab-
lishment of a design flood frequency by policy is the Code of Federal Regulations,
which specifies that the design flood for encroachment onto through lanes of interstate
highways shall not be less than the 50-year discharge. Most state and local agencies
have established guidelines for policy requirements of design flood frequencies. For
example, whereas bridges are designed to convey a 50-year discharge with a specified
freeboard and to convey the 100-year discharge with no freeboard, California has adopted
the policy that culverts may be designed for a 10-year flood without headwater or to convey
the base flood without damage to the facility or adjacent property. The base flood is
defined as the flood or tide having a 1 percent chance of being exceeded in any given
year, which is also defined as the 100-year flood. A design flood is a flood that will not
inundate the highway—that is, will not cause the through lanes to be overtopped. An
overtopping flood is a flood that will overtop the roadway, culvert, or bridge.

Blind adherence to the policy guideline to determine the design storm should be
avoided. As a minimum, a range of peak flows should be considered and their poten-
tial effects on the traveling public, the potential damage to upstream and downstream
properties, and the possibility of loss of life should be analyzed. This preliminary
assessment will indicate whether the policy determination for the design flood fre-
quency was applicable or whether further analysis is required. Additional studies
could take the form of providing the greatest flood hazard avoidance at the least total
expected cost, as recommended in Federal Highway Administration (FHWA)
Hydraulic Design Series (HDS) 6, “River Engineering for Highway Encroachments.”

5.1.3 Estimation of Runoff by Statistical Methods

Estimating the peak discharge for which highway drainage structures are to be
designed is one of the most common problems and biggest challenges faced by the
highway engineer. The problem may be separated into two categories: (1) watersheds
for which historical runoff data are available, those with gauged sites, and (2) areas
for which no data are available. Gauged sites lend themselves to analysis of runoff by
statistical methods, whereas ungauged sites rely upon hydrologic equations based on
the hydrologic and physiographic characteristics of the watershed.

The runoff data necessary to utilize statistical methods are available through the
USGS, which is the primary collector of such data. Additional data sources are given
in Chapter 3 of FHWA publication HDS 2 “Highway Hydrology.” Provided that suffi-
cient data are available for a specific site, a statistical analysis may be made that will
result in a reasonable determination of the peak discharge. Water Resources Council
Bulletin 17B, 1981, suggested that a minimum of 10 years of historic data are neces-
sary to make an accurate estimation based on statistical methods. The USGS has no
specific time requirements for historical hydrologic data collection. In the past, however,
the recommended time period varied between 10 years for a 10-year design flood to 25
years for a 100-year design flood. HDS 2 should be referenced for different techniques
available for determining the inferences of population characteristics from statistics.

Data collection can be categorized and arranged in groups that lend themselves to
statistical analysis. The common groupings are by magnitude of peak annual dis-
charge, by time of occurrence, and by geographic location. Of the three, magnitude of
peak annual discharge is the most useful in determining peak discharge. Time of
occurrence is the most useful in trend analysis or determining the effects of changing
land use on runoff. Grouping by geographic location is the most useful when looking
at sites that have insufficient flood data either because they are ungauged or because
the historical time frame of the collected data is too short.
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There are several standard frequency distributions that have been extensively studied
in the statistical analysis of hydrologic data. Three of the most useful are (1) log-Pearson
type III distribution, (2) lognormal distribution, and (3) Gumbel extreme value distrib-
ution. The log-Pearson type III distribution is popular largely because the distribution
very often fits the available data closely and it is flexible enough to be used with many
other types of distributions. Because of this flexibility, the US. Water Resources
Council has recommended that it be used by all governmental agencies as the standard
distribution for flood frequency studies. The characteristics of the lognormal distribu-
tion are the same as those of the classical normal or gaussian mathematical distribution
except that the flood flow at a specified frequency is replaced with its logarithm and
has a positive skew. Positive skew means that the distribution is skewed toward the high
flows or extreme values. The characteristics of the Gumbel extreme value distribution
(also known as the double exponential distribution of extreme values) are that the
mean flood occurs at the return period T, of 2.33 years and that it has a positive skew.

If runoff data are unavailable for a specific watershed area, one method that may
be used to determine the peak stream discharge is a regional flood-frequency analysis.
By using historical runoff records from similar drainage basins in the immediate area,
estimates of peak discharges may be developed. The USGS is continuously updating
the methodology by which the agency performs regional flood-frequency analyses.
Recent advances include the use of the “ordinary least squares” and “region of influ-
ence” methods for regionalizing historic stream flow data.

The statistical distributions commonly used for regional flood-frequency analysis
result in an equation of the general form:

Y = aXP X XD X (5.1

where Y is the dependent variable, a is the intercept coefficient, X, X,,..., X, are the inde-
pendent variables, and b,, b,...., b, are the regression coefficients. In practice, the dependent
variable is the estimated stream flow for a given return period. The intercept coefficient is
a constant used to differentiate the regions used in the analysis and the required return
periods. The independent variables are drainage basin characteristics such as drainage area,
basin or channel slope, and types of land cover; meteorological characteristics such as
annual rainfall; and channel characteristics such as cross-sectional area, active channel
width and depth, and flood-plain width and depth.

It is important to note the limitations of regional flood-frequency analyses and the
resulting regression equations. In general, independent variables should be determined
using the same techniques as were used during the regression analyses. For example,
if USGS 7.5-minute quadrangles were used to determine basin characteristics for the
regression analysis, then basin characteristics should also be obtained from 7.5-minute
quadrangles for peak discharge estimations.

5.1.4 Estimation of Runoff by Peak Flow Equations

Where there are no or insufficient stream gauging records available, peak flow methods
such as the “rational method” and the Natural Resources Conservation Service
(NRCS) method may be used. The rational method is the most common procedure for
determining the quantity of flow for the design of minor hydraulic structures. Its use
in the United States dates back to the late 1800s. One of the basic design assumptions
for its use is that the rainfall intensity is uniform throughout the watershed. This
assumption limits its use to relatively small watershed areas (in the neighborhood of
200 to 300 acres, or 1 km?).
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The rational method is based on the simple intensity-runoff equation

0 = KCiA (5.2)

where Q = design discharge, ft¥/s (m%/s)
C = runoff coefficient
i = average rainfall intensity, in/h (mm/h) for selected frequency and duration
equal to time of concentration
A = drainage area, acres (km?)
K = 1.0 for English units (0.278 for SI units)

After precipitation falls to the earth, it either is infiltrated into the earth, is evaporated
back into the atmosphere, is subjected to depression or detention storage, or becomes
runoff. The runoff coefficient C in Eq. (5.2) depicts the percent of precipitation that
will run off the ground from the storm. Representative values of C for undeveloped and
developed areas, respectively, are given in Tables 5.1 and 5.2. Also, if the watershed
is made up of various surfaces, a weighted average should be used for C. This may be
determined for surfaces with coefficients C 1 Cz, etc., and areas Al, AZ, etc., as follows:

oo CALHGCA 53)
A A+ '

The intensity value i in Eq. (5.2) is dependent upon the time of concentration of the
storm and the frequency of the design storm selected. Once these two parameters are
selected, the rainfall intensity may be determined from an intensity-duration-frequency
(IDF) curve. Such curves, which are derived from an accumulation of rainfall data
recorded over the years, are available from both local and regional public agencies.
(See, for example, U.S. Weather Bureau Technical Paper No. 25, “Rainfall Intensity-
Duration-Frequency Curves for Selected Stations in the US.”) A method for developing
rainfall intensity curves and equations is shown in FHWA publication HEC 12,
“Drainage of Highway Pavements.” A typical IDF curve is shown in Fig. 5.1.

5.1.5 Estimation of Time of Concentration

The time of concentration or rainfall duration is equivalent to the length of time it
takes for the runoff to travel from the most remote point of the watershed to the point
of solution. This assumes that there is a uniform rate of rainfall over the entire water-
shed resulting in the maximum flow at the point being investigated. The total time of
concentration is comprised of three distinct components: overland flow time, shallow
concentrated flow time, and concentrated flow time.

Overland flow is thought to occur for no more than 300 ft and perhaps even less.
The overland flow time may be approximated by the curves in Fig 5.2. It is based on
the following equation:

_ 1.8(1.1 — OW)'"?
T, —[S(IOO)]”3 (5.4)

where 7, = overland flow travel time, min
C = runoff coefficient
L = overland travel distance, ft

S = slope
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The overland flow time can also be calculated by the kinematic wave equation:

CULVERTS, DRAINAGE, AND BRIDGE REPLACEMENT

TABLE 5.2 Runoff Coefficients for Developed Areas

Runoff
Type of drainage area coefficient
Business:
Downtown areas 0.70-0.95
Neighborhood areas 0.50-0.70
Residential:
Single-family areas 0.30-0.50
Multiunits, detached 0.40-0.60
Multiunits, attached 0.60-0.75
Suburban 0.25-0.40
Apartment dwelling areas 0.50-0.70
Industrial:
Light areas 0.50-0.80
Heavy areas 0.60-0.90
Parks, cemeteries 0.10-0.25
Playgrounds 0.20-0.40
Railroad yard areas 0.20-0.40
Unimproved areas 0.10-0.30
Lawns:
Sandy soil, flat, 2% 0.05-0.10
Sandy soil, average 2-7% 0.10-0.15
Sandy soil, steep, 7% 0.15-0.20
Heavy soil, flat, 2% 0.13-0.17
Heavy soil, average, 2-7% 0.18-0.25
Heavy soil, steep, 7% 0.25-0.35
Streets:
Asphaltic 0.70-0.95
Concrete 0.80-0.95
Brick 0.70-0.85
Drives and walks 0.75-0.85
Roofs 0.75-0.95

Source: From Highway Design Manual, California

Department of Transportation, with permission.

_ K(LO.G)(nO.G)

o

()

where 7, = overland flow travel time, min

K = 0.93 for English units (6.98 for SI units)

L = length of overland flow path, ft (m)

S =
n=
i

slope of overland flow

Manning’s roughness coefficient
rainfall intensity, in/h (mm/h)

5.7

(5.5)

The solution of the kinematic wave equation is an iterative procedure since the
overland flow time is a function of the rainfall intensity and the rainfall intensity is a
function of the time of concentration.
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FIGURE 5.1 Typical rainfall intensity-duration-frequency curves. (From Design and
Construction of Storm and Sanitary Sewers, ASCE, 1986, with permission)

Caution is urged in the application of this equation. Manning’s roughness coeffi-
cient n varies with the depth of flow. Therefore, n values suitable for open-channel
flow should not be used in the kinematic wave equation. Table 5.3 lists roughness
coefficient values appropriate for use.

After 200 to 300 ft of overland flow, water tends to concentrate into rills and gullies.
This type of flow is termed shallow concentrated flow. The velocity of shallow concen-
trated flow can be estimated using the following relationship:

V = KC,\V/(1005) (5.6)

where V = velocity, ft/s (m/s)
K =3.28 (1.0 in SI units)
C, = intercept coefficient (see Table 5.4)
S = slope, ft/ft (m/m)

The final type of overland flow to investigate is flow that is captured in a stream,
ditch, or closed conduit. This type of flow is referred to as concentrated flow.
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FIGURE 5.2 Overland time of concentration curves. (From Highway Design
Manual, California Department of Transportation, with permission)

Manning’s equation is used to estimate the velocity of concentrated flow (see Art.
5.3.3). It should be noted that the use of Manning’s equation is an iterative process
and the assumed hydraulic radius must be checked for convergence.

The shallow concentrated flow time and the concentrated flow time can be determined
by using the velocities obtained from the investigation of the shallow concentrated flow
and the concentrated flow. The appropriate equation is as follows:

T,=—— (5.7)

where Tf = time of shallow concentrated flow or concentrated flow, min
L = overland length of flow, ft (m)
V = velocity, ft/s (m/s)

The total time of concentration is then the summation of the times of concentration
for each of the distinct flow types.

As an alternative to the above procedure, where the channels are well defined and
the overland flow is generally over bare ground, the total time of concentration may
be estimated from the Kirpich equation®:

*Z. P. Kirpich, “Time of Concentration in Small Agricultural Watersheds,” Civil Engineering, vol. 10,
p- 362, 1940.
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TABLE 5.3 Manning’s Roughness
Coefficient, n, for Overland Sheet Flow

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

Cultivated soils

Residue cover = 20% 0.06
Residue cover > 20% 0.17
Range (natural) 0.13
Grass
Short grass prairie 0.15
Dense grasses 0.24
Bermuda grass 0.41
Woods*
Light underbrush 0.40
Dense underbrush 0.80

*When selecting n, consider cover to a height
of about 1 in. This is the only part of the plant
cover that will obstruct sheet flow.

Source: From Urban Drainage Design
Manual, HEC 22, FHWA, with permission.

L 0.77
T = K(W) (5.8)

where T, = time of concentration, min
K = 0.0078 for English units (3.97 for SI units)
L = maximum flow length, ft (km)
S = total slope = total change in elevation divided by L

The value of T, should be multiplied by 2 where the surfaces are grassy, by 0.4 where they
are asphalt or concrete, or 0.2 for concrete channels. (See Modern Sewer Design, AISI.)

The total time of concentration may also be calculated from the following modified
form of the Williams equation*:

T, = KLA015702 (5.9)

*The modified Williams equation is found in Maidment, cited below. The original Williams reference is
G. B. Williams, “Flood Discharge and the Dimensions of Spillways in India,” The Engineer, vol. 121,
pp- 321-322, September 1922.
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TABLE 5.4 Intercept Coefficients

Types of surface Intercept coefficient C,
Forest with heavy ground litter 0.076
Min. tillage cultivated; woodland 0.152
Short grass pasture 0.213
Cultivated straight row 0.274
Poor grass; untilled 0.305
Grassed waterways 0.457
Unpaved area; bare soil 0.491
Paved area 0.619

Source: Adapted from Location and Design Manual, Vol. 2:
Drainage Design, Ohio Department of Transportation, with permission.

where T = time of concentration, min
K = 21.3 for English units (14.6 for SI units)
L = maximum flow length, mi (km)
A = total watershed area, mi? (km?)
S = slope, ft/ft (m/m)

A minimum time of concentration of 5 min is recommended by the FHWA. (See D. R.
Maidment, Handbook of Hydrology, McGraw-Hill, 1993.)

Another common and simple method for determining the runoff is the NRCS
method. The determination of the peak discharge is dependent upon the time of con-
centration, the cumulative rainfall, and the soil and cover classifications. (See the fol-
lowing from the NRCS: National Engineering Handbook, 1985; and “Urban Hydrology
for Small Watersheds,” TR-55, 1986.)

5.1.6 Computer Models

Many computer models have been developed in recent years for calculating rainfall
runoff. Examples include the U.S. Army Corps of Engineers HEC-HMS model, the
NRCS TR-20 model, and the FHWA-funded HYDRAIN system. As with all computer
models, the accuracy and validity of the output can be only as accurate and valid as
the input. The input and output data must be carefully inspected by a capable and
practiced user to ensure valid results. (See D. R. Maidment, Handbook of Hydrology,
McGraw-Hill, 1993; and Highway Drainage Guidelines, Vol. 2, AASHTO, 1999.)

Example: Time of Concentration, Rainfall Intensity, and Design Discharge. A
grassy roadside channel runs 500 ft from the crest of a hill. The area contributing to
the flow is 324 ft wide and is made up of 24 ft of concrete pavement and 300 ft of
grassy backslope. The distance from the channel to the ridge of the drainage area is
200 ft. The channel has a grade of 0.4 percent, and the edge of the contributing area is
5 ft above the channel. Determine the time of concentration, rainfall intensity, and
design discharge based on a 10-year-frequency rainfall.

Assume the grassy backslope is similar to the watershed described by the example
in Table 5.1 with C = 0.32. From Table 5.2, assume for the pavement C = 0.90.
Then, from Eq. (5.3), the weighted average value of the runoff coefficient is

_ 090 X 24 +0.32 X 300 _
24 + 300

C 0.36
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Separate the flow into overland flow and concentrated flow components for deter-
mining the time of concentration. For the overland flow time, proceed as follows.

The length of travel is 200 ft. The difference in elevation between the channel and
the ridge of the drainage area is 5 ft. The slope is

=—=0.0250r2.5%

H_ 5
L~ 200

The overland flow is computed using Eq. (5.4):

1.8 (1.1 —0.32) (2000 .
T, = 55 = 14.6 min

For the concentrated flow time, Manning’s equation [Eq. (5.11) below] is used to
determine the concentrated flow velocity. Manning’s n value is taken from Table 5.6
and a hydraulic radius must be assumed.

_ 1.486 23 12 —
\%4 0.027 (0.50)“" (0.004) 2.2 ft/s

Then the concentrated flow time is computed using Eq. (5.7):

500 .
T=—-—=38
60 (2.2) i
Therefore the total time of concentration is 14.6 min + 3.8 min or 18.4 min.
Now use Fig. 5.1 to get a 10-yr rainfall intensity of 3.8 in/h. Using the rational
method Eq. (5.2), the design discharge is

0=1X%X036X38X37=5.1fts
The assumed hydraulic radius used in the Manning’s equation must be verified by
using Eq. (5.11). Through trial and success, the depth of flow is determined to be 0.71

ft, and therefore the hydraulic radius is 0.48. The assumed value was 0.50 and the con-
vergence is acceptable.

5.2 DESIGN OF OPEN CHANNELS

As the name implies, open-channel flow is concerned with the conveyance of water
with a free surface. This article primarily concerns lined and unlined channels such as
encountered along roadways in highway design.

5.2.1 General Considerations

The parameters to consider in choice of channel cross section include hydraulics, safety,
maintenance, economics, and the environment. These considerations are usually so inter-
dependent that optimizing one can have detrimental effects on the others. The hydraulic
engineer’s objective is to achieve a reasonable balance among the competing criteria.
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Safety is always of primary concern to the highway engineer. If the channel is
located far enough away from the traveled way, an adequate recovery zone may be
available for vehicles accidentally leaving the roadway. Additionally, with regard to
safety, a channel with flattened sideslopes and a curved transition to the bottom is pre-
ferred to allow time for recovery for the errant vehicle. (See Chap. 6, Safety Systems.)

Periodic maintenance is required of hydraulic channels regardless of the cross-sectional
design chosen. Access should be planned and provided for maintenance personnel and
equipment. The proliferation of sediment and debris and the growth of vegetation can
cause erosion or reduction of the capacity of the channel. The channel design should
balance the cost of preventing these restrictions against the anticipated increased costs
of removing them as they accumulate.

The proposed channel location and shape affect the economics of the project. A
channel located away from the traveled way may be safer for the traveling public and
more aesthetically pleasing; however, these considerations must be balanced against
the potential increase in right-of-way costs as well as other associated costs. The
shape also affects the cost of the channel. A channel with vertical sidewalls will typi-
cally be more expensive than one with sloping sides; the vertical walls must not only
maintain flow within the channel but must also be designed to retain the earth outside
the channel.

Proposed channel improvements must take into account the possible effects the
project will have with regard to erosion, sedimentation, water quality, aesthetics, and
fish and wildlife. Local, state, and federal resources and flood control agencies have
an interest in drainage improvements and environmental impacts and should be con-
tacted early in the planning process for input, cooperation, and assistance. A partial
list of these agencies may be found in the AASHTO Highway Drainage Guidelines.

The necessary hydraulic parameters should be determined early in the design
phase. As previously mentioned, the scope of the hydrologic study should be propor-
tional to the importance of the hydraulic structure involved, the type of highway, the
impacts on the local property, and potential risks involved. The hydraulic design of
the channel involves selecting the cross section and lining to maintain the flow pre-
dicted from the hydrologic study. The capacity of the channel is affected by its size,
shape, roughness, and slope.

The slope is generally controlled by the existing terrain, and the engineer has little
control over this. As much as is practical, however, the engineer should avoid sudden
changes in the slope as well as the alignment of the channel. Abrupt changes in channel
alignment can lead to unintentional channel changes by aggradation and avulsion.
Abrupt changes in slope can cause either erosion, if the grade is steepened, or an accu-
mulation of buildup, if it is flattened.

Erosion and deposition may also be limited by controlling the velocity of the flow.
The velocity of the water is dependent upon the size, shape, roughness, and slope of
the channel as well as the quantity of flow. Recommended flow velocities for unlined
channels are shown in Table 5.5. Velocities in lined channels can generally be much
greater. To minimize deposition of sediment, the minimum gradient should be about
0.5 percent for earth-lined and grass-lined channels and 0.35 percent for paved channels.
Also, decreasing gradients should be avoided.

5.2.2 Channel Realignment

At times it will be advantageous or necessary to realign or change the hydraulic char-
acteristics of the channel. Reasons for altering the channel include improving culvert
alignment, protecting roadways from erosion damage, reducing maintenance require-
ments, and eliminating hydraulic structures where the roadway recrosses the channel.
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TABLE 5.5 Recommended Permissible Velocities for Unlined Channels

Permissible velocity, ft/s

Intermittent Sustained

Type of material in excavation section flow flow
Fine sand (noncolloidal) 2.5 2.5
Sandy loam (noncolloidal) 2.5 2.5
Silt loam (noncolloidal) 3.0 3.0
Fine loam 3.5 3.5
Volcanic ash 4.0 3.5
Fine gravel 4.0 35
Stiff clay (colloidal) 5.0 4.0
Graded material (noncolloidal)

Loam to gravel 6.5 5.0

Silt to gravel 7.0 55

Gravel 7.5 6.0

Coarse gravel 8.0 6.5

Gravel to cobbles (under 6 in) 9.0 7.0

Gravel and cobbles (over 8 in) 10.0 8.0

Source: From Highway Design Manual, California Department of Transportation,
with permission.

Plans for channel modifications must include a determination of what effect the
change will have on the stream and the surrounding environment. Long- and short-term
effects must be considered. The impact on the stream of the realignment or change in
slope will vary from one site to another. At some sites, minor changes will have signifi-
cant impacts, while at others the opposite may be true. Regardless of the magnitude of
the effect on the stream and its environment that the change may have, plans should be
developed to mitigate those effects.

Changes to a channel usually cause a decrease in the roughness and an increase in the
slope. The resultant higher velocity may lead to increased scour and sedimentation
buildup at the downstream end of the channel improvement, and may result in changes
that affect the habitat in and around the stream. Any changes to existing streams that
support fish or wildlife must be coordinated with the appropriate resource agencies early
in the planning phase.

5.2.3 Channel and Shore Protection

Highways are often located adjacent to streams, lakes, and coastal areas. Channel and
shore protection must be provided wherever the need is apparent or the risk is high. In
other circumstances, where the possibility of damage to the roadway or adjacent land
is not clear or risk is low, it may be acceptable to delay construction of embankment
stabilization measures until a problem actually develops.

There are a number of methods of protecting the roadway from damage due to ero-
sion. The simplest and surest of these is to locate the highway away from the erosive
forces. This should always be considered, although it is rarely the most economical
alternative. The most common method used to protect the roadway is to line the road-
way embankment with a material that is resistant to erosion such as concrete or rock.
Another method is to reduce the force of the water that would cause the erosion. Such
bank protection structures retard the flow of the water while at the same time allowing
a sedimentation buildup to reverse the trend of erosion and replace material that may
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have been lost. A final method of protection that should be considered is redirecting
the eroding force away from the embankment. This may be done by the use of jetties
or baffles, or even by creating a new channel.

Any combination of the above methods may be used to achieve the desired protec-
tion. The design of the protective features should be commensurate with the importance
of the roadway being protected and with the risks involved. (See Highway Drainage
Guidelines, Vol. 1lI, Erosion and Sediment Control, AASHTO; “Design of Riprap
Revetment,” HEC 11, FHWA; and “Design of Roadside Channels with Flexible
Linings,” HEC 15, FHWA.)

5.3 FUNDAMENTALS OF OPEN-CHANNEL FLOW

The fundamental relationships for hydraulic flow are the same for channels that are
physically open at the top, such as roadway channels and curbs and gutters, and for
pipes and culverts that have a free water surface. In both cases, hydraulic design is
based on open-channel flow. An understanding of these relationships is important for
comprehending various design aids subsequently presented.

5.3.1 Types of Flow

Open-channel flow may be categorized by three characteristics: the flow may be (1)
steady or unsteady, (2) uniform or nonuniform, and (3) either subcritical, critical, or
supercritical. This discussion will begin with the first two categories, and the third
will be discussed later.

Steady flow means that at a particular point, there is no change in depth with
respect to time. By extension, this means that there is no change in the quantity of
flow. Unsteady flow means that the depth does change with time.

Uniform flow assumes that there is no change in depth or quantity of water at any
section along the length of the channel (or culvert) under investigation. This requires
that there be no change in velocity of the flow, and it is possible only if the slope,
roughness, and cross section all remain constant along the length of the channel. This
state is evidenced by the fact that the water surface is parallel to the channel bottom.
Nonuniform flow assumes a change in depth or velocity along the length of the channel.
This type of flow may be further classified as rapidly varying or gradually varying flow.

For most highway applications, the flow is steady and the changes in the section are
so gradual that the flow may be considered uniform. The equations for open-channel flow
are based on that assumption. Where the change in the cross section of the channel is dra-
matic, nonuniform flow should be assumed. (For analysis of nonuniform flow, see E. F.
Brater and H. W. King, Handbook of Hydraulics, McGraw-Hill, 1996.)

5.3.2 Continuity Equation

The continuity equation is based on the basic and fundamental concept that the quantity of
flow passing any cross section remains constant throughout the length of the stream flow:

0=AV (5.10)

where Q = discharge, ft¥/s (m%/s)
A = area, ft> (m?)
V = velocity, ft/s (m/s)
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5.3.3 Manning’s Equation

Manning’s equation assumes uniform, turbulent flow conditions and computes the
mean flow velocity for an open channel:

V= (ﬂ>R2/3S”2 in English units (5.11a)
n
2/3Q1/2
v= RS i ST units (5.11b)
n

where V= mean velocity, ft/s (m/s)
n = Manning coefficient of roughness
R = hydraulic radius = A/WP, ft (m)
A = cross-sectional flow area, ft> (m?)
WP = wetted perimeter = total perimeter of cross-sectional area of flow minus
free surface width, ft (m)
S = channel slope

Manning’s equation may be solved directly or obtained from the nomograph in Fig. 5.3.
Typical Manning’s n values are given in Table 5.6. For shallow flows, the effective n
values should generally be increased, because the wetted perimeter will have a greater
effect on the flow.

The continuity equation and Manning’s equation may be used in conjunction to
directly compute channel discharges. Substitute Eq. (5.11) into Eq. (5.10) and
rearrange terms to obtain

AR = % in English units (5.12a)
AR = % in ST units (5.12b)

R is a function of A. Thus, for a given slope, flow quantity, and n value, AR?”> may be
determined and the normal depth of flow calculated by trial and error.

5.3.4 Energy Equation

The energy equation is based on the principle that energy must be conserved; that is,
the energy at any one cross section on a stream is equivalent to the energy at any other
section plus any intervening energy losses. This relationship, a form of the Bernoulli
equation, may be used wherever there is a change in the size, shape, or slope of the
channel and is useful in determining the depth of flow.

2 2

v v
z]+d1+(2—;>=zz+d2+<2;>+hL (5.13)

where z, = distance above some datum, ft (m)

d = depth of flow, ft (m)

V = flow velocity, ft/s (m/s)

acceleration of gravity, 32.2 ft/s? (9.8 m/s?)
head loss between the two sections, ft (m)

B

o =
Il

h

=~
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FIGURE 5.3 Nomograph for solution of Manning equation. (From Highway Design Manual,
California Department of Transportation, with permission)

Subscripts 1 and 2 refer to two sections along the flow line as depicted in Fig. 5.4. The
velocity head is given by V%2g and the specific energy is defined as d + V%2g. The plots
in Fig. 5.4 illustrate the head at points along the length of the channel. The line drawn
through points of static head is known as the hydraulic grade line, and the line drawn
through points of total head is known as the energy grade line. The head loss between
sections includes losses due to flow friction along the channel and losses due to turbu-
lence at junctions and bends.
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TABLE 5.6 Values of the Roughness Coefficient n for Use in the Manning Equation

Min Avg Max
A. Open-channel flow in closed conduits
1. Corrugated-metal storm drain 0.021 0.024 0.030
2. Cement-mortar surface 0.011 0.013 0.015
3. Concrete (unfinished)
a. Steel form 0.012 0.013 0.014
b. Smooth wood form 0.012 0.014 0.016
c¢. Rough wood form 0.015 0.017 0.020
B. Lined channels
1. Metal
a. Smooth steel (unpainted) 0.011 0.012 0.014
b. Corrugated 0.021 0.025 0.030
2. Wood
a. Planed, untreated 0.010 0.012 0.014
3. Concrete
a. Float finish 0.013 0.015 0.016
b. Gunite, good section 0.016 0.019 0.023
c. Gunite, wavy section 0.018 0.022 0.025
4. Masonry
a. Cemented rubble 0.017 0.025 0.030
b. Dry rubble 0.023 0.032 0.035
5. Asphalt
a. Smooth 0.013 0.013
b. Rough 0.016 0.016
C. Unlined channels
1. Excavated earth, straight and uniform
a. Clean, after weathering 0.018 0.022 0.025
b. With short grass, few weeds 0.022 0.027 0.033
c. Dense weeds, high as flow depth 0.050 0.080 0.120
d. Dense brush, high stage 0.080 0.100 0.140
2. Dredged earth
a. No vegetation 0.025 0.028 0.033
b. Light brush on banks 0.035 0.050 0.060
3. Rock cuts
a. Smooth and uniform 0.025 0.035 0.040
b. Jagged and irregular 0.035 0.040 0.050

Source: From F. S. Merritt, ed., Standard Handbook for Civil Engineers, McGraw-Hill,
1996, with permission.

5.3.5 Critical Flow Depth

When the depth of flow is plotted against the specific energy, the specific energy diagram
may be obtained and the critical depth found as illustrated in Fig. 5.5. The critical depth
is defined as that depth where the specific energy is a minimum. The flow velocity at the
critical depth is called the critical velocity. The channel slope that causes the critical
depth and critical velocity is termed the critical slope. If the depth is greater than the
critical depth, the flow is said to be subcritical and the velocity head reduces. Where
the depth is less than the critical depth, the flow is said to be supercritical and the velocity
head increases. For any particular energy level, except where the depth is critical, there
are two corresponding depths that may occur. However, the depth may not alternate
between these two values without a change in the channel configuration or slope.
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Although the critical depth gives the greatest discharge, flow that causes the depth to
be close to critical should be avoided, and thus the critical slope should be avoided.
Flows near the critical depth may be turbulent. Inspection of the specific energy diagram
reveals that where the depth is close to the critical depth, it takes little energy to change
the flow from subcritical to supercritical or the reverse. If the flow does change from
subcritical to supercritical, a hydraulic jump will occur. If placing the depth of flow near
critical is unavoidable, it is advisable to assume the least favorable type of flow for
design purposes. The critical depth may be determined from the following relationship:

A—; = %2 (5.14)

where A = cross-sectional flow area, ft> (m?)
T = top width of channel flow, ft (m)
Q = discharge, ft¥/s (m%/s)
g = acceleration of gravity, 32.2 ft/s? (9.8 m/s?)

For a channel with vertical walls, the velocity corresponding to the critical depth is
given by

_ gA \12
4 ( T) (5.15)

where V{ = critical velocity, ft/s (m/s). Also, for a channel with vertical walls, the
flow area at a point of critical depth d_is

A =T(d) (5.16)
Substitution in Eq. (5.14) leads to
2\1/3
.= (%) (5.17)

It can be seen from this relationship that for a given flow, as the width of the channel
changes the critical depth also changes. Such locations should be investigated for a
hydraulic jump.

Points of control are locations where the depth of flow may be easily determined.
The critical depth is one point of control and may be found in several typical loca-
tions. As discussed above, one of these locations may be where there is a change in
the channel section. Other typical locations are where the slope changes abruptly from
flat (subcritical) to steep (supercritical), at the crest of an overflow dam or weir, and at
the outlet of a culvert on a subcritical slope discharging into a basin or wide channel.

The Froude number (Fr) may also be used in determining whether the channel is under
supercritical, critical, or subcritical flow:

Vv

Fr=——
r (gdh)l/z

(5.18)

where d, = A/T. If Fr < 1.0, the channel flow is subcritical; if Fr = 1.0, the channel
flow is critical; and if Fr > 1.0, the channel flow is supercritical.
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Water surface profiles for the gradually varying flow condition may be determined
by either the direct step method or the standard step method. The former method is
applicable only to straight prismatic channel sections with gradually varying areas of
flow. The standard step method may be used in nonprismatic channel sections and
channel alignments that are not straight. Where the flow is subcritical, the analysis for
determination of the water profile begins at the control point and proceeds upstream.
Where the flow is supercritical, the opposite is true. (See V. T. Chow, Open-Channel
Hydraulics, McGraw-Hill, 1959; and F. S. Merritt, ed., Standard Handbook for Civil
Engineers, McGraw-Hill, 1996.)

Example: Critical Depth and Critical Velocity. A channel has a width of 10 ft and
vertical sides. Determine the critical flow depth and critical velocity for a flow of
1000 ft’/s.

From Eq. (5.17), d, = (Q%gT*)'* = [(1000)%32.2(10)*]'* = 6.77 ft.

From Eq. (5.18),A = T(d ) = 10(6.77) = 67.7 ft>.

From Eq. (5.15), the critical velocity is V, = (gA/T)"? = (32.2 X 67.7/10)"* = 14.8 ft/s.

5.4 DESIGN OF ROADWAY DRAINAGE

Roadway drainage includes the entire system from pavement drainage through storm
drains. Drainage features that make up the system include curbs, gutters, drop inlets,
median drains, overside drains, roadside ditches, and storm drains. The basic design
procedure for roadway drainage includes hydrology, surface water removal, and dis-
posal. A properly designed system must adequately accommodate the design runoff by
removing it from the roadway surface and conveying it to the outfall, avoiding damage
to adjacent property and roadway hazards from overflowing and ponding.

5.4.1 General Considerations

Pavement may be drained in one of two ways. The runoff may be allowed to sheet-
flow across the roadway surface and into roadside ditches. This may not always be
possible or cost-effective, because of right-of-way constrictions. Alternatively, a curb
and gutter section is used to channel the flow.

An appropriate design storm must be selected so that the drainage facilities may be
properly designed. This design storm must relate to an acceptable level of flooding of the
roadway with regard to both area and frequency. The acceptable level of flooding is
termed the design water spread (Fig. 5.6) and is defined by the acceptable amount of
encroachment on the roadway surface that is assumed to have a certain probability
of occurrence. It may not be economically feasible to completely prevent encroach-
ment on the roadway. Alternatively, it is unwise to allow spread that results in unsafe
driving conditions. Greater water spread produces hydroplaning, greater splash and
spray effect, and an accompanying decrease in visibility and vehicle control by the users
of the facility. The amount and frequency of encroachment should vary with the type of
roadway being designed, because roads with higher volumes and speeds can tolerate
less loss of visibility than local and collector roads.

AASHTO has developed general guidelines on highway drainage that may be used to
formulate roadway surface drainage criteria. Table 5.7 shows the suggested AASHTO
procedure for relating the road classification, the frequency of the design storm, and
the design spread. However, more specific local or regional guidelines are usually
developed and should be referenced for highway drainage design. An example of a
regional guideline developed by the California Department of Transportation
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DESIGN WATER SPREAD
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FIGURE 5.6 Illustration of design water spread. (From Highway Drainage
Guidelines, Vol. IX, American Association of State Highway and Transportation
Officials, Washington, D.C., 1999, with permission)

TABLE 5.7 Minimum Design Frequency

Design frequency, years Design spread
Shoulder Partial
or driving lane
Road classification <10 10 50 parking (Y Y, %)

1. High-volume divided highway

a. <45 mi/h X X

b. >45 mi/h X X

c. Sag point X X
2. High-volume bidirectional

a. <45 mi/h X X

b. >45 mi/h X X

c. Sag point X X
3. Collector

a. <45 mi/h X X

b. >45 mi/h X X

c. Sag point X X
4. Local streets

a. Low ADT* X X

b. High ADT X

c. Sag point X X

*Average daily traffic.

Source: From Highway Drainage Guidelines, Vol. IX, American Association of State
Highway and Transportation Officials, Washington, D.C., 1999, with permission.

(Caltrans) is shown in Table 5.8. It is apparent that a more severe storm (25-yr versus
10-yr mean recurrence interval) is used for roadways with higher volumes and speeds,
as well as a more limited design water spread.

5.4.2 Curbs, Gutters, and Inlets

The roadway surface water can be removed by a series of drains that carry the water
into a collection and disposal system. The curb, gutter, and inlet design must keep
flooding within the parameters established in roadway drainage guidelines. The
hydraulic efficiency of inlets is related to the roadway grade, the cross grade, the inlet
geometry, and the design of the curb and gutters.

Curbs are divided into two classes: barrier and mountable. Barrier curbs are steep-
faced and generally 6 to 8 in (150 to 200 mm) high. Mountable curbs are generally 6 in
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TABLE 5.8 Desirable Roadway Drainage Guidelines

Design Design
storm water spread

Shoulder  Half of
4% 10%  orparking  outer Local
Highway type/category/feature (25yr) (10yr) lane lane  standard

Freeways
Through traffic lanes, branch connections, X — X — —
and other major ramp connections
Minor ramps — X X — —
Frontage roads — X — — X
Conventional highways
High volume, multilane, speeds over 45 mi/h X — X — —
High volume, multilane, speeds 45 mi/h — X — X —
and under
Low volume, rural, speeds over 45 mi/h X — X — —
Urban, speeds 45 mi/h and under — X — — X
All state highways
Depressed sections that require pumping: Use a 2% (50-yr) design storm for freeways and
conventional state highways. Design water spread at depressed sections should not exceed
that of adjacent roadway sections. A 4% (25-yr) design storm may be used on local streets or
road undercrossings that require pumping.

Source: From Highway Design Manual, California Department of Transportation, with permission.

(150 mm) high or less with relatively flat sloping faces to allow vehicles to cross them
when required. Neither barrier curbs nor mountable curbs should be used on high-
speed roadways. (See Chap. 6, Safety Systems.)

Gutters begin at the bottom of the curb and extend toward the roadway a varying
distance, usually 1 to 6 ft (300 to 1800 mm). They may or may not be constructed
with the same material as the roadway.

The longitudinal grade of the gutter is controlled by the highway grade line. For
drainage purposes, it is important to maintain some minimum longitudinal slope to
ensure that runoff does not accumulate in ponds. Gutter cross slopes of 5 to 8 percent
should be maintained for a distance of 2 to 3 ft (600 to 900 mm) for that portion of the
gutter adjacent to the curb.

The following modification of Manning’s equation may be used to determine the
spread of the gutter flow as well as the maximum depth at the curb face. This applies
to a section with a single cross slope. (For additional information, nomographs, and
flow solutions for gutters with composite cross slopes, see Urban Drainage Design
Manual, HEC 22, FHWA.)

Q — (%)le.fﬂso‘STZ.(ﬂ (5.19)
where Q = rate of discharge, ft’/s

K =0.56

n = Manning’s coefficient of roughness

Sy = cross slope

S = longitudinal slope

T = spread or top width of flow in gutter = d/S, ft

d = depth of flow at face of curb, ft '
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Example: Gutter Flow Spread and Depth. A concrete gutter for a roadway with a

grade of 0.05 and a cross slope of 0.04 must accommodate a flow of 1.4 ft3/s.

Determine the spread of the flow and its depth at the curb face. Assume n = 0.15.
Substitute in Eq. (5.19) and solve for the spread T as follows:

0.56
14 = [ 22° )0.04)167(0.05)05T267
(04015 >(00 ) (0.05)
727 = 36.23
T = 3.84ft

It follows that the depth at the curb is d = TS, = 3.84 X 0.04 = 0.15 ft.

5.4.3 Inlet Location and Type

One of the major objectives in the design of the roadway drainage system is to limit
the encroachment of the flow to that developed in the roadway drainage guidelines.
However, this spread cannot be determined until the inlet is located. After the inlet is
located, the drainage area contributing to the flow into that inlet is determined.
Discharge based on the rational method is then calculated, and finally the spread is deter-
mined based on that discharge and the gutter characteristics. If the spread is found to
be too great (leading to possible unsafe conditions) or too small (possibly indicating
an inefficient design), the inlet should be relocated and the process repeated. As can
be seen, this design is an iterative process. The process is also controlled by surface
features that restrict possible location of inlets, such as streets, driveways, and utilities.

There are also areas where inlets are nearly always required. These include sag
points, points of superelevation reversal, street intersections, and at bridges. Where an
inlet is required in the vicinity of a driveway, it should always be located upstream of
the driveway. If it is located downstream, the driveway may affect the flow and cause
a significant portion to bypass the inlet.

Finally, the type and size of the inlet have a direct affect on location and spacing.
Similarly, designing for greater spread and allowing some bypass of the upstream
inlets to occur with the residual being intercepted by those farther downstream (carry-
over flow) will result in fewer inlets.

The basic types of inlets are the curb opening inlet and the grate inlet as shown in
Fig. 5.7. Two other types frequently used are the slotted drain inlet and the combina-
tion inlet (grate plus curb opening) shown in Fig. 5.8.

Curb-opening inlets, which have the drainage opening in the face of the curb, are
very durable and are comparatively free from blockage by debris. This type generally
relies heavily on the bordering depression to be effective at intercepting the water
flow and is relatively inefficient when located in an on-grade situation. It is probably
the most efficient inlet type at sag points because of its tendency to remain free of
clogging by debris and its large, hydraulically efficient opening. In addition, this type
of inlet opening offers little interference to vehicular traffic, pedestrians, or bicyclists.
For curb opening inlets on continuous grades, a window length that permits approxi-
mately 15 percent bypass is considered optimum.

The length of the opening required for total interception of the gutter flow can be
determined by the following equation:

L, = 0.60°428°3(nS, )06 (5.20)
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GRATE INLET

CURB OPENING INLET

FIGURE 5.7 Perspective views of grate inlet and curb-opening inlet. (From
Urban Drainage Design Manual, HEC 22, FHWA, with permission)

where L, = length of curb opening for total interception of flow, ft
Q = discharge, ft*/s
S = longitudinal slope of gutter
n = Manning’s roughness coefficient
§, = transverse slope of gutter

Where there is a depression, the equivalent transverse slope S, must be determined and
used for S,. (See Urban Drainage Design Manual, HEC 22, FHWA, for a complete dis-
cussion of this and flow at sag points.)

Grate inlets come in a variety of shapes and sizes and are efficient where debris is not a
problem. However, most inlets are subject to varying amounts of debris, and the selection of
grate inlets, especially those located at sag points, must take this possibility into account.

For greatest hydraulic efficiency, grate inlets should be oriented with grate bars parallel
to the surface flow. However, grate bars oriented parallel with traffic can cause prob-
lems where bicycles are present, and specifically designed “bicycle-proof™ grates with
additional transverse bars should be used. Other factors influencing the hydraulic
capacity of this type of inlet include the longitudinal and cross slope of the gutter, the
width and length of the gutter, and the size and shape of the bars. The grate inlet will
intercept all of the flow that passes over the top of the grate as long as the grate is long
enough. In addition, a portion of the side flow, or the flow that is located above the
grate toward the roadway centerline, will be intercepted. The amount of the intercepted
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COMBINATION INLET

SLOTTED DRAIN INLET

FIGURE 5.8 Perspective views of combination and slotted drain inlets. (From
Urban Drainage Design Manual, HEC 22, FHWA, with permission)

side flow depends upon the velocity of the flow, the length of the inlet, and the cross
slope of the gutter.

Combination grates—generally, curb opening and grate inlets—are desirable at sag
points. The curb opening will generally keep the inlet from clogging. At grade loca-
tions, however, the efficiency of the combination inlet approaches that of the grate inlet.

Slotted drains can provide continuous interception of the flow when used on
grades. However, because of the possibility of clogging, they should be used only in
combination with other types of inlets at sag points. Slotted drains are also useful to
supplement the existing drainage system where the roadway needs to be widened.

Inlets at grade sags deserve additional deliberation, since any blockage of the inlet
will typically lead to flooding. Typical design considerations are to provide additional
inlets or base the design on a relatively high assumption of debris blockage.

5.4.4 Culverts and Storm Drains

The open-end conduits used to convey water from one side of the roadway through the
embankment to the other side are typically referred to as culverts. A network or system
of conduits to carry storm water intercepted by inlets is referred to as a storm drain
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system. Conduits for culverts and storm drains are available in many different shapes,
sizes, and materials, as discussed subsequently. Available shapes include circular,
elliptical (horizontal or vertical), pipe-arch, arch, and box shapes. Factors that affect
the shape at a particular site include the fill height, construction costs, and potential
for clogging by debris. Where the cover over the conduit is limited, pipe-arch, arch,
elliptical (horizontal), or box shapes may be more applicable. Where the fill height is
great, circular shapes tend to be structurally and economically more favorable. Factors
involved in the selection process include hydraulic, structural, construction, mainte-
nance, and durability requirements. (See Art. 5.5 for hydraulic design of culverts.)

A system of closed conduits (storm drains and culverts) to convey the runoff from
the inlets to the outfall must be designed starting at the upstream end and proceeding
downstream. Each section of pipe that extends from inlet to inlet, or from an inlet to the
final outfall, is called a run. Each run requires a separate analysis because of the
change in flow at each, and possible changes in slope, pipe size, and type. After all runs
are initially sized, the hydraulic grade line is developed (Art. 5.3.4). Unlike the sizing
of the conduits, the calculations for this proceed in an upstream direction. In addition to
head loss from friction along the length of the culvert, the hydraulic grade line must
account for the effects of losses caused by turbulence at junctions and bends. Once the
hydraulic grade line is established, it may be compared with the grade line of the system
to ensure that it does not exceed an allowable high-water elevation. If it should extend
above these allowable elevations, then the initial design must be adjusted.

In addition to system sizing based on hydraulic requirements, conduits should generally
not be smaller than 12 to 18 in (300 to 450 mm) in diameter, and should have a minimum
velocity of not less than 2.5 ft/s, to reduce the potential for debris clogging. Greater
minimum diameters may be appropriate in some cases, particularly under high fills.

Flow in storm drains is assumed to be steady uniform flow. With this assumption,
one of two hydraulic design approaches for sizing the run may be used, either open-
channel flow or pressure flow. Open-channel flow assumes the flow in the conduit is
open to atmospheric pressure; that is, the depth of the flow must be less than the
height of the conduit. Pressure flow assumes the conduit is full with the wetted
perimeter equal to the complete perimeter of the conduit. In this case, unlike open-
channel flow, a pressure head will be above the conduit.

The maximum possible flow in a circular conduit under open-channel flow occurs
when the barrel is approximately 95 percent flowing full. This is referred to as just-
full capacity or just-full discharge.

Storm drain systems based on open-channel flow will have larger conduits than
those based on pressure flow. This allows for a slight factor of safety when there is an
unanticipated increase in runoff, which is desirable because the determination of the
flow entering the system is not an exact science. However, initial construction costs
will be somewhat higher.

If the design is based on pressure flow, the inlet and access hole elevations will be
the allowable high-water elevations and should not be exceeded. Additionally, existing
systems may need to be analyzed assuming pressure flow in order to accommodate
new design flows.

It is common among state departments of transportation to design storm drain sys-
tems using both open-channel flow and pressure flow. The system is initially designed
for the just-full capacity using a lesser design frequency, say a 5-yr or 10-yr design
frequency. After this initial sizing, the elevation of the hydraulic grade line is checked
using the same or greater design frequency. The hydraulic grade line is then compared
to critical high-water elevations, which should not be exceeded.

The storm drain system can outfall into a body of water, a stream or river, an existing
storm drain system, or a channel. Conformance to National Pollutant Discharge
Elimination System (NPDES) and local water quality regulations may be necessary
whenever discharging pavement runoff. (See Chap. 1.) Regardless of the type of outfall,
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the flow line of the outfall should be lower than the elevation of the outlet. The outlet
should be positioned so that the flow of the outfall is directed downstream, thus limit-
ing erosion. (See Highway Drainage Guidelines, Vol. IX, AASHTO, 1999; and
Design and Construction of Storm and Sanitary Sewers, ASCE, 1986.)

5.4.5 Subsurface Drainage

Saturation of the structural section under the roadway (subgrade and base course) and the
foundation materials is a primary cause of early roadbed failure because of decreased
ability to support heavy truck loads. Saturated conditions can lead to piping of fines and
frost damage or icing of the roadway surface. Designs to prevent water from infiltrating
beneath the pavement will lead to longer-lasting and more economical roadbed sections.
Designs typically include subsurface drainage (subdrains) to intercept and reroute
encroaching groundwater and subgrade drainage to handle surface water inflow.

The design of subsurface drainage begins with flow determination. Although this may
be determined by analytical methods, it is usually cumbersome and unsatisfactory to do
so. Field explorations will generally yield better results. These investigations should
include soil and geological studies, borings to find the elevation and extent of the aquifer,
and measurements of the groundwater discharge. The investigation should be thorough
and should be conducted during the rainy season or during snow melt if the region has
snow cover. It may involve digging a trench or pit to aid in estimating flow. After the
design flow is established, the pipe may be sized using Manning’s equation, Eq. (5.11).

The standard underdrain consists of a perforated pipe near the bottom of a narrow
trench. The trench is filled with a permeable material and may be lined with filter fabric
if the trench is excavated in erodable soils. Figure 5.9 illustrates an underdrain used to
intercept sidehill seepage.

The following considerations apply to the design of subsurface drainage:

1. Surface drainage should not be allowed to discharge into the subsurface drainage system.

2. Outlets for the underdrain system should be provided for at intervals not exceeding
500 ft (150 m) to 1000 ft (300 m), depending upon the porosity of the base course.
Outlet may run into the storm drain system as long as there is no possibility of back-
flow due to a buildup of hydrostatic pressure.

3. Pipe underdrains should be placed on grades steeper than 0.5 percent if possible.
Minimum grades of 0.2 percent are acceptable.

4. The depth of the underdrain will depend upon the permeability of the soil, the ele-
vation of the aquifer, and the amount of necessary drawdown to achieve stability.

5. Pipes for underdrains may be made of metal, plastic, concrete, clay, asbestos
cement, or bituminous fiber. Two types of openings are used to allow the ground-
water into the pipe: perforated and open-jointed. Open-jointed pipes such as clay
and concrete drain tiles are limited to areas where the admission of excessive
solids through the joints may be avoided.

(See “Pavement Subsurface Drainage Design,” FHWA-NHI-99-028, and “Pavement
Subsurface Drainage Systems,” NCHRP Synthesis 239, TRB, 1997.)

5.4.6 Subgrade Drainage

As indicated previously, subgrade drainage is designed to handle surface water inflow,
whereas subdrains are designed to accommodate encroaching groundwater. Surface
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FIGURE 5.9 Intercepting drain in impervious zone for keeping free water out of roadway
and subgrade. (From Handbook of Steel Drainage and Highway Construction Products,
American Iron and Steel Institute, 1994, with permission)

water can enter the pavement subsection through joints, cracks, and infiltration of the
pavement. Rapid drainage of the pavement structural section is necessary to minimize
piping and swelling of the subgrade material, and the subsequent increased deflections
and cracking of the pavement surface. This rapid drainage can best be achieved by
placing a highly permeable drainage layer under the full width of the pavement and
allowing it to drain the infiltration to an edge drain. Figure 5.10 illustrates edge drain
designs using either a pipe (perforated or slotted) in a trench filled with a permeable
material, or a geocomposite panel drain.

5.5 HYDRAULIC DESIGN OF CULVERTS

Culverts convey surface flow from one side of the roadway to the other. Culvert design is
comprised of three general considerations: culvert size, location, and shape. The size of
the culvert is directly related to the results of the hydrologic investigation. The location of
the culvert is derived from the site geometry and is comprised of the alignment, the
length, and the slope. The site hydraulics and available roadway fill height (height of fill
from creek bed to profile grade) are the controlling criteria for determining the shape of
the culvert. However, shapes, sizes, and material types used for culvert construction can
be precluded from use based on manufacturing limitations. Since only the site hydrology
and geometrics are known and all other parameters are variable, a trial and selection
process must be used to determine the appropriate culvert size and type.

5.5.1 General Considerations

The most common materials used are concrete, steel, aluminum, and plastic. The materi-
al used may affect the hydraulic capacity of the culvert, as different materials and wall
configurations have different entrance loss coefficients and coefficients of roughness.
The choice of the material is often controlled by structural and durability considerations.
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FIGURE 5.10 Typical pavement edge drains. (a) Pipe edge drain; (b) geocomposite panel drain.

The inlet configuration generally has a direct effect on the hydraulic capacity of the cul-
vert and the backwater upstream from the site. The natural channel approaching the culvert
is usually wider than the culvert, and thus the inlet operates as a flow contraction and can be
the control for determining the hydraulic capacity. In many instances, the culvert is
designed to operate hydraulically with the inlet submerged. This is one advantage that cul-
verts have over bridges, which are designed for freeboard between the high-water elevation
and the soffit. If the inlet provides for a gradual transition from the wider natural channel to
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the narrower culvert barrel, energy losses can be limited. Figure 5.11 depicts some com-
mon transitions used to improve culvert hydraulics. Some of the common end treatments
used at inlets and outlets include projecting ends, mitered ends, flared ends, and headwalls
and wingwalls.

Projecting ends exist when the barrel of the culvert extends out from the face of the
embankment. This is probably the least expensive but most hydraulically inefficient of
the listed end treatments. It is unsightly, is potentially hazardous to traffic, and can
induce scour damage. For these reasons its use should be limited to smaller culverts.

Mitered ends exist where the culvert is formed or manufactured to be in the same
plane as the embankment. Mitered ends, when compared with projected ends, are
more aesthetically pleasing. However, the projected end is structurally more stable
and the mitered end may require the addition of a headwall to compensate for this
instability. The hydraulic efficiency of both the mitered and the projected inlets is
approximately the same.

Flared ends are generally precast or prefabricated for use with concrete, corrugated
steel or aluminum, and plastic pipes. They are used to retain the earth embankment
and provide a hydraulic efficiency comparable to that of a headwall.

Headwalls and wingwalls are usually cast-in-place structures. They are designed to
retain the embankment, improve hydraulics, prevent erosion, and, in larger-diameter
flexible structures, provide support at the inlet and outlet ends. Retaining the earth has
an economic benefit for larger structures in that the culvert may be shortened, thereby
providing cost savings. The hydraulics may be improved by skewing or warping the
wingwalls to provide for a smooth transition between the wider channel and the nar-
rower barrel.

The preferred location of the culvert is in the natural streambed. This alignment
usually provides for efficient inlet and outlet configurations and keeps construction
costs to a minimum by limiting excavation and backfill work. Aligning the culvert in
this manner can result in an inordinately long structure if the natural channel is on a
high skew (over 45°) with respect to the roadway. This may be avoided by realigning

Contraction Of Flow Reduces
Effective Barral Size

Mimimal Flew Contraction

e reereeey. . o eI RNy

SOUARE-EDRGE
ENTRAMNGE

CURVED EDGE
ENTRANCE

{a)

FIGURE 5.11 Tllustration of common transitions that improve culvert hydraulics. (a) Entrance con-
traction. (b) Side-tapered inlet. (¢) Slope-tapered inlet. (From “Hydraulic Design of Highway
Culverts,” Hydraulic Design Series No. 5, FHWA, with permission)
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the channel so that the culvert is placed perpendicular to the highway, but this may
lead to erosion and siltation problems. Erosion may occur where the channel is angled
to provide for the perpendicular crossing. Siltation may occur as the slope is necessarily
reduced because the flow travels a longer distance to traverse the roadway. If a perpen-
dicular culvert crossing is determined to be appropriate, it should be aligned so that
the necessary channel realignment occurs downstream of the roadway embankment.

5.5.2 Inlet and Outlet Control

There are two types of flow in culverts: inlet control and outlet control. Accurate pre-
diction of the condition of flow is difficult, and an assumption of the most conservative
control may at times be warranted. Figures 5.12 and 5.13 depict several conditions of
inlet and outlet control.

For inlet control, the discharge capacity is controlled at the upstream or inlet end.
Factors that have an effect on the culvert performance under this condition are the headwater
elevation, the inlet area of the barrel, and the inlet configuration. For outlet control, the
discharge is controlled at the downstream end. Additional factors affecting performance
under this condition include the tailwater elevation, characteristics of the culvert barrel
(slope, length, roughness, shape, and cross-sectional area), and the outlet configuration.
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—— |

INLET UNSUBMERGED

T

HW
T~ -..__--_____...-.-_d""_"'_WE‘
- ‘ - =
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FIGURE 5.12 Illustration of culvert under inlet flow control. (From Highway Drainage Guidelines,
Vol. 1V, American Association of State Highway and Transportation Officials, Washington, D.C., 1999,
with permission)
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FIGURE 5.13 Tllustration of culvert under outlet flow control. (From Highway Drainage Guidelines,
Vol. IV, American Association of State Highway and Transportation Officials, Washington, D.C., 1999,
with permission)

With inlet control, the culvert usually flows only partially full; the roughness,
slope, length, and outlet condition of the culvert do not affect the discharge capacity.
The headwater depth is measured from the invert. The inlet area is generally the same
as the cross-sectional area of the barrel. However, when tapered or beveled inlets are
utilized, the face area is enlarged and the control area is at the throat. The efficiency
of a culvert is greatly affected by the inlet configuration and may be heightened by the
use of beveled edges and tapered inlets, which reduce the contraction of the flow,
thereby effectively enlarging the face area. Bevels are large chamfers or rounded corners
at the inlet. Tapered inlets may be tapered either at the sides or at the bottom (slope
tapers). Either type will increase the flow capacity or, conversely, decrease the head-
water elevation for a given capacity. Prior to their use, the cost of the improved inlet
should be compared with the savings from the use of a smaller barrel.

The coefficient ke, which represents the efficiency of the culvert inlet, is listed in
Table 5.9 for many different designs. It may be used to calculate the head loss at the
entrance from the equation
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TABLE 5.9 Entrance Loss Coefficients for Culverts under Outlet Control,
Flowing Full or Partly Full

Type of structure and design of entrance Coefficient k,
Pipe, concrete
Projecting from fill, socket end (groove end) 0.2
Projecting from fill, square-cut end 0.5
Headwall or headwall and wingwalls
Socket end of pipe (groove end) 0.2
Square edge 0.5
Rounded, radius = (42)D 0.2
Mitered to conform to fill slope 0.7
End section conforming to fill slopes* 0.5
Beveled edges, 33.7° or 45° bevels 0.2
Side- or slope-tapered inlet 0.2
Pipe, or pipe-arch, corrugated metal
Projecting from fill (no headwall) 0.9
Headwall or headwall and wingwalls, square edge 0.5
Mitered to conform to fill slope, paved or unpaved slope 0.7
End section conforming to fill slope* 0.5
Beveled edges, 33.7° or 45° bevels 0.2
Side- or slope-tapered inlet 0.2

Box, reinforced concrete
Headwall parallel to embankment (no wingwalls)

Square-edged on 3 edges 0.5
Rounded on 3 edges to radius of /i barrel
dimension, or beveled edges on 3 sides 0.2
Wingwalls at 30° to 15° to barrel
Square-edged at crown 0.4
Crown edge rounded to radius of /. barrel
dimension, or beveled top edge 0.2
Wingwall at 10° to 25° to barrel
Square-edged at crown 0.5
Wingwalls parallel (extension of sides)
Square-edged at crown 0.7
Side- or slope-tapered inlet 0.2

*“End section conforming to fill slope,” made of either metal or concrete, is the
section commonly available from manufacturers. From limited hydraulic tests it is equiv-
alent in operation to a headwall in both inler and outlet control. Some end sections,
incorporating a closed taper in their design, have a superior hydraulic performance.
These latter sections can be designed using the information given for the beveled inlet.

Source: From Hydraulic Design of Highway Culverts, HDS 5, FHWA, with
permission.

2
H =k (L> (5.21)
e e 2g

where H, = entrance head loss, ft (m)

k, = energy coefficient

V = velocity, ft/s (m/s)

g = acceleration of gravity, 32.2 ft/s> (9.8 m/s?)

Extensive research by the Bureau of Public Roads and later work by the Federal
Highway Administration established a series of equations for determining the headwa-
ter at a culvert entrance. In addition, a series of nomographs for the solution of the
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equations for the various culvert materials were prepared. This information is avail-
able in the FHWA publication HDS 5, “Hydraulic Design of Highway Culverts.” The
charts in HDS 5 are arranged in groups according to shapes and materials. The charts
include the types, materials, and inlet configurations listed below:

. Circular concrete pipe with both square-edge and groove-edge inlets
. Circular corrugated metal pipe

Concrete boxes with headwalls or wingwalls, with or without beveled or chamfered inlets
. Corrugated metal box culverts with earth, concrete, or metal inverts

[T T I SR

. Horizontal and vertical elliptical concrete pipe with both square-edge and groove-
edge inlets

. Corrugated metal pipe-arch
. Corrugated metal structural plate pipe-arch with 18-in and 30-in corner radii
. Corrugated metal arch culverts with earth, concrete, or metal inverts

=2 - -

. Various shapes of structural plate long-span culverts
10. Various shapes of culverts with slope-tapered and side-tapered improved inlets

The charts may also be used for plastic pipes. The appropriate chart selection should
be based on a comparative entrance configuration and barrel roughness.
The reader is urged to obtain a copy of this document since it is the primary method
used for culvert design and the nomographs it contains are an indispensable design aid.
If a culvert operates under outlet control with a free-water surface along the entire
length of the culvert, the nomographs should not be used. In lieu of the nomographs, a
backwater calculation should be performed.

5.5.3 Allowable Headwater Depth

The allowable headwater depth is the depth of ponded water permitted at the entrance
to a culvert. Allowable headwater depths are generally classified as either physical
controls or arbitrary controls.

Physical headwater controls are topographic features that should be protected
against periodic inundation. They include the roadway pavement and upstream pro-
ductive property or structures. Additionally, high points between adjacent watersheds
should typically be used as physical headwater controls. The use of a watershed break
elevation as a headwater control will protect against the unnecessary diversion of
runoff from a watershed to an adjacent watershed.

Arbitrary headwater controls are typically used to ensure the efficient operation of
the culvert while protecting the roadway embankment from erosion and subsequent
washout. The control may be a function of either the design flood or the base flood.
Typical limits include a percentage of the barrel diameter or rise such as 1.2D or 120
percent of the barrel diameter or rise, or a permitted depth of ponding above the barrel
such as D + 2 ft. Greater depths of ponding for the base flood are typically permitted.
Large-span structures usually have more restrictive limitations.

5.5.4 Size Determination for Culverts with Inlet Control

Once the design discharge and allowable headwater are determined and the culvert
alignment and slope decided upon, an efficient culvert size may be found through the
use of nomographs as shown in “Hydraulic Design of Highway Culverts,” Hydraulic
Design Series 5, FHWA.
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An example of an inlet control nomograph is shown in Fig. 5.14. Since the structure
size is not known, the design is an iterative process. To use the chart, the trial culvert size
and inlet configuration, design discharge, allowable headwater depth, culvert length, and
culvert slope must be known. The relationship of the inlet control headwater to the
diameter or height of the culvert (HW/D) is read directly from the inlet control nomograph
by extending a line from the culvert size scale (left scale) through the discharge/bottom
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FIGURE 5.14 Flow nomograph for box culvert under inlet control. (From “Hydraulic Design of
Highway Culverts,” HDS 5, FHWA, with permission)
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width ratio scale (center scale) to the scale of the headwater depth in terms of height
(right scale). The inlet control headwater equals this value multiplied by D. For example,
assume a 5-ft X 2-ft box culvert with the design storm, Q, equal to 75 ft*/s. The nomo-
graph shows that HW/D = 1.75, 1.90, or 2.05, depending upon the inlet configuration.
By multiplying these values by the box rise of 2 ft, the corresponding headwater
depths are found to be 3.5 ft, 3.8 ft, and 4.1 ft, respectively.

5.5.5 Size Determination for Culverts with Outlet Control

The headwater depth for a culvert operating under outlet control may be determined
with the aid of the outlet control nomographs in HDS 5. An example of these nomo-
graphs for box culverts is shown in Fig. 5.15. The following procedure may be used to
determine the head H from the nomographs. The length L (ft), entrance coefficient k,
and design discharge must be known. Locate L on the appropriate k, curve, and con-
nect this point with the proposed culvert size. Locate the design discharge and extend
a line from that point through the turning point intersection of the previous line to read
the value of the head H (ft) on the right. For example, assume L = 306 ft, k, = 0.5, a
2-ft X 2-ft box, and Q = 40 ft’/s. The nomograph shows that H = 7.3 ft. The headwa-
ter depth, HW, may then be determined by geometry from the equation

HW = H + h, — LS, (5.22)

where the terms are defined by the inset figure in the nomograph. Where the outlet is sub-
merged, i is equal to the tailwater depth just downstream of the outlet and may be calculat-
ed from Manning’s equation as applied to the channel. Where the outlet is not submerged,
h, is equal to the greater of the tailwater depth or one-half of the sum of the culvert height
plus the critical depth, (d, + D)/2. By examining different alternatives, a culvert can be
selected that provides the required flow within the allowable headwater depth.

5.5.6 Critical Depth Determination

The critical depth for various culvert cross sections may be found from charts in HEC 5.
An example is given in Fig. 5.16 for a rectangular section. In this case the ratio of the
flow Q (ft¥/s) to the width B (ft) is used to find the critical depth d_ (ft). Of course, d,
cannot exceed the depth of the box section.

5.5.7 Size Determination for Long-Span Structures

Because culvert shapes are so numerous and new shapes are often developed, design
charts showing performance curves are not available for all culvert sizes and shapes.
One example is long-span corrugated-metal sectional plate structures. Although the
product is available in several cross-sectional shapes, performance curves are avail-
able only for circular or elliptical cross sections (Fig. 5.17) and high- and low-profile
arches (Fig. 5.18). These charts, which are for inlet control only, address four different
inlet configurations ranging from mitered to beveled-edge ends. Because long-span
structures are commonly used when headroom is low, they generally do not flow
under head at design discharge but flow partly full.

The first step in using these charts is to obtain information on available sizes,
including cross-sectional area A (ft?) and vertical height D (ft). For the design dis-
charge Q (ft¥/s), calculate Q/AD> and read the value of HW/D at the intersection of
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FIGURE 5.15 Flow nomograph for box culvert under outlet control with n = 0.012. (From
“Hydraulic Design of Highway Culverts,” HDS 5, FHWA, with permission)

the appropriate edge condition curve. Multiply by the depth (height) of the structure
(D) to obtain the headwater depth HW and compare with the allowable design value.
To consider a long-span structure under outlet control, an analysis including pressure
flow and backwater calculation can be made. (See “Hydraulic Design of Highway
Culverts,” HDS 5, FHWA.) The inlet and outlet control headwater elevations are then
compared. The higher value is compared against the allowable elevation to determine
if the size is satisfactory or if the process should be repeated.
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FIGURE 5.16 Critical depth for flow in rectangular channel. (From “Hydraulic Charts for the
Selection of Highway Culverts,” Hydraulic Engineering Circular No. 5, FHWA, with permission)

5.5.8 Discharge Velocity and Energy Dissipation

Because of its hydraulic characteristics, the outlet velocity of a culvert is usually high-
er than the velocity in the discharge channel. The outlet velocity may be calculated
either using Manning’s equation, Eq. (5.11), if the culvert is under inlet control, or by
dividing the discharge by the cross-sectional area of the flow if under outlet control.
Under outlet control, if the tailwater is above the crown of the pipe, or if the discharge
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FIGURE 5.17 Performance charts for circular or elliptical structural-plate conduits under inlet flow control.
(From “Hydraulic Design of Highway Culverts,” Hydraulic Design Series No. 5, FHWA, with permission)

is high enough to result in a critical depth equal to the depth of the culvert barrel, then
the flow area may be taken as the area of the barrel. If the tailwater depth is low, the
area of flow, and thus the velocity, may be determined using the chart in Fig. 5.19 or
5.20. To use these charts, first calculate the normal depth or tailwater TW (ft) in the
channel; the ratio TW/D, where D is the structure height (ft); and the flow parameter
Q/BD32, where B (ft) is the width of the barrel and Q (ft’/s) is the discharge. Enter the
chart with TW/D and find Y /D at the intersection of the appropriate curve. Multiply
by D to determine the depth of flow at the outlet end of the culvert, Y. The flow area
is then calculated for Y, and the velocity for the flow Q from the continuity equation,
Eq. (5.10).

Recommended maximum channel velocities were presented in Table 5.5. The
velocity at the outlet should be kept at or below these values, or, if this is not possible,
the channel should be protected from erosion. The controlling parameters for the cul-
vert velocity are its slope and roughness. If the recommended velocity is exceeded,
consider decreasing the slope or using a culvert with a greater roughness coefficient.
If the velocity at the outlet cannot be reduced by these means, channel protection or
energy dissipaters should be used to protect against erosion. Channel protection may
consist of treatments such as concrete aprons or cutoff walls. In some cases, concrete
or rock riprap may be required. These types of protection do not necessarily dissipate
the energy, but protect against erosion. Energy-dissipating devices may be necessary
either separately or in conjunction with channel protection where flow velocities are

9.0
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FIGURE 5.18 Performance charts for high- and low-profile structural-plate arches under inlet flow
control. (From “Hydraulic Design of Highway Culverts,” Hydraulic Design Series No. 5, FHWA with
permission)

high. Dissipation devices, if used, are generally located at the outlet end or in the inte-
rior near the end of the culvert. If such devices are used, consideration must be given
to the effects on possible debris collection. (See “Hydraulic Design of Energy
Dissipators for Culverts and Channels,” HEC 14, FHWA.)

5.6 CULVERT TYPES AND MATERIALS

The main types of pipe used in highway construction are concrete pipe, metal pipe
(steel or aluminum), and plastic pipe (high-density polyethylene and polyvinyl chlo-
ride). They are available in a wide array of sizes, shapes, and properties. Table 5.10
gives the ASTM and AASHTO standards for the most common highway drainage
pipes. Some of the characteristics of these pipes are reviewed below.

5.6.1 Concrete Pipe

Concrete pipe is manufactured as nonreinforced, reinforced, or cast-in-place pipe; as
box culverts and special shapes; and as field-constructed pipe. Shapes, as shown in
Fig. 5.21, include round, horizontal and vertical ellipse, and arch configuration.

9.0
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TABLE 5.10 Standards for Common Drainage Pipes

Type of pipe ASTM Standard AASHTO Standard
Vitrified clay pipe
Vitrified clay pipe C 700 M 65
Concrete pipe
Nonreinforced, circular C 14,C985 M 86
Reinforced, circular C76,C655,C 1417 M 170
Reinforced, elliptical C 507 M 207
Reinforced, arch C 506 M 206
Reinforced, box C 1433 M 259, M 273
Reinforced, three-sided C 1504
Corrugated steel pipe
From metallic-coated sheet A 760 M 36
From zinc-coated structural plate A 761 M 167
From polymeric-coated sheet A 762 M 245
Postmanufacture applied coatings A 849, A 862 M 190
Box culverts A 964
Corrugated aluminum pipe
From sheet B 745 M 196
From structural plate B 746 M 219
Box culverts B 864
Plastic pipe
PVC (polyvinyl chloride) D 1785
PVC D 2665
PVC D 3034
PVC F 679
PVC F 789
PVC F 891
PVC F 949
PVC M 304
ABS PVC composite D 2680 M 264
ABS (acrylonitrile-butadiene-styrene) D 2661
ABS D 2751
PE (polyethylene) F 405
PE F 667
PE F714
PE F 892
PE F 894
PE M 252
PE M 294

Factory-Made Pipe. Nonreinforced pipe is used for smaller diameters, whereas pipe
with steel reinforcement is used for larger diameters and greater loads. Both are manu-
factured in a plant, cured, and shipped to the job site. They are furnished in relatively
short lengths and coupled with a bell-and-spigot or tongue-and-groove type joint.
Nonreinforced concrete pipe is available in diameters from 4 to 36 in and three
strength classes. Nonreinforced concrete pipe is available as round pipe only. Reinforced
concrete pipe is available in diameters from 12 to 144 in. The strength of reinforced concrete
pipe can be specified according to five standard pipe classes (ASTM C 76), with Class I pipe
being the most economical and Class V offering the greatest structural strength; accord-
ing to required D-load strength (ASTM C 655); or according to a direct wall design
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FIGURE 5.21 Concrete pipe is manufactured in five common shapes; regional custom and demand
usually determine availability. (From Concrete Pipe Handbook, American Concrete Pipe Association,
1988, with permission)

(ASTM C 1417). Wall thickness of reinforced concrete pipe can be varied to meet in-field
conditions. The standard “class” specifications for pipe give wall thickness according to three
distinct types, which vary from Wall A, being the thinnest, to Wall C, being the thickest.

Steel reinforcing for reinforced concrete pipe can be arranged in many combina-
tions to meet the given structural requirements. Figure 5.22 shows some of the steel
reinforcement layouts used in manufacturing reinforced concrete pipe.

Cast-in-Place Pipe. This type of nonreinforced pipe is formed in a trench using a contin-
uous process. First a trench is excavated so that it has a semicircular bottom and vertical
or near vertical sidewalls, which serve as the outer form for the bottom and sides. The
upper portion of the pipe is cast against an inner arch form as illustrated in Fig. 5.23.
The form is pulled along the trench while concrete is poured into a hopper located above.
Powered spading mechanisms and variable-speed vibrators aid the flow of the concrete.

Box Culverts. Box culverts are rectangular shapes with flat sides, top, and bottom.
These shapes are constructed with steel reinforcement. Factory-made boxes are
shipped in sections 4 to 8 ft long and joined in the field to make a structure of the
required length.
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FIGURE 5.22 Concrete pipe culvert reinforcement notation. (From PIPECAR: User and

Programmer Reference Manual, FHWA, 1989, with permission)

Precast Three-Sided Culverts.

Three-sided culverts, sometimes called “three-sided

box culverts,” are rectangular in shape. These shapes are constructed with steel rein-
forcement that may or may not be pretensioned. They are available in spans between
12 and 34 ft, and rises up to 10 ft. These structures usually have an open bottom and

are constructed on concrete footings.
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FIGURE 5.23 Cross section of cast-in-place con-
crete pipe showing form components. (From Lynch
Manual, Cast-in-Place Concrete Process, W. M.
Lynch Co., Dixon, Calif., 1990, with permission)

Special Shapes. Other shapes are also manufactured. One example is a section made up
of an arch top and vertical sidewalls. It is furnished in segments that are joined in the
field to make up the required length. With a span of 12 to 48 ft, it can be used as a
replacement structure for short-span bridges. Also, segmental tunnel liners can be fur-
nished as precast concrete segments.

Field-Constructed Pipe. Large reinforced structures may be constructed at the job
site using appropriate formwork. Large arches and box culverts are often constructed
in this manner.

5.6.2 Steel and Aluminum Pipe

Numerous drainage products are available in steel with protective coatings and in alu-
minum. These include corrugated pipe, spiral-rib pipe, structural-plate pipe, box culverts,
and, where a tunnel is required, tunnel liner plates. Figure 5.24 shows the variety of pro-
files available for the wall cross section of steel drainage products. The arc-and-tangent
profiles shown with depths of % through 1 in are wall profiles for pipe factory-corrugated
to the full pipe cross section. The 2-in-deep profile, which is used for structural-plate
pipe and box culverts, is corrugated and curved into arc segments that can be bolted
together in the field. The 5/4-in-deep profile is a similar product used for longer-span
structures. The %- and 1-in-deep rectangular profiles are for factory-corrugated spiral-rib
pipe. Figure 5.25 illustrates the shapes of the products, the range of sizes available in
steel, and common uses. Some corrugation profiles and size ranges vary for aluminum
products. The larger sizes of structural-plate products and box culverts in steel or alu-
minum are often used as replacements for short-span bridges. Factory-made box culverts
are available in spans up to 20 ft and rises up to 20 ft.

Corrugated Steel. Most of the metal pipe used is corrugated from coils of coated
sheet steel. Coatings, which are applied by the continuous hot-dip process in the pro-
duction of the steel coil, include zinc (galvanizing) and aluminum. In addition, coils are
available precoated with a polymer (on one or both sides) to provide extra protection
against corrosion and/or abrasion. Most corrugated pipe has a continuous helical lockseam,
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but some manufacturers use a continuous helical welded seam, or a longitudinal rivet-
ed or spot-welded seam. Wall profiles from 1)4 X % in to 5 X 1 in are factory-corrugated to
the full pipe cross section. The pipe is furnished in lengths (typically 20 ft or more)
and joined in the field by coupling bands. Diameters through 120 in are available,
depending on the wall profile. Pipe-arch shapes for installations with low cover are
formed to shape from lengths of round pipe.

Corrugated Aluminum. Corrugated aluminum pipe is usually furnished with one of
the following wall profiles: 12 X J in, 2% X ) in, or 3 X 1 in. The pipe may have a
helical lockseam or a riveted seam. It is furnished in lengths similar to steel pipe and
joined in the field by coupling bands. Diameters through 120 in are available, depend-
ing on the wall profile, and pipe-arch shapes are formed to shape from lengths of
round pipe.

Spiral-Rib Pipe. This is a newer type of steel pipe that is helically corrugated to the
rectangular profiles shown in Fig. 5.24. The cross-section profile has been developed so
that flow characteristics are similar to that of a smooth-walled pipe. It is available in either
coated steel or aluminum, as either round pipe through 108-in diameter, or as pipe-arch.

Structural-Plate Pipe. This product type is available in either zinc-coated steel or
aluminum.

Steel. The 6- X 2-in profile used for structural-plate pipe and box culverts is cor-
rugated and curved into arc segments. The segments provide an arc length of up to
about 86 in, in lengths of 10 or 12 ft. The segments are joined together with high-
strength bolts in a sequential manner during construction. All of the shapes illustrated
in Fig. 5.25 can be constructed with this product. The 15- X 5/-in profile can be used
for the larger structures. With spans up to about 50 ft, structural-plate structures can
provide an economical alternative for replacing short-span bridges. Field coatings can
be applied to enhance durability.

Aluminum. The 9-in-wide by 2/4-in-deep profile is used for the aluminum structural-
plate pipe and box culvert structures. Product characteristics are generally similar to
those of the steel product.

Long-Span Structures. Long-span structural-plate structures are defined as having
either special shapes that involve a relatively large radius in the crown or side plates, or
a span that exceeds certain structural design criteria as specified in AASHTO Standard
Specifications for Highway Bridges. These structures generally have spans in the range
of 20 to 50 ft (6 to 15 m). They are advantageous where headroom is restricted and can
often provide the required waterway area at a lower cost than building a short-span
bridge. Long-span structures are made up of a structural-plate barrel of coated steel or
aluminum and integral special features that enable the structure to reach long spans.
Special features include either (1) continuous longitudinal stiffeners of metal and/or
reinforced concrete attached to the plates at the sides of the top arc, or (2) circumferen-
tial reinforcing ribs curved from structural shapes and attached to the plates to provide
additional stiffness. Typical sections of each are illustrated in Fig. 5.26. They may be
constructed to most of the shapes shown in Fig. 5.25 except box culverts.

Box Culverts. This product type is available in either zinc-coated steel or aluminum.

Steel. Box culverts are available in three types, including (1) 6- X 2-in corrugated
plate shell with 6- X 3-in corrugated rib stiffeners (inside, outside, or both), (2) 6- X 2-in
corrugated plate shell with 3- X 5-in hot rolled angle rib stiffeners, and (3) 15- X 5.5-in cor-
rugated plate shell without stiffeners. Sizes range from 2 ft 6 in X 9 ft 2 in (rise X span) to
10 ft 6 in X 24 ft 9 in. The structures usually have an open bottom and are supported on a
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FIGURE 5.26 Typical sections of long-span structural-plate structures. (a) Longitudinally
stiffened with concrete thrust beam. (b) Transversely stiffened with structural members.
(From Highway Design Manual, California Department of Transportation, with permission)

base channel or corrugated footing pads, on either a concrete footing or compacted soil,
depending on size and other factors. They are also available with full invert plates.
Aluminum. Box culverts have a 9- X 2)-in corrugated shell plate with extruded bulb
angle rib stiffeners, 3 X 2/ in or 3%s X 2J in. Sizes range from 2 ft 6 in X 8 ft 9 in (rise
X span) to 10 ft 2 in X 25 ft 5 in. Figure 5.27 shows a typical section and rib cross sections.
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FIGURE 5.27 Corrugated aluminum box culvert. (a) Typical cross section. (b) Details of stiffening
ribs. (From Aluminum Box Culverts, Contech Construction Products, with permission)

Tunnel Liners. Tunnel liners are press-formed from steel in an arc segment 16 or
18 in long. A corrugated profile is pressed in to make the wall cross section, and
flanges are formed on the sides. Two styles are available: (1) two-flange plates that
are bolted through the flanges on the two longitudinal sides and lap-bolted on the
other two sides, and (2) four-flange plates that are bolted together through flanges on
all four sides. Installation and assembly can be done entirely from the inside as the
tunnel is constructed. The assembled liner plates may then act as a temporary struc-
ture that is lined by concrete, or may act alone as a permanent conduit. In addition to

tunneling, the liner plates can be used in rehabilitation work, such as for lining a dete-
riorated culvert.
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5.6.3 Plastic Pipe

Both high-density polyethylene (HDPE) and polyvinyl chloride (PVC) are used for
drainage pipe. HDPE pipe may be single-wall corrugated, smooth-wall (double-wall), or
ribbed. Common diameters are 4 to 24 in for single wall, 4 to 60 in for double wall, and 18
to 96 in for ribbed pipe. Single-wall pipe has a deep corrugation, whereas a smooth internal
liner is added for double-wall pipe. Wall profile details vary with the manufacturer. PVC
pipe may be either smooth-wall or ribbed, with diameters ranging up to 54 in. Plastic pipe
is furnished in lengths (typically about 20 ft for HDPE and 13 ft for PVC) and joined in
the field by coupling bands. It is available only as round pipe.

5.7 CULVERT SERVICE LIFE

The prediction of service life of drainage facilities is difficult because of the wide
range of environments encountered and the various protective measures available.
Service life and durability are directly related to resistance to corrosion, abrasion, and
other modes of deterioration.

5.7.1 Design Service Life

Drainage facilities are usually designed for a specific service life. The design service
life is sometimes defined as the expected period for which they are relatively free
from maintenance. However, it can be defined to include a planned rehabilitation after
a given number of years to reach the required service life as part of a value analysis
approach. (See Art. 10.10.1.)

For a metal culvert, the design service life can be based on the number of years
between the time it is installed and the time a perforation from either corrosion or
abrasion occurs at any location in the culvert. However, this is a rather conservative
approach because the consequences of small perforations are usually minimal and a
single perforation can occur long before there is a general thinning of the metal. Thus,
service life charts are often based on an average service life that extends life past first
perforation by 25 percent or more. For a concrete culvert, the design service life is
usually defined as the time between installation and when deterioration reaches the
point of exposed reinforcement anywhere in the culvert.

The selection of design service life is dependent upon the use, importance, and
ease of replacement of the culvert. A culvert located under a high fill or a roadway
with high traffic volumes will be expensive to replace, and the replacement will disrupt
traffic. Thus, such culverts are often assigned a design service life of 50 years or more.
In contrast, a culvert parallel to the main road—for example, a pipe underneath an
access road—will be relatively easy to replace and can be replaced with little disruption.
Thus, such culverts, including those under low fill or on a minor roadway, are often
assigned a shorter service life.

5.7.2 Environmental Factors

Important environmental factors that affect culvert durability include the acidity (pH)
of the effluent and the soil, the electrical resistivity of the effluent and the soil, and the
concentration of sulfates and chlorides. Data on these factors should be obtained at
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each pipe location, unless a random sampling plan is justified by establishing that the
samples are uniform throughout a given length of the project. Water samples should
be taken only during times of typical flows. If corrosive conditions are found to be
present in the soil but not in the water samples, consideration should be given to using
a better backfill material.

Concrete Pipe. Environmental factors that can affect the deterioration of concrete
culverts include freeze-thaw, acids, sulfates, and chlorides. Freeze-thaw damage can
occur if water penetrates the concrete interstices and then freezes and expands, causing
cracking. Such damage would occur only at exposed ends of culverts, and low water-
cement ratios or air entrainment can increase resistance. Continuous exposure to
severe acidity is detrimental to concrete pipe; a pH below 5.0 is considered aggressive
and below 4.0 highly aggressive. Improved resistance to acid attack can be attained by
selecting aggregate that increases the total alkalinity of the concrete, increasing con-
crete cover over reinforcement, or adding barrier linings (e.g., epoxy coatings).
Sulfates in the soil, groundwater, or effluent can be aggressive to concrete. Such prob-
lems, which are generally limited to arid regions with alkali soils, may be addressed
with special cements and mix design. Chloride attack can potentially result from use
of deicing salts and subsequent runoff.

Metal Pipe. Environmental factors that affect the corrosion of metal culverts include
the acidity (pH) and the resistivity of the soil and water, and the moisture content, sol-
uble salt content, oxygen content, and bacterial activity of the soil. These corrosion
processes all involve the flow of current from one location to another. The current
flows from an anodic area to a cathodic area through moist soil acting as an elec-
trolyte, and this system is known as a corrosion cell. Thus, durability increases with
increasing resistivity. Acid soils, those with low pH, tend to be more corrosive. Also,
soils with high moisture content, such as loams and clays, tend to be more corrosive.
High levels of chlorides and sulfates increase corrosion, as do increasing levels of dis-
solved oxygen and carbon dioxide. Numerous field studies have shown that the culvert
invert is the portion most susceptible to corrosion, because it is generally exposed to
water for a greater length of time. Thus, design charts are usually based on service life
observed in the invert.

Plastic Pipe. PE and PVC pipe are not affected by acid conditions, or by sulfates or
other alkalis. These materials can become embrittled from ultraviolet radiation as a
result of prolonged exposure to direct sunlight, such as at culvert ends, but inhibitors
are added to the composition of the material to substantially reduce this effect. If
problems are encountered, ends can be shaded, covered with a coupling, or painted.

5.7.3 Abrasion

Abrasion causes a loss of section thickness due to impacts by the aggregate carried by
stream flow. Protection from abrasion generally takes the form of providing a sacrifi-
cial thickness of the structural material, whether it be a thicker sheet of steel or con-
crete paved invert for metal pipe, or more concrete cover over the reinforcement for
reinforced concrete pipe. Alternatives to providing for a thicker section include using
debris control structures to prevent the abrasive material from reaching the culvert,
and providing metal planking longitudinally along the invert as a separation between
the bed load and the bottom of the culvert.

Abrasion can be considered in four levels of severity as categorized by streambed
velocity and general aggregate size. Protective measures, particularly in the invert,
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should increase with increasing levels of abrasion as discussed subsequently. (See
Project Development and Design Manual, Federal Lands Highway, FHWA.)

Level 1, termed nonabrasive, has very low flow velocities and no bed load.

Level 2, low abrasive, has flow velocities of 5 ft/s (1.5 m/s) or less and light bed
load consisting of sand.

Level 3, moderately abrasive, has flow velocities of between 5 and 15 ft/s (1.5 and
4.5 m/s) and moderate bed loads consisting of sand and gravel.

Level 4, severely abrasive, has flow velocities exceeding 15 ft/s (4.5 m/s) and
heavy bed loads consisting of sand, gravel, and rock.

The projected velocities should be based upon a typical flow and not upon the design
flood for which the culvert has been designed. The bed load size may be determined
by visual inspection of the surrounding environment and the upstream channel.
Sampling of the aggregate for a gradation analysis is not necessary.

5.7.4 Guidelines for Culvert Selection

The following general guidelines from the Federal Lands Highway (FLH) manual should
assist in determining appropriate culvert material types and necessary coatings. Other
methods are available. Many state departments of transportation and local governmental
agencies have published durability criteria, and this information should be used where
available. A materials engineer should be consulted for important applications. Of course,
the final selection must provide for structural requirements as discussed in Art. 5.8.

Concrete Pipe. Where the pH is less than 3.0 and the resistivity is less than 300 (2 - cm,
reinforced concrete pipe should not be specified. If the sulfate concentration exceeds
0.2 percent in the soil or water, type V cement should be specified. If the sulfate con-
centration exceeds 1.5 percent in the soil or water, an increased cement ratio using
type V cement should be specified. The concrete cover over the reinforcement or the
cement factor should be increased where there is severe abrasion.

Table 5.11 gives the minimum water side pH permitted for a concrete pipe culvert
to obtain either a 50- or 75-yr design service life. The table is based on research
conducted by the Ohio Department of Transportation. Pipe size, barrel slope, and
waterside pH are statistically significant variables. It is interesting to note that the Ohio
study found resistivity to not be a statistically significant variable.

Steel Pipe. Figure 5.28 shows a chart for determining the service life of a galvanized
steel culvert under nonabrasive and low abrasive conditions. The average service life of
culvert with a wall thickness of 0.064 in (1.62 mm) is displayed in terms of pH and
resistivity in Fig. 5.28a. For culverts with other wall thicknesses, obtain the service life
from the chart and multiply by the factors in Fig. 5.28b. Use the chart for both the out-
side conditions and the inside (water side) conditions and base the design on the worst
case. Generally, the inside condition controls.

For steel with a type 2 aluminum coating, the FLH manual assigns a greater service
life under certain conditions. For nonabrasive and low abrasive flow, where the resis-
tivity is equal to or greater than 1500 () - cm and the pH is between 5 and 9, alu-
minized steel is considered to provide a service life twice that of galvanized steel as
determined from Fig. 5.28.

Protective Coatings on Steel Pipe. Under nonabrasive and low abrasive conditions,
the service life of galvanized steel culvert can be extended by application of protective
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TABLE 5.11 Requirements for Concrete Pipe Protection

Minimum pH to attain
design service life*

Pipe slope Pipe rise, in 50 yr 75 yr
Less <42 3.0 33
than 1% 42-72 3.8 4.1
>72 4.2 4.5
1-3% <42 32 3.5
42-72 4.1 4.4
>72 4.6 5.0
3-10% <42 3.6 3.9
42-72 45 4.9
>72 5.0 5.4
Greater <42 4.0 4.5
than 10% 42-72 5.0 55
>72 55 6.0

*Based on Eq. 4 from Transportation Research Record 1008
Article “Field Performance of Concrete Pipe Culverts at Acidic
Flow Sites in Ohio.” For stream flow with a pH less than the
minimums listed above, epoxy-coated concrete pipe is required.

Source: From Location and Design Manual, Vol. 2: Drainage
Design, Ohio Department of Transportation, with permission.

coatings. For example, when the water side environment controls the pipe thickness,
application of an asphaltic coating (a postfabrication coating by the pipe manufacturer)
can add 10 years of service life to the culvert, and an application of an asphaltic paved
invert in addition to the coating will add a total of 25 years. If the soil side controls,
application of the asphaltic coating will add 25 years of life. Concrete lining will add
25 years of service life. Ethylene acrylic acid film coatings (a polymer precoat on the
galvanized coil) with a 10-mil (0.25-mm) thickness can be expected to provide an
additional 30 years of service life. Currently, there are insufficient data to predict the
performance of ploymer precoated pipe under severely abrasive conditions. Concrete
pavings can be designed to add service life.

Aluminum Pipe. Under nonabrasive and low abrasive conditions, where the resistiv-
ity is equal to or greater than 500 €} - cm and the pH is between 4 and 9, aluminum
culverts can be assumed to have a service life of 50 years when the metal thickness is
appropriately sized for structural adequacy.

Design for Abrasion. In moderate abrasive environments, the sheet thickness for both
steel and aluminum pipes should be increased by one nominal thickness, or the invert
should be protected. In severe abrasive conditions, the sheet thickness should be increased
by one nominal thickness and the invert should be protected. Invert protection under severe
abrasive conditions may consist of metal rails or energy-dissipating devices at the inlet.
Under moderate abrasive conditions, invert protection may consist of (1) paving with port-
land cement concrete or (2) asphaltic coating and invert paving with bituminous concrete.

Plastic Pipe. Under most environmental and abrasive conditions, polyethylene and
polyvinyl chloride plastic pipes may be specified without regard to the pH and resis-
tivity of the site. Invert protection may be required under some abrasive conditions.
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Example: Minimum Thickness of Galvanized Steel Culvert. The design service life
for the culvert has been set at 50 years. A site investigation of a potential location
shows that the soil has a pH of 7.2 and a resistivity of 5000 () - cm. The water flow
shows a pH of 6.8 and a resistivity of 4000 ) - cm. Determine the minimum sheet
thickness for durability.

Outside condition. In Fig. 5.28a, find the intersection of the vertical line for 5000
€) - cm with the inclined line for 7.2 pH, and read the average service life of 52
years from the vertical scale at the left.

Inside condition. In like manner, for a resistivity of 4000 () - cm and a pH of 6.8,
find the average service life of 42 years.

In this example, the inside conditions control the design, and the thickness must be
increased. For the 0.064-in sheet thickness, the ratio of the design service life to the
anticipated service life is 50/42 = 1.2. From Fig. 5.28), the multiplying factor is 1.2
for a thickness of 0.079 in. Therefore, a thickness of 0.079 in should provide the
desired service life of 50 years.

An alternative is the application of an asphaltic coating, which can add 10 years
of service life when the inside condition controls. For the 0.064-in sheet thickness,
42 + 10 = 52 years. Therefore, consider an 0.064-in sheet thickness with an asphaltic
coating.

5.8 STRUCTURAL DESIGN OF DRAINAGE PIPES

5.8.1 General Considerations

The structural capacity of an underground structure and the methods of determining
that capacity are dependent upon the material properties of the structure and its physical
configuration. In this context, the structure is the composite structure comprised of the
pipe and the surrounding soil. The surrounding soil is generally referred to as the soil
envelope, and buried structures rely upon the soil envelope for their ability to with-
stand loads.

Under load, the pipe will deflect laterally and mobilize the passive resistance of the
surrounding soil. Also, the pipe and surrounding soil will settle and the pipe will
deflect to varying degrees. The relative movement of the pipe and soil results in the
stiffer component attracting load and the less stiff component shedding load. This phe-
nomenon is called soil-arching and is a fundamental consideration in the pipe-soil
system. A study of the soil-structure interaction is necessary for an adequate solution
to the buried structure problem.

Pipes are generally classified as either rigid or flexible, depending on their bending
stiffness. For a round pipe under load without the benefit of the soil envelope, deflec-
tion due to bending is proportional to D*/EI, where D is the diameter, E is the modulus
of elasticity, and / is the moment of inertia of the wall cross section. EI is the wall
bending stiffness. Concrete and clay pipe usually have a relatively thick wall and a
high bending stiffness, and are referred to as rigid pipe. Corrugated metal pipe and
plastic pipe have much thinner walls and lower bending stiffness, and are referred to
as flexible pipe. Any discussion of the structural capacity of the pipe must also discuss
whether the pipe is flexible or rigid (these are the only two options), since the design
methods for each vary significantly.
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Rigid pipe, unless designed by the empirical D-load method, is designed for moment,
thrust, and shear. Corrugated metal pipes can generally be designed for thrust alone.
Plastic pipes are designed for thrust, deflection, and bending stress and strain.

The combination of dead and live loads causes variable pressures on the installed
pipe. As illustrated in Fig. 5.29, the dead load pressure increases with an increase in
cover height, whereas the live load decreases with an increase in cover height. For high-
way loads, this results in a minimum load on the structure when there is approximately 4
to 5 ft of cover. Standard designs for underground structures may be found in industry
publications with minimum and maximum cover heights indicated. However, when a
structure is designed for a site-specific cover height, the designer should be aware that
future changes in roadway elevation may cause increased loading conditions.

Figure 5.30 shows the nomenclature generally used for culvert design and installa-
tion. The supporting soil beneath the culvert is the foundation, and the bedding is that
portion of the foundation in contact with the bottom of the pipe. The springline of the
pipe is located at the location of maximum span. For a circular or elliptical pipe, this
occurs at midheight. The haunch is the zone between the springline and the invert. The
soil placed and compacted around the culvert is known as the backfill, or sometimes
as the sidefill. The bedding and backfill are collectively referred to as the embedment.

In 1997 AASHTO published the first edition of the LRFD Bridge Design
Specifications, and in 1999 the second edition. The goal of AASHTO is to completely
replace the service load design and load factor design of the Standard Specifications
for Highway Bridges with the LRFD design code by 2007. However, the codes for the
structural design of pipes and underground structures are, at the time of printing,
still being refined, particularly in regard to live load distribution and the design of
plastic pipes.
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FIGURE 5.29 Design pressures for metal culverts under earth dead load and
H 20 highway live load. (From Handbook of Steel Drainage and Highway
Construction Products, American Iron and Steel Institute, 1994, with permission)
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FIGURE 5.30 Pipe installation terminology. (From Design Data 40, American Concrete Pipe
Association, 1992, with permission)

5.8.2 Loads

Introduction. Loads acting on buried structures include the dead load of the struc-
ture itself, the dead load of the earth cover over the structure, the weight of the fluid
within the structure, live loads from vehicles, and, under certain circumstances, exter-
nal hydrostatic pressure from groundwater.

The structure dead load is only significant for rigid structures. Flexible structures
are manufactured from plastic or metal. In each case, the weight of the material is
insignificant when compared with the total load on the structure. For rigid structures,
however, because the material is generally concrete and because the pipe wall thick-
ness is considerable, the weight of the material should be included in the determination
of the total load applied on the structure. For concrete pipe, the pipe weight, W, can
be estimated using the following equations:

Circular:
W,=33h (D, + h) (5.23a)
Arch or horizontal elliptical:

W,=28h(S, + h) (5.23b)
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Vertical elliptical:

W,=42h (S, + ) (5.23¢)

where D, = inside pipe diameter, in
S, = inside horizontal span, in

h = pipe wall thickness, in

(See Concrete Pipe Technology Handbook, American Concrete Pipe Association, 1994.)

Earth Load. The first detailed studies of the loads on buried pipes were conducted
by Anson Marston at the Iowa State University in the early 1990s. These studies
resulted in the Marston load theory for rigid pipes. The theory provides a methodology
for determining the loads on buried pipes in almost any installation condition.

Marston theorized that a pipe in a trench was in static equilibrium. Therefore, the
summation of vertical forces was zero. He also concluded that the pipe and backfill
would settle relative to the in situ trench walls. He then went about determining the
different forces acting on the pipe. Represented pictorially in Fig. 5.31, these are the
weight of the soil in the trench, the resisting vertical force at the bottom of the trench,
and the shear forces present at the interface of the backfill and the native trench wall.
Through a mathematical transformation of the equilibrium equation, Marston arrived
at the following equation for a rigid pipe in a trench:

W, = C,;yB] (5.24)

with
| — ¢ 2Kw (HIBY)

5.25
T (5.25)

C,=

where W, = earth load, 1b/ft
v = soil unit weight, Ib/ft*
H = height of cover, ft
Kp' = frictional coefficient
B, = trench width

Marston also investigated the loads on rigid pipes in embankment conditions.
However, since there are no trench walls, it was necessary to determine the relative
movement of the pipe and soil directly above the pipe to the fill material adjacent to
the pipe. The soil directly above the pipe is called the soil prism (see Fig. 5.32). This
gave a measurement of the shear forces at the interface of the embankment and soil
prism. Marston then used similar procedures for determining the loads on pipes in
embankments as he used for pipes in trenches. He set the system in static equilibrium
and summed vertical forces. Using this procedure, he derived formulas for several
embankment installation conditions.

Marston’s student, M. G. Spangler, expanded the previous work of Marston in
determining a method for relating the strength of an installed rigid pipe to the strength
of a pipe in a three-edge bearing test. Marston originally introduced the concept of a
bedding factor for this purpose. Spangler refined the method by introducing the 0.01-
in (2.5-mm) crack as a laboratory performance limit for equating the in-field perfor-
mance to the three-edge bearing test performance. Later, as use of corrugated metal
pipe increased, Spangler noticed that the Marston load theory did not provide satisfac-
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FIGURE 5.31 Forces acting on a buried pipe as presented by Marston. (From Soil
Engineering, 4th ed., HarperCollins, 1982, with permission)

tory results for flexible pipes. The load that a flexible pipe was able to support was
much greater than what was predicted using Marston load theory and bedding factors.
Spangler completed a series of field and laboratory tests to investigate the loads on
flexible pipes. His analyses resulted in the now famous Iowa formula, which was sub-
sequently revised by R. K. Watkins.

More recently engineers have attempted, through the use of computers and finite
element analysis, to better represent soil-structure interaction and the resultant loads
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Matural grouni

FIGURE 5.32 Illustration of prism load acting on pipe. (From A. P. Moser,
Buried Pipe Design, McGraw-Hill, 1990, with permission)

on buried pipes. They have met with varying degrees of success. The works of both
Marston and Spangler are still widely used in engineering practice. The calculation of
pipe deflection by the Iowa formula is given in Art. 5.8.6. For a complete discussion of
the Marston load theory and Spangler’s Iowa formula, see A. P. Moser’s Buried Pipe
Design, 2d ed., McGraw-Hill, 2001.

Representations of earth loads are gradually moving away from the use of the Marston
loads. In lieu of the Marston loads, the earth load is represented as a proportion of the soil
prism load. The soil prism load is the weight of the column of soil directly above the pipe:

W, = V[H + W}D (5.26)

o

where W_ = prism load, 1b/ft
v = soil unit weight, Ib/ft*
H = height of cover, ft
D, = outside pipe diameter, ft

This is depicted graphically in Fig. 5.32. Depending upon the pipe type (stiffness) and
the relative quality of the soil envelope, the effective earth load on the pipe may be
greater than, equal to, or less than the soil prism load. This modification of the soil
prism load is made via an arching factor. Therefore, the total vertical earth load acting
on the structure, W, is

W, = VAF (W.) (5.27)

where  W_= prism load, Ib/ft
VAF = vertical arching factor



CULVERTS, DRAINAGE, AND BRIDGE REPLACEMENT 5.65

Live Load and Impact. Culverts are usually designed for the live load generated by an
AASHTO HS 20 truck. The controlling loading for culverts consists of two axles spaced
14 ft (4.3 m) apart, each weighing 32 kip (145 kN), with wheels on the axle spaced 6 ft
(1.8 m) apart transversely. The 16-kip (73-kN) wheel load is the same as for an H 20 load-
ing. The live load applied to underground structures under load factor criteria is either a
standard HS truck, or a live load lane.

Where the culvert has a span of 20 ft (6.1 m) or greater, it is classified as a bridge
and must be investigated for an alternate military loading of two axles 4 ft (1200 mm)
apart with each axle weighing 24 kip (107 kN). The live load lane consists of a uniform
load applied in conjunction with a concentrated load. The concentrated load is distrib-
uted across the design lane of 10 ft (3000 mm), and is the uniform load. Because of
this and because of the relatively short spans associated with culverts, the standard HS
truck usually controls as the critical loading.

Where the fill over a culvert is 2 ft (600 mm) or more, the wheel live load of 16 kip
(73 kN) is applied as a concentrated load acting on the wheel print area and uniformly
distributed over a rectangle with sides increasing at a rate of 134 times the depth of
cover. This is represented pictorially in Fig. 5.33. If areas from several concentrated
loads overlap, the total load is uniformly distributed over an area as defined by the
outside limits of the individual areas.

Rigid structures with less than 2 ft of cover use a different method for distributing
the live load. AASHTO code requires that in this case the live load be distributed using
the same method as is used in distributing live load in a concrete slab. This method is
generally only applied to reinforced concrete box culverts or three-sided culverts.

An impact factor is added to the highway live loading. The factor is equal to 30 per-
cent of the live load for a soil cover of 1.0 ft (300 mm) or less and decreases to 20 percent
for a cover up to 2.0 ft (600 mm) and to 10 percent for a cover up to 2 ft 11 in (875 mm).
There is no impact applied when the cover is equal to or greater than 3 ft (900 mm).

5.8.3 Rigid Pipe

Introduction. There are two general types of rigid underground structures—those with
a curvilinear shape, and those made up of straight walls and flat slabs. A reinforced

Whee! Load Area

Distributed Load Area

FIGURE 5.33 Distributed load area for single dual wheel. (From Concrete Pipe
Design Manual, American Concrete Pipe Association, 2001, with permission.)
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concrete pipe is an example of the former, while a reinforced concrete box is an example
of the latter. Rigid structures built in a curvilinear shape tend to act in compression.
However, because of their limited deflection capability, they develop moment as well as
compressive stresses. The effect of moment is reduced, however, because the curvilinear
shape increases the compression in the member. Structures built with straight structural
elements act very differently. The effect of moment on the individual members is so
great that it is not unusual for the engineer to completely ignore any small benefit
obtained from the compression of the member.

Circular rigid pipe may be designed by either the empirical D-load method, termed
indirect design, or by an analytical method of direct design. If the pipe is designed by
the indirect method, moments, thrust, and shears need not be determined. All that is
necessary for the design is the total load on the pipe, the bedding factor as determined
from the proposed bedding conditions, and the proposed inside and outside pipe diam-
eters. If the pipe is designed by the direct method, the moments, thrust, and shears
may be determined from charts prepared by the American Concrete Pipe Association
(ACPA) and published in 1994 in its Concrete Pipe Technology Handbook. Otherwise
they may be determined from more exact finite element methods using available computer
programs. After the moments, thrust, and shears are determined, the required pipe wall
thickness, concrete strength, and area of reinforcing steel may be determined.

In 1993 the American Society of Civil Engineers published a specification titled
Standard Practice for Direct Design of Buried Concrete Pipe Using Standard
Installations (SIDD). This document presents a direct design method for reinforced
concrete pipe based on extensive research using the finite element computer program
Soil-Pipe Interaction Design and Analysis (SPIDA). The results of the studies are
twofold. First, four standard installation types were developed, and second, a general-
ized pressure distribution was developed. These changes represent a major departure
from the traditional Marston/Spangler installations and design method.

The four installation types can be applied to both a trench and an embankment
installation. Unlike Marston/Spangler design theory, the SIDD method does not differ-
entiate between these two installation types. The nomenclature used in SIDD is given
in Figs. 5.34 and 5.35, standard installations for trenches and embankments, respec-
tively. Note that the bedding detail requires the bedding under the middle one-third of
the pipe diameter to be left uncompacted. This is so that the pipe can properly seat
itself in the bedding, resulting in a greater length of support along the bottom circum-
ference of the pipe.

SIDD is only intended for use on circular pipe. The ACPA recommends that arch
and elliptical pipe be designed using traditional Marston/Spangler design methods.

Live Loads. As discussed in Sec. 5.8.2, live loads are distributed through the cover
above the top of the pipe. The ACPA computed live load distribution factors for critical
loading cases using standard AASHTO methodologies as given in the Concrete Pipe
Design Manual, American Concrete Pipe Association, 2000. The results are summa-
rized as follows: The pressure at the crown of the pipe is

_rad+lh
o, ™ (5.28)

where o, = pressure intensity, 1b/ft*
P = wheel load, Ib
I, = impact factor
A,, = distributed live load area, ft*
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FIGURE 5.34 Standard trench installation. (From Concrete Pipe Design Manual, American Concrete
Pipe Association, 2001, with permission)

The total live load is
W, =W,LS, (5.29)

where W, = total live load, Ib
W, = live load on pipe, 1b/ft
outside pipe diameter or width of A,, transverse to longitudinal axis of
pipe, whichever is less, ft
L = length of A, parallel to longitudinal axis of pipe, ft

SL

and
W,
W, =—= 5.30
=T (5.30)
where L,=L+1.75 (%) (5.31)

Please see the referenced ACPA manual for full details and for charts summarizing
maximum live loads on reinforced concrete pipes.
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Qverfilt Soil
Category L, 11, 8l
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FIGURE 5.35 Standard embankment installation. (From Concrete Pipe Design Manual, American
Concrete Pipe Association, 2001, with permission)

For rigid structures where the cover is less than 2 ft (600 mm), the wheel load is
applied as a concentrated load and there is no assumed distribution due to the fill.
Since most concrete pipes have 2 ft or more of cover, this generally applies only to
reinforced concrete box culverts or three-sided culverts. The distribution length longi-
tudinally along the top slab of the structure for the wheel loads applied as concentrated
loads is defined as the distance E given by

E =4 + 0.06S in English units (5.32a)
E = 1220 + 0.06S in ST units (5.32b)

where S is the span in ft (mm). The live load may be distributed to the bottom slab of
a reinforced concrete box culvert over a longitudinal distance equal to the width of the
top slab strip increased by twice the box height.

Load Distribution for Rigid Pipe. The pipe-soil system will distribute the applied earth
load about the circumference of the pipe. The distribution is far from uniform. The SIDD
specification includes an earth pressure distribution, sometimes called the Heger pressure



CULVERTS, DRAINAGE, AND BRIDGE REPLACEMENT 5.69

distribution, for the distribution of loads about a concrete pipe. Figure 5.36 shows the
pressure distribution as a function of several nondimensional arching factors and pressure
distribution ratios. The figure also provides tabular data for the arching factors and
pressure distribution ratios for each of the four standard installations. These factors are
then multiplied by the soil prism load to obtain the magnitude of the pressures about the
pipe. A full discussion on the development of the earth pressure distribution can be found
in Concrete Pipe Technology Handbook, American Concrete Pipe Association, 1994.

The use of the SIDD earth pressure distribution requires that the soil types and
compaction levels meet exact specifications. The soil material and compactions
requirements and bedding thickness requirements for the four SIDD installations are
given in Table 5.12. SIDD soil type designations are given in Table 5.13.

Example: Earth Load on Concrete Pipe. A 60-in-diameter concrete pipe with 6-in

walls is to be installed under 12 ft of cover using a SIDD Type 2 installation. The backfill

is sandy silt compacted to a density of 120 1b/ft>. Determine the vertical load acting at

the crown and invert of the pipe and the horizontal load acting at the springline.
Calculate the soil prism load using Eq. (5.26) as

WC=v[H+ D’(48_“)]DO

120 [12 + %} 6

= 9104 Ib/ft

From Fig. 5.36, for a Type 2 installation the crown VAF coefficient is 1.40 and the spring-
line horizontal arching factor (HAF) coefficient is 0.40. Use Eq. (5.27) to determine the
vertical design load:

W,, = VAF (W,)

1.40 (9104)

12,746 1b/ft
Also use Eq. (5.27) to determine the horizontal design load:

W,, = HAF (W)

= 0.40 (9104)

= 3642 Ib/ft

Structural Design of Concrete Pipe by Indirect Design. The indirect design method
is an empirical method in which the pipe is tested by the three-edge bearing test (Fig. 5.37),
and is subjected to a previously calculated load. If the pipe supports the application of the
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Installation
Type VAF HAF A1 A2 A3 Ad A5 A5 a b [ e 1 u v

1

135 045 062 073 135 049 008 018 140 040 618 008 005 080 080

2 140 040 085 055 140 015 008 017 145 040 013 010 005 082 0.7¢
3 140 037 1.05 035 140 010 010 017 145 036 020 042 005 085 080
4 145 030 145 000 14% 000 011 019 145 030 025 000 - 0890 -
Notes:
1. VAF and HAF are vertical and horizomtal arching factors. These coefficients represent non-

dimeansional total vertical and horfzental loads on the pipe. raspectively. The actual tolal
vertical and horizontal foadls are (VAF} X (FL} and {HAF) X (PL). respectively, where PL s the
prism lgad.

PL, the prism load, is the waight of the cofumn of sarth cover avar the pipe outside diameter
and fs calculated as.

_ Dy {4-m)%] Dy
PL =w KH+ T}] 12

Coefficients AT through AB represent the integration of non-dimensional vertical and horizontal
componants of soil pressure under the indicated portions of the componamt pressure diagrams
(L. the araa under the component pressure diagrams). The pressures are assumed to vary
either parabolically or linearfy, as shown, with the non-dimensional magnitudes at governing
points represented by b1, h2, uhl, vhe, a and b. Non-dimensienal hornizontal and veriical
dimensions of campanent pressure regions are definad by ¢, o, e, v, vd, and f coefficients.

o is cateulated as (0.5-0-a).
h1is calculated as (1.58AT1}/ (c) (T+u).
h2 Is calculated as (1.5A2) / fd} (T+v) + (28)]

FIGURE 5.36 Arching coefficients and Heger earth pressure distributions. (From Concrete Pipe
Design Manual, American Concrete Pipe Association, 2001, with permission)
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TABLE 5.12 Standard Soils and Minimum Compaction Requirements for Concrete Pipe

Installation Haunch and
type Bedding thickness outer bedding* Lower side*

Type 1 D24 minimum, not less than 95% Category 1. 90% Category I,

75 mm (3 in). If rock foundation, 95% Category II, or
use D /12 minimum, not less 100% Category III.
than 150 mm (6 in).

Type2  D,/24 minimum, not less than 90% Category I or 85% Category I,

75 mm (3 in). If rock foundation, 95% Category II. 90% Category II, or
use D /12 minimum, not less 95% Category III.
than 150 mm (6 in).

Type3 D, /24 minimum, not less than 85% Category I, 85% Category I,

75 mm (3 in). If rock foundation, 90% Category 11, or 90% Category 11, or
use D /12 minimum, not less 95% Category III. 95% Category III.
than 150 mm (6 in).

Type4  No bedding required, except if rock ~ No compaction No compaction
foundation, use D /12 minimum, required, except if required, except
not less than 150 mm (6 in). Category III, use if Category III, use

85% Category III. 85% Category III.

*Compaction and soil symbols like “95% Category I” refer to “Category I soil material with minimum
standard Proctor compaction of 95%.”
Source: From Concrete Pipe Design Manual, American Concrete Pipe Association, 2001, with permission.

TABLE 5.13 Equivalent USCS and AASHTO Soil Classifications for SIDD Soil Designations

Representative soil types Percent compaction
Standard Standard Modified
SIDD soil USCS AASHTO Proctor Proctor

Gravelly SW, SP, GW, GP Al, A3 100 95
sand 95 90
(Category 1) 90 85
85 80

80 75

61 59

Sandy silt GM, SM, ML; also A2, A4 100 95
(Category 1I) GC, SC with less 95 90
than 20% passing 90 85

no. 200 sieve 85 80

80 75

49 46

Silty clay CL, MH, GC, SC A5, A6 100 90
(Category III) 95 85
90 80

85 75

80 70

45 40

Source: From Concrete Pipe Design Manual, American Concrete Pipe Association, 2001, with permission.
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FIGURE 5.37 Setup for three-edge bearing test. (From Concrete
Pipe Design Manual, American Concrete Pipe Association, 2001,
with permission)

load without exceeding a crack width criterion of 0.01 in (2.5 mm), it is considered
acceptable for the application for which it was manufactured. Even though AASHTO,
ASCE, and ACPA promote the use of the SIDD direct design method for concrete
pipe, the traditional indirect design method is still in widespread use.

The concept of the bedding factor is used in the indirect design method to relate the
load-carrying capacity of an installed pipe to that of a pipe in a three-edge bearing
test. In other words, the bedding factor is the ratio of the field applied load to the
three-edge bearing load. For any given load, with a better installation, a lower-strength
pipe is needed than would be required with an installation of poorer quality. The bed-
ding factor is a function of the following:

. The quality of the bedding material

. The intimacy of contact between the bedding and the pipe
. The length over which the bedding supports the pipe

. The quality of side fill material

[ I S S

. The length over which the side fill responds to pipe deflection with passive earth
pressure

The ACPA conducted parametric studies of the four standard SIDD installations to
determine appropriate bedding factors for use in the indirect design method. These
values are presented in Table 5.14. More exact bedding factors for trench installations
are published in “Concrete Pipe Design Manual,” American Concrete Pipe
Association, 2000. When live loads control the design of a concrete pipe (less than 7 ft
of cover), a “bedding factor” for the live load must also be considered. These live load
bedding factors are given in Table 5.15. Where the pipe is jacked, it maintains good
contact in the area of the invert. In addition, it is common practice to grout outside the
pipe after jacking operations are complete. Because of this, a bedding factor as high as
3 may be used for jacked pipe.
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TABLE 5.14 Bedding Factors for Dead Load under Embankment
Conditions, By,

Standard installation

Pipe
diameter, in  Type 1 Type 2 Type 3 Type 4
12 4.4 32 2.5 1.7
24 4.2 3.0 2.4 1.7
36 4.0 2.9 2.3 1.7
72 3.8 2.8 2.2 1.7
144 3.6 2.8 2.2 1.7

Notes: (1) For pipe diameters other than those listed, embankment condi-
tion factors can be obtained by interpolation. (2) Bedding factors are based on
the soils being placed with the minimum compaction specified.

Source: From Concrete Pipe Design Manual, American Concrete Pipe
Association, 2001, with permission.

5.73

TABLE 5.15 Bedding Factors, By, for HS 20 Live Loadings

hel?gllllt, Pipe diameter, in
ft 12 24 36 48 60 72 84 96 108 120 144
0.5 22 1.7 1.4 1.3 1.3 1.1 1.1 1.1 1.1 1.1 1.1
1.0 22 22 1.7 1.5 1.4 1.3 1.3 1.3 1.1 1.1 1.1
1.5 22 22 2.1 1.8 1.5 14 1.4 1.3 1.3 1.3 1.1
2.0 22 22 22 2.0 1.8 1.5 1.5 1.4 14 1.3 1.3
2.5 22 22 22 22 2.0 1.8 1.7 1.5 14 14 1.3
3.0 22 22 22 22 22 22 1.8 1.7 1.5 1.5 14
35 22 22 22 22 22 22 1.9 1.8 1.7 1.5 14
4.0 22 22 22 22 22 22 2.1 1.9 1.8 1.7 15
4.5 22 22 22 22 22 22 22 2.0 1.9 1.8 1.7
5.0 22 22 22 22 22 22 22 22 2.0 1.9 1.8
5.5 22 22 22 22 22 22 22 22 2.2 2.0 1.9
6.0 22 22 22 22 22 22 22 22 22 2.1 2.0
6.5 22 22 22 22 22 22 22 22 22 22 22

Source: From Concrete Pipe Design Manual, American Concrete Pipe Association, 2001, with permission.

The load on the pipe is determined as discussed above and in Sec. 5.8.2. The earth
load is determined by adjusting the prism load by the arching factor. The earth load is
combined with the structure dead load and any hydrostatic loads to obtain the total
dead load. The dead load is then combined with the live load and impact load to obtain
the total load. The appropriate load to be applied to the pipe for the three-edge bearing
test may be found by dividing the total load by the appropriate bedding factor as deter-
mined from the installation conditions. This final value is termed the required minimum
three-edge bearing load (TEB). If the pipe is nonreinforced, a safety factor of between
1.25 and 1.5 should be applied to the load. This is because as soon as the nonreinforced
pipe cracks, it has reached its ultimate strength. However, a reinforced concrete pipe
has significant postcracking strength. There is a factor of 1.25 to 1.5 between the TEB
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load and the ultimate load for a reinforced concrete pipe, the factor varying with the
pipe diameter.

LA

TEB = 5.33
B (5.33)

D Bt’L

where W, = dead load, Ib/ft
W, = live load + impact, Ib/ft
B, = dead load bedding factor (see Table 5.14)
B, = live load bedding factor (see Table 5.15)

In the application of this equation, if the dead load bedding factor is greater than the
live load bedding factor, then the dead load bedding factor should be used in lieu of
the live load bedding factor.

Concrete pipe is typically specified by its D-load value (Ib/ft/ft) defined as follows:

required TEB
D

i

D-load = (5.34)

where D, = inside pipe diameter, ft

Example: Concrete Pipe Design via Indirect Design. Using the same 60-in concrete
pipe from the previous example, determine the required D-load pipe for the 12 ft of
cover using a SIDD Type 2 installation. Assume a 5-in-thick pipe wall.

The earth load was previously determined to be 12,764 1b/ft. With 12 ft of cover,
the live load is negligible. From Eq. (5.23a), the pipe load is

W, =3.3h (D, + h)

3.3(5) (60 +5)

1073 1b/ft

From Table 5.14, the dead load bedding factor is 2.83; therefore, using Eq. (5.33), the
three-edge bearing load is

Wo | W,
By By

TEB =

_ 12,764 + 1073
2.83

= 4889 Ib/ft

and from Eq. (5.34) the required D-load is
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required TEB
D.

i

D-load =

4889
5

978 1b/ft/ft

Structural Design of Concrete Pipe by Direct Design. The direct design procedure
for analyzing a concrete pipe is based not on empirical methods, but on engineering
analysis. Consequently, the engineer may determine precisely what strength of con-
crete, wall thickness, and reinforcement are necessary. However, the method is more
complex and does not lend itself to direct hand calculations. The load on the pipe is
determined in the same manner as for indirect design. Then the moments, thrusts, and
shears can be calculated. The distribution of the load about the pipe is given by the
Heger pressure distribution.

To encourage the use of the direct design method, the ACPA has published, in the
Concrete Pipe Technology Handbook, a series of charts (see Table 5.16) presenting
values of nondimensional coefficients C,,, C,, and C,, for each of the following load
cases:

* Pipe load, W,
e Earth load, W,
e Water load, Wf
e Live load, W,

These coefficients are used to directly calculate the pipe wall moments, thrusts,
and shears, respectively, for each of the four standard installations. The thrusts and
shears can be computed by multiplying the magnitude of the load case by the corre-
sponding C,. and C,, coefficients. The moment calculation is more complex in that the

resulting moment is computed by the following equation:

M, =C WD

. 5.35
= Cuy (5.35)

where M, = moment due to the pertinent load case, b - ft/ft
C, . = moment coefficient for the pertinent load case
. = magnitude of the pertinent load case, 1b/ft
D = mean pipe diameter, in

mi

For more precise calculations, the designer can utilize the FHWA-developed computer
program PIPECAR. The program gives calculated moments, thrusts, and shears. It
will also design the pipe utilizing either direct or indirect design procedures. After
determining the forces acting on the pipe, the wall thickness, concrete strength, and
amount of reinforcing can be calculated. The software follows the detailed design pro-
visions in the AASHTO Standard Specifications for Highway Bridges.

For a complete discussion on the design of concrete pipe, including methods for
designing elliptical and arch-shaped pipe, see Standard Practice for Direct Design of
Buried Concrete Pipe Using Standard Installations (SIDD), ASCE, 1993; Concrete
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TABLE 5.16 Coefficients for Analysis of Concrete Pipe in
Standard Installations

1. Installation Type 1

Coefficients
Location Load type C,; C, C,

Invert WP 0.225 0.077

w, 0.091 0.188

w, 0.088 —0.445

W, 0.075 0.250

W, 0.165 —0.046
Crown W, 0.079 —0.077

w, 0.083 0.157

w, 0.057 —0.187

W, 0.068 0.200

W, 0.236 0.046
Springline w, —0.091 0.249
90° w, —0.077 0.500

W, —0.064 —0.068

W, —0.065 0.500

W, —0.154 0.500
Critical W, 0.174 0.437
shear w, 0.219 0.143
invert W, —0.408 0.141
0, =12° W, 0.270 0.150
Critical w, —0.055 0.083
shear w, 0.205 0.117
crown Wf —0.176 0.062
0, =159° W, 0.250 0.100

2. Installation Type 2

Invert w, 0.227 0.077

w, 0.122 0.169

W, 0.111 —0.437

W, 0.107 0.205

W, 0.189 —0.035
Crown W, 0.079 —0.077

w, 0.094 0.126

w, 0.062 —0.204

W, 0.080 0.171

W, 0.241 0.035
Springline w, —0.091 0.249
90° w, —0.090 0.500

W, —0.070 —0.068

W, —0.078 0.513

W, —0.160 0.500
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TABLE 5.16 Coefficients for Analysis of Concrete Pipe in
Standard Installations (Continued)

2. Installation Type 2 (cont.)

Coefficients
Location Load type Co; C, C,
Critical Wp 0.177 0.437
shear w, 0.218 0.198
invert W, —0.386 0.193
0, =12.3° W, 0.256 0.188
Critical w, —0.050 0.088
shear w, 0.185 0.136
crown W, —0.181 0.074
0, =157.3° W, 0.205 0.137
3. Installation Type 3

Invert Wp 0.230 0.077

w, 0.150 0.163

W, 0.133 —0.425

W, 0.136 0.199

W, 0.211 —0.023
Crown Wp 0.079 —0.077

w, 0.103 0.107

W, 0.068 —0.215

W, 0.091 0.149

W, 0.247 0.023
Springline w, —0.097 0.271
85° w, —0.103 0.500

W, —0.081 —0.063

W, —0.126 0.497

W, —0.155 0.496
Critical w, 0.177 0.437
shear w, 0.224 0.249
invert W, —0.363 0.238
0, =12.7° W, 0.273 0.224
Critical w, —0.044 0.094
shear w, 0.173 0.150
crown W, —0.193 0.085
0, = 156° W, 0.224 0.124

4. Installation Type 4

Invert Wp 0.235 0.077

w, 0.191 0.128

W, 0.160 —0.403

W, 0.185 0.152

W, 0.237 —0.004

5.77
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TABLE 5.16 Coefficients for Analysis of Concrete Pipe in
Standard Installations (Continued)

4. Installation Type 4 (cont.)

Coefficients
Location Load type C,; C, C,

Crown W, 0.079 —0.077

w, 0.118 0.079

W, 0.076 —0.232

W, 0.110 0.114

W, 0.255 0.004
Springline w, —0.101 0.287
80° w, —0.127 0.504

W, —0.095 —0.057

W, —0.121 0.495

W, —0.168 0.492
Critical w, 0.188 0.431
shear w, 0.211 0.309
invert W, —0.323 0.284
0, =14.4° W, 0.229 0.305
Critical w, —0.044 0.100
shear w, 0.151 0.169
crown Wf —0.210 0.096
0, =154.2° w,, —0.171 0.152

Source: Concrete Pipe Technology Handbook, American Concrete Pipe
Association, 1994, with permission.

Pipe Technology Handbook, ACPA, 1994; Concrete Pipe Design Manual, ACPA,
2000; and Standard Specifications for Highway Bridges, AASHTO, 1996.

Structural Design of Boxes and Three-Sided Culverts. The assumed load distribution
for reinforced concrete box culverts is shown in Fig. 5.38. The fluid load and structure
load are the same as those used for circular concrete pipe (see Art. 5.8.2). The vertical
component of the earth load is considered to be the soil prism load. The horizontal
component of the earth load is specified by AASHTO such that the structure is
designed using both a 30-1b/ft* and 60-1b/ft* lateral earth pressure. The live load is dis-
tributed through the soil cover as discussed in Art. 5.8.3. Three-sided structures are
designed using similar load theory except the vertical reaction at the base of the struc-
ture is confined to the thickness of the leg.

Box culverts can be designed with either fixed or pinned corners. All box culverts
with spans greater than about 8 ft are designed with fixed corners. Three-sided culverts
are generally designed with fixed corners exclusively. Those structures designed with
pinned corners are designed for simple beam moments, and the lateral earth pressure of
60 Ib/ft* is the only condition for which the sidewall need be designed. Because fixed cor-
ners transfer moments around the corners, applying the 60-1b/ft® lateral pressure will
reduce the positive moments in the adjacent members when compared with the applica-
tion of 30 Ib/ft’. For this reason, structures with fixed corners must be designed for both
lateral load conditions to ensure that all maximum moments in each member are found.
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FIGURE 5.38 Pressure distribution used for design of concrete box culverts. (From
“Hydraulic Design of Highway Culverts,” Hydraulic Design Series No. 5, FHWA, with
permission)

TABLE 5.17 Loading Conditions That Generally Control Design of
Concrete Box Culverts for Moment and Shear

Live load Lateral Type of

Member position pressure, I1b/ft} moment

Top slab 0.5 of span length 30 Positive
Top slab and sidewall 0.3 of span length 60 Negative
Sidewall No live load 60 Positive

Table 5.17 indicates the loading conditions that generally control the design of the top
slab and side walls of concrete box culverts for moment and shear. After determining
maximum moments and shears, the designer may utilize standard principles of reinforced
concrete design to size the members and calculate the necessary reinforcement.

As is evident from the foregoing, and is true for any structural design, many different
loading conditions must be investigated to ensure the maximum stresses are determined.
To reduce design time, the FHWA has developed the computer program BOXCAR,
which may be used for the structural analysis and design of reinforced concrete box culverts.

Structural Design of Cast-in-Place Pipe. Because cast-in-place concrete pipe has
no reinforcement, its flexural strength is limited. In this type of structure, the effects
of the compression on the member keep the effects of the moment below the modulus
of rupture of the concrete, and no reinforcing is necessary. Also, because it is cast
against the ground at the invert and walls, it has excellent bedding conditions, and this
contributes to a reduction in moments, thrusts, and shears.

The moments, thrust, and shears can be calculated using the uniform load system
developed by J. M. Paris and illustrated in Fig. 5.39. This system provides a method
for determining maximum stresses through the application of nondimensional load
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Load Case Uniform Load System

1. Pipe Weight

DI

2. Soil Weight

€

3. Fluid Load

i
L

:

4. Live Load

FIGURE 5.39 Pressure distributions for four load cases used in design
of round concrete pipe. (From Concrete Pipe Technology Handbook,
American Concrete Pipe Association, 1994, with permission)

coefficients, similar to the direct design of concrete pipe. As indicated in Fig. 5.40 the
C,, coefficients are multiplied by the load and the mean radius to obtain the moment,
and the C, and C, coefficients are multiplied by the load to obtain shears and thrusts.

Once the maximum stresses have been determined, normal stresses can be calculated
from the fundamental equation
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Mc
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(5.36)
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where f, = concrete stress, 1b/in?
T = thrust, Ib/in
A = wall area, in/in®
M = bending moment, in - 1b/in
¢ = distance from neutral axis to extreme fiber, in
I = moment of inertia of wall, in*/in

Because the concrete is unreinforced, the stress may not exceed the modulus of rupture
of the concrete adjusted by an appropriate safety factor. The FHWA recommends that
the use of cast-in-place pipe on federal-aid highway projects be monitored through
experimental projects in locations under roadways or with moderate to high fills.

5.8.4 Corrugated Metal Pipe

Introduction. Corrugated metal structures are typically manufactured of either steel or
aluminum. These structures are generally designed for ring thrust by a semiempirical
method that includes checks for wall area, buckling, and seam strength. A check is
also made to ensure the structure has sufficient rigidity to withstand handling and
installation forces. Computer programs for the design of corrugated steel pipe are
available from the National Corrugated Steel Pipe Association, located in Washington,
D.C. Corrugated metal structures may also be designed using finite-element computer
programs that model both the structure and the soil. The design procedure for metal
box culverts and long-span structures differ somewhat from those of other corrugated
metal structures.

Present design specifications allow for the design of corrugated metal pipe, arches,
and pipe arches by either service load or load factor design. Service load design is
implemented by the use of safety factors that are applied to the yield stress, buckling
stress, or seam strength to determine an allowable stress. Load factor design is utilized
by applying load factors (8 and ) to the dead and live loads and allowing the design
stresses to approach the yield stress of the material adjusted by a capacity reduction
factor ().

The calculations include checks for wall area, buckling, and installation strength.
In addition, the seam strength must be checked for annular corrugated and structural-
plate pipe, arches, and pipe arches.

Values for moments of inertia and wall area of steel products are given in Table
5.18, and minimum longitudinal seam strengths for steel structural plate are given in
Table 5.19. Data for aluminum products can be found in the AASHTO specifications.

Loads on Corrugated Metal Pipe. As discussed in Sec. 5.8.2, live loads are distributed
through the cover above the top of the pipe. In lieu of more exact computations, the
live load pressures given in Table 5.20 are often used. The table also includes pres-
sures for an H 25 wheel load, which is 25 percent greater than the H 20 wheel load,
and an E 80 railway loading. All of the pressures in the table include an impact
allowance for shallow cover.

The earth load is considered to be the full soil prism load. This is because the vertical
arching factor for corrugated metal pipe is nearly unity.

AASHTO calculations for load (pressure) are as follows. The design load pressure,
P, for service load design is the sum of the applicable live load plus impact and earth
load. For load factor design, the design load is calculated by multiplying the dead load by a
3 factor of 1.5 and the live load by a factor of 1.67. The summation of the dead load and
live load is then multiplied by a -y factor of 1.3.
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TABLE 5.19 Minimum Longitudinal Seam Strength for
6- X 2-in Steel Structural Plate

Minimum seam strength
(kip/ft) for indicated bolt pattern

Specified thickness, in 4 bolts/ft 6 bolts/ft 8 bolts/ft
0.111 43
0.140 62
0.170 81
0.188 93
0.218 112
0.249 132
0.280 144 180 194

Source: Based on Standard Specifications for Highway Bridges, AASHTO.

TABLE 5.20 Highway and Railway Live Loads

Highway loading*

] Load, Ib/fi2 Railway E 80 loading*
Depth of _ Depth of Load,
cover, ft H?20 H25 cover, ft Ib/ft?
1 1800 2280 2 3800
2 800 1150 5 2400
3 600 720 8 1600
4 400 470 10 1100
5 250 330 12 800
6 200 240 15 600
7 175 180 20 300
8 100 140 30 100
9 — 110 — —

*See ASTM A796. Neglect live load when less than 100 1b/ft?; use dead load only.

Source: From Handbook of Steel Drainage and Highway Construction Products,
American Iron and Steel Institute, 1994, with permission.

Structural Design of Pipe by Service Load Design. Calculations for factory-corru-
gated or structural-plate structures proceed as follows: The thrust in the pipe wall is

S
T=P|- 5.37
2) (537
where T = wall thrust, Ib/ft
P = design load pressure, 1b/ft*
S = pipe diameter or span, ft
The required wall area to resist the thrust is
T
A=— (5.38)
fa

where A = required wall area, in*/ft
f, = allowable stress, Ib/in* = /,/SF = minimum yield stress (Ib/in?) divided by
safety factor (2.0)
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For steel, f, = 33,000 1b/in’; for aluminum, f, = 24,000 1b/in>.

After selecting a corrugation profile and sheet thickness, check for possible wall
buckling. If the buckling stress f;, is less than the minimum yield stress, recalculate the
required wall area using f,_ for the yield stress in lieu of f,. The buckling stress is given
by the following equations: '

It
r [24E 2 (kS Y
s<” — —f b (K2 539
RV e Ju=h T e ( - ) (5-39)
It
R |24E, 12,
sz |55 then  f, = (ka> (5.40)
r

where f,, = critical buckling stress, 1b/in’
f, = 45,000 1b/in? (steel pipe)

= 31,000 1b/in? (aluminum pipe)

= 35,000 Ib/in® (aluminum structural plate 0.100-0.175 in thick)
34,000 1b/in? (aluminum structural plate 0.176-0.250 in thick)
k = soil stiffness factor = 0.22
S = pipe diameter or span, in

r = radius of gyration of corrugation = VI/A, in

E_ = modulus of elasticity of metal, Ib/in
29,000,000 1b/in? (steel) or 10,000,000 1b/in> (aluminum)
1 = moment of inertia of corrugation, in*/in
A = cross-sectional area of corrugation, in*/in

Pipe with annular corrugations is fabricated with longitudinal seams, and a seam strength
check is required. Helically corrugated pipe has no longitudinal seams, and therefore such a
check is not required. For pipe fabricated with longitudinal seams, the required seam strength is

SS = T (SF) (5.41)

where SS = required seam strength, 1b/ft
T = wall thrust, 1b/ft
SF = safety factor = 3.0

Check handling and installation rigidity by calculating the flexibility factor FF, in/lb:
SZ
FF = — (5.42)

where terms are as defined above. Limit FF to the values listed in Table 5.21.

Example: Corrugated Steel Pipe Design via Service Load Design. A 48-in-diameter
culvert is required for a site with 6 ft of cover and an HS 20 live load. Determine a
suitable corrugation and sheet thickness. Use factory-corrugated pipe with a helical
lock seam.

First calculate the design load as follows: From Table 5.20, the live load pressure
for the 6 ft of cover is 200 1b/ft>. The earth load pressure is the pressure from the soil
prism load, Eq. (5.26):
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TABLE 5.21 Maximum Flexibility Factors for Metal Culverts

Material Corrugation Flexibility factor, in/lb
Steel Y% and % in deep 43 x 102
Steel 1 in deep 3.3 %10 72
Aluminum % and % in deep 3.1 X 10 72 (0.060 in thick)

6.1 X 10 ~2(0.075 in thick)
9.2 X 10 2 (>0.060 in thick)
Aluminum 1 in deep 33X 1072
Steel and aluminum Spiral rib pipe Varies with 7 and with type of
installation. See AASHTO
Standard Specifications for
Highway Bridges.
Steel 6 X 2in 2.0 X 10 ~2 (pipe)
3.0 X 10 ~% (pipe-arch)
3.0 X 10 ~2 (arch)
Aluminum 9 X 2% in 2.5 X 10 ~2 (pipe)
3.6 X 10 ~% (pipe-arch)
3.6 X 10 2 (arch)

Source: Based on Standard Specifications for Highway Bridges, AASHTO.

W, =W = V[H DM (487 ﬂ)]

- 120{6 + W] = 771.6 b/t

The design load pressure is the sum of these loads:
P =1771.6 + 200 = 971.6 Ib/ft

Then, from Eq. (5.37), the thrust in the pipe wall is

]

4
=971.6(—
2]

= 1943 Ib/ft

From Eq. (5.38), the required wall area to resist the thrust is

T
A=—
Ja
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1943
33,000/2

= 0.118 in¥/ft

From Table 5.18 make a tentative selection of corrugation profile and sheet thickness
as follows: 2%-in X %-in corrugation profile, 0.064-in thickness. Properties per foot of
pipe length are

= 0.0646 in%in

A = 0.775 in/ft = 70'77? in/ft

= (.118 in%ft required

0.0227 in*/ft

12 = 0.00189 in*/in

I=0.0227 in*/ft =

r=VI/A ="V0.00189/0.0646 = 0.171 in

Next, check the buckling stress. To determine whether Eq. (5.39) or (5.40) applies,
compare the span (48 in) with
24E, _ 0.171 2429 X 10%)
0.22 45000

=96.7 in

Ju

Because § < 96.7 in, Eq. (5.39) applies. The buckling stress is

_p S (kS 45,000°  (0.22(48) \* _ -
Ja=1" 33K ( ) 43.000 = 5250 % 109\ 0.171 ) = 39,500 Ib/in

Compare this with the yield stress, f, = 33,000 Ib/in>. Because f,, > f,, buckling does
not control. Also, because there are no longitudinal seams, the seam strength check
does not apply. Finally, check handling and installation rigidity by calculating the
flexibility factor. From Eq. (5.42):

_ 5 48> _ .
FF=—**—=——""—""—""—"—"——=42 X 10 "in/ft
E I (29 X 10%0.00189

Table 5.21 gives the maximum value of FF for this profile as 4.3 X 1072 in/Ib.
Therefore, the design is satisfactory. Select the 2%-in X - in corrugation profile with

a 0.064-in sheet thickness.

Structural Design of Pipe by Load Factor Design. Calculations proceed as follows:
The thrust in the pipe wall is

T, =P, (5) (5.43)
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where T, = factored thrust, Ib/ft
P, = factored load pressure, Ib/ft*
S = pipe diameter or span, in

The required wall area to resist the thrust is

A= (5.44)

where A = required wall area, in/ft
£, = minimum yield stress, 1b/in*
¢ = capacity modification factor
= 1.00 for helical pipe with lock seams or fully welded seams
0.67 for annular pipe with spot-welded, riveted, or bolted seams (including

structural-plate pipe)

After selecting a corrugation profile and sheet thickness, check for possible buckling.
If the buckling stress f,, is less than the yield stress, recalculate the area using f, in
lieu of f,. The buckling stress is given by Eqgs. (5.39) and (5.40). For pipe with longitu-
dinal seams, the required seam strength SS, 1b/ft, is

SS = (5.45)

where & is as given for Eq. (5.44). Check the flexibility factor by Eq. (5.42) and Table 5.21.

Example: Corrugated Steel Pipe Design via Load Factor Design. For the 48-in-
diameter culvert in the preceding example, determine a suitable corrugation and sheet
thickness for the culvert.

First, calculate the factored load as follows:

B =~BFy + 8.5, )

1.3 (1.5 X 771.6 + 1.67 X 200)

= 1938.8 Ib/ft?

Then, from Eq. (5.43), the factored thrust in the pipe wall is

S
o)

4
1938.8( 2 )

3877.6 Ib/ft
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From Eq. (5.44), the required wall area to resist the thrust is

T,

A o,

3877.6
1.0 (33,000)

= 0.118 in%/ft

The remaining checks are similar to those for service load design. It can be seen
that a satisfactory design is provided with the 2%-in X /-in corrugation profile with a
0.064-in sheet thickness.

Pipe-Arch Design. The pipe-arch type of steel or aluminum culvert exerts high pressures
at the corner radii, as illustrated in Fig. 5.41. For this reason, in addition to the need
for designing a pipe to withstand the imposed loads, the soil at the corner radii must
be able to withstand the high bearing pressures applied to it. The anticipated corner
pressure for an HS 20 live load can be calculated as follows:

_ (R t R
r,

©

P (5.46)

where C, = % when L, = 72 in
2

C, =2£whenL2>72in
L3
P. = corner pressure, lb/ft*
r, = radius of the pipe-arch crown, in

r, = corner radius of the pipe arch, in
L, =40+ (h —12)1.75
L,=L,+137s

Ly=L,+72

h = height of cover, in

s = pipe span, in

S = e
Il

w

In the application of the corner pressure equation, live load impact is not considered.
Therefore, the live load pressures given in Table 5.20 should be modified to remove
the impact effects. Also, in lieu of the described calculations, C, can conservatively be
assumed to be 1.

Structural Design of Long-Span and Box Culverts. Structural-plate structures that can-
not, because of their long span, meet the design requirements for structural-plate pipe
structures are defined as long-span structural-plate structures. These structures, which
often serve as short-span bridges, are not required to meet buckling or flexibility require-
ments but must have certain special features (see Art. 5.6.2). The required wall area of the
corrugated metal plate is determined by the same method as for other corrugated metal
pipe—Eq. (5.38) or Eq. (5.44)—but the span in the equations is replaced by twice the
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FIGURE 5.41 Pressure distribution assumed in design
of metal pipe arches. (From Handbook of Steel Drainage
and Highway Construction Products, American Iron and
Steel Institute, 1994, with permission)

radius of the top arc. In addition, certain minimum thicknesses that have been found
satisfactory through experience are specified by AASHTO for the top-arc plate. Also,
the structure must exhibit special features accepted by AASHTO. The design require-
ments for long-span structures have been based not on an analytical analysis of the
soil-structure interaction system, but upon experience with successful installations.
There is ongoing research to provide for an analytical and reasonably simple method
for the design of these structures.

Corrugated metal box culverts are fabricated from corrugated metal structural plate.
The effects of moments on structural-plate box culverts controls over those of thrust.
Because of this, box culverts typically require external stiffeners comprised of steel or
aluminum structural sections bolted to the exterior of the box culvert. Rib stiffeners are
spaced at not less than 2 ft along the crown and not less than 4.5 ft along the haunch.
Design moments may be calculated from simple tables provided in AASHTO and com-
pared against allowable moments supplied by the manufacturer of the product. Similar
to any rigid frame, the moment distribution between the haunch and crown is a function
of their relative stiffness. Stiffening one member attracts additional moment, thus shedding
moment from the other. In the design of corrugated metal box culverts, the proportion-
ing of the moment is critical to the success of the design. AASHTO provides a propor-
tioning factor along with limiting values to ensure proper moment distribution. Unlike
long-span structures, for which the design methodology is based more on experience
than analysis, design procedures for metal box culverts have been developed from
finite element analysis. The moment capacity includes the consideration of the plastic
moment resistance of the structural plate and rib stiffeners.

5.8.5 Plastic Pipe

Introduction. Gravity flow thermoplastic pipes used in highway drainage applications
are typically manufactured of high-density polyethylene (HDPE) or polyvinyl chloride
(PVC). To a lesser extent acrylonitrile-butadiene-styrene (ABS) pipe is also used but
is limited to drain, waste, and vent applications. Plastic pipes are always circular in
cross section. They may be either of a solid wall or profile wall design. These struc-
tures are generally designed for ring thrust by a semiempirical method that includes
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checks for wall area, buckling, and wall stress and strain. A check is also made to ensure the
structure has sufficient rigidity to withstand handling and installation forces. Thermoplastic
pipes may also be designed using finite-element computer programs that model both the
structure and the soil. One such program, CANDE (“Culvert Analysis and Design,” PC-
TRANS, Kansas University Transportation Center, Lawrence, 2002), includes a solution
based on the theoretical work of Burns and Richard (“Attenuation of Stresses for Buried
Cylinders,” Proceedings of Symposium on Soil-Structure Interaction, University of Arizona,
Tucson, 1964). The Burns and Richard solution is derived from generalized shell theory.
The authors derived equations using a linear elastic shell in a linear elastic medium. While a
thermoplastic pipe buried in soil is not a linear elastic shell in a linear elastic medium, the
derived equations have been shown to have general suitability for deep burial conditions.

The current design specifications for thermoplastic pipes are rapidly evolving.
There is significant research in the areas of profile design, material quality control,
and long-term pipe response. One particularly interesting area is the area of profile
design. Thermoplastic pipes, with the multitude of wall profiles, can be vulnerable to
local wall buckling. While a localized wall buckle will rarely lead to pipe failure, it
can reduce the effective physical properties of the pipe profile. AASHTO has adopted
equations for determining the postbuckling physical properties of the pipe profile.

There has been no standardization of the wall profiles. Manufacturers have significant
leeway in designing the pipe wall profile. General mechanical and physical properties
of the more common thermoplastic materials are given in Tables 5.22 and 5.23.
Because of this lack of standardization, the values in the tables do not necessarily rep-
resent any manufactured pipe products, but rather are the critical design values for
each property. It is highly unlikely that any one product could be produced to meet all
of these minimum values. Material and physical properties for a specific pipe product
should be obtained from the pipe manufacturer. The tables list both long-term and initial
values for tensile strength and modulus of elasticity. Use short-term values for deter-
mining the response of the pipe to live loads. Use long-term values for determining
the buckling capacity of the pipe. In determining the thrust response, use short-term
values if the full soil prism is used for the dead load, and use long-term values if the
dead load is factored through the use of the vertical arching factor.

Loads on Plastic Pipe. As discussed in Sec. 5.8.2, live loads are distributed through
the cover above the top of the pipe. In lieu of more exact computations, the live load
pressures used for corrugated metal pipe, given in Table 5.19, can be used. The table also
includes pressures for an H 25 wheel load, which is 25 percent greater than the H 20
wheel load, and an E 80 railway loading. All of the pressures in the table include an
impact allowance for shallow cover.

Earth loads on flexible pipes can be highly variable. An investigation of the theoret-
ical work of Burns and Richard by Dr. T. McGrath revealed that the pipe hoop stiffness
is the critical factor in determining the pressure distribution about the pipe. The earth
load on a thermoplastic pipe can be stated as a proportion of the soil prism load, similar
to concrete and corrugated metal pipes. Based on the previously mentioned work of
McGrath, the vertical arching factor (VAF) for thermoplastic pipes is

Sy — 117
VAF = 75,” 20 (5.47)
with
S,y = M.R (5.48)
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where S, = hoop stiffness factor
M = constrained soil modulus, Ib/in? (see Table 5.24)
R = radius to centroid of pipe, in
E = long-term, 50-yr modulus of elasticity, 1b/in
A = cross-sectional area of corrugation, in*/ft

TABLE 5.22 Dimensional Data for Plastic Pipes

A. PE corrugated pipes (AASHTO M 294)

Nominal Min. LD., Max. 0.D., Min. A, Min. C, Min. I,
size, in in in in%/ft in in*/in
12 11.8 14.7 15 0.35 0.024
15 14.8 18.0 1.9 0.45 0.053
18 17.7 21.5 23 0.50 0.062
24 23.6 28.7 3.1 0.65 0.116
30 29.5 36.4 3.9 0.75 0.163
36 35.5 425 45 0.90 0.222
425 415 48.0 4.69 1.11 0.543
48% 475 55.0 5.15 1.15 0.543

B. PE ribbed pipes (ASTM F 894)

Min. I, in*/in

Nominal Min. .LD.,, Max. O.D., Min. A, Min. C, Cell class Cell class
size, in in in in%/ft in 334433C 335434C
18 17.8 21.0 2.96 0.344 0.052 0.038
21 20.8 24.2 4.15 0.409 0.070 0.051
24 23.8 27.2 4.66 0.429 0.081 0.059
27 26.75 30.3 5.91 0.520 0.125 0.091
30 29.75 33.5 5.91 0.520 0.125 0.091
33 32.75 37.2 6.99 0.594 0.161 0.132
36 35.75 40.3 8.08 0.640 0.202 0.165
42 41.75 47.1 7.81 0.714 0.277 0.227
48 47.75 53.1 8.82 0.786 0.338 0.277

C. PVC profile wall pipes (AASHTO M 304)

Min. 1, in*in

Nominal Min. LD.,, Max. 0.D., Min. A, Min. C, Cell class Cell class

size, in in in in?/ft in 12454C 12364C
12 11.7 13.6 1.20 0.15 0.004 0.003
15 14.3 16.5 1.30 0.17 0.006 0.005
18 17.5 20.0 1.60 0.18 0.009 0.008
21 20.6 23.0 1.80 0.21 0.012 0.011
24 234 26.0 1.95 0.23 0.016 0.015
30 29.4 32.8 2.30 0.27 0.024 0.020
36 353 39.5 2.60 0.31 0.035 0.031
42 41.3 46.0 2.90 0.34 0.047 0.043
48 47.3 52.0 3.16 0.37 0.061 0.056

*These sizes are covered in AASHTO Provisional Standard Specification for Corrugated
Polyethylene Pipe, AASHTO Designation MP6-95.

Source: Standard Specifications for Highway Bridges, AASHTO, with permission.
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TABLE 5.23 Minimum Mechanical Properties for Design of Plastic Pipe

ASTM  Allowable Initial S0-yr
minimum long-term  F, min.,  Emin., F,min.,  Emin,
Type of pipe cellclass  strain, %  kip/in®  kip/in®>  kip/in®  kip/in®
Solid-wall PE pipe— D 3350, 5.0 3.0 110 1.44 220
ASTM F 714 335434C
Corrugated PE pipe— D 3350, 5.0 3.0 110 0.90 22.0
AASHTO M 294 335420C
Profile PE pipe— D 3350, 5.0 3.0 80 1.12 20.0
ASTM F 894 334433C
D 3350, 5.0 3.0 110 1.44 22.0
335434C
Solid-wall PVC pipe— D 1784, 5.0 7.0 400 3.70 140.0
AASHTO M 278, 12454C
ASTMF 679 D 1784, 35 6.0 440 260 1584
12364C
Profile PVC pipe— D 1784, 50 7.0 400 3.70 140.0
AASHTO M 304 12454C
D 1784, 35 6.0 440 2.60 158.4
12364C

Source: Based on Standard Specifications for Highway Bridges, AASHTO.

In determining the dead load on the pipe, the designer may use either the soil prism
load or the load factored through the use of the vertical arching factor. If the factored load
is used, AASHTO requires a check of the local stability of the profile wall section.
The details of the local stability check can be found in the AASHTO publication
LRFD Bridge Design Specifications. If the full soil prism is used, the profile stability
check can be conservatively ignored.

The total load (pressure) is then calculated as follows: The design is calculated by
multiplying the dead load by a B factor of 1.5 and the live load by a factor of 1.67. The
summation of the dead load and live load is then multiplied by a +y factor of 1.3.

Structural Design of Plastic Pipe. Calculations proceed as follows: The thrust in the
pipe wall is

T, = g(i) (5.49)

where T, = factored thrust, Ib/ft
P, = factored load pressure, 1b/ft>
S = pipe diameter or span, in

The required wall area to resist the thrust is

T,
¢ f.

A= (5.50)
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where A = required wall area, in?/ft
f, = minimum tensile strength, 1b/in’
¢ = capacity modification factor, 1.0

Next, check for possible wall buckling. The critical buckling pressure must be greater than
the actual buckling pressure. The actual buckling pressure is the factored load pressure
expressed in Ib/in” and the critical buckling pressure is given by the following equation:

M,EI

m (5.51)

P, = 1999

where M, = constrained soil modulus, 1b/in* (see Table 5.24)
R = radius to centroid of pipe, in
E = modulus of elasticity, 1b/in*
I = moment of inertia of pipe profile, in*/in
v = Poisson ratio, 0.4

TABLE 5.24 Design Values for Constrained Soil Modulus, M

Soil type and compaction condition

Stress level, Sn-100, Sn-95, Sn-90, Sn-85,
1b/ft 1b/in? 1b/in? 1b/in? 1b/in?
150 2350 2000 1275 470
750 3450 2600 1500 520
1500 4200 3000 1625 570
3000 5500 3450 1800 650
6000 7500 4251 2100 825
9000 9300 5000 2500 1000

Si-95, Si-90, Si-85,

1b/in? 1b/in? 1b/in?
150 1415 670 360
750 1670 740 390
1500 1770 750 400
3000 1880 790 430
6000 2090 900 510

Cl-95, C1-90, CI-85,

1b/in® 1b/in? 1b/in?
150 533 255 130
750 625 320 175
1500 690 355 200
3000 740 395 230
6000 815 460 285
9000 895 525 345

Notes: (1) The soil types are defined by a two-letter designation that
indicate general soil classification, Sn for sands and gravels, Si for silts,
and ClI for clays. Specific soil groups that fall into these categories should
be based on ASTM D 2487 and AASHTO M 145. (2) The numerical suffix
to the soil type indicates the compaction level of the soil as a percentage of
maximum dry density determined in accordance with AASHTO T-99.

Source: From Design Method for Flexible Pipe, AASHTO, 1998,
with permission.
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Thermoplastic materials must also be checked to ensure that total wall strains do not
exceed the resistance capabilities of the plastic. The pipe wall must resist the combined action
of bending and thrust. Compressive strain is the critical strain since wall thrust acts purely in
compression and will tend to decrease the tensile strain in the wall. Maximum permissible
strain values are given in Table 5.23. The bending strain in the wall can be calculated as

2Dy
e = 2DV

b R (5.52)
where: D, = pipe shape factor (see Table 5.25)
R = radius to centroid of pipe, in
Ymax = distance from centroid of pipe wall to furthest pipe surface, in
A = vertical deflection, in
¢ = capacity modification factor, 0.5
and the compressive hoop, or circumferential, strain is
PR
= 5.53
= 124E (5:33)

where all variables are as described above.
The total compressive wall strain, €, is determined by adding the bending strain
and hoop strain:

—— (5.54)

The equation for determining the bending strain includes the pipe vertical deflection
as a design input parameter. Traditionally, the modified Iowa equation has been used to
estimate expected pipe deflections. However, differences between calculated and field
measured values as great as 100 percent have been reported. This is not a criticism of
the equation. It certainly has applicability for small deflection pipe products such as
concrete or corrugated metal. Further, with all of the technological advancements in
computer modeling, to date no better equation or method has been developed.

In lieu of calculating the expected pipe deflection via the modified Iowa equation,
the designer may set a maximum permissible in-field deflection limit in the project
specifications. This deflection value can then be used in the design calculations with-
out worry about the accuracy of the computed value.

Example: Thermoplastic Pipe Design. A 42-in-diameter culvert is required for a site
with 6 ft of cover and an HS 20 live load. The pipe will be installed with a well-graded
gravel backfill compacted to 95 percent of Proctor density. The maximum in-field deflec-
tion will be 5 percent. The pipe is an HDPE pipe with the following material properties:

D, = inside pipe diameter, 41.85 in
A = pipe wall area, 6.420 in*/ft
I = moment of inertia, 0.621 in*/in

¢ = distance to the centroid of the pipe wall, 1.38 in
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TABLE 5.25 Shape Factors for Design of Plastic Pipe

Gravel: GW, GP, Sand:

GW-GC, GW-GM, SW, SP, SM, SC,

GP-GC, and GP-GM GM, GC, or mixtures

Pipe Dumped Moderate Dumped Moderate
stiffness (PS), to slight to high to slight to high
Ib/in® (kPa) (<85% SPD)  (=85% SPD) (<85% SPD) (=85% SPD)

17 (117) 4.6 5.7 5.1 6.7
20 (138) 4.4 5.4 4.9 6.4
22 (152) 4.3 5.3 4.8 6.3
28 (193) 4.1 4.9 4.4 5.9
34 (234) 3.9 4.6 4.1 5.6
35 (241) 3.8 4.6 4.1 5.6
38 (262) 3.8 4.5 4.0 5.4
40 (276) 3.7 4.4 39 5.4
42 (290) 3.7 44 3.9 5.3
50 (345) 3.6 42 3.8 5.1

Notes: (1) Interpolate for intermediate pipe stiffness values. (2) For Class IA and IB
backfill materials, use the appropriate “Gravel” column. (3) For Class IVA backfill material,
use the highest shape factor for that pipe stiffness. (4) Information has been modified from
ANSI/AWWA (C950-88, p. 28, for pipe stiffnesses appropriate for corrugated polyethylene
pipe. (5) SPD = specified minimum density.

Source: From Structural Design Method for Corrugated Polyethylene Pipe, Corrugated
Polyethylene Pipe Association, 2000, with permission.

E = modulus of elasticity, 110,000 Ib/in?

£, = minimum tensile strength, 900 1b/in*

First, calculate the design load pressure as follows:

B =~yBFy + B8R, )
=1.3(1.5X771.6 + 1.67 X 200)

1938.8 Ib/ft

Then, from Eq. (5.49), the factored thrust in the pipe wall is

S
e

3.5
1938.8( 2=
9388( 2)

3392.9 Ib/ft

From Eq. (5.50), the required wall area to resist the thrust is
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T,
df

3392.9
1.0(3000)

= 1.13 in¥ft

Next check the critical buckling stress with Eq. (5.51):

M,ET

P =1 =
cr 999 R‘%(l _ V2)

5.97

The constrained soil modulus can be read from Table 5.24. In design, it is customary to
assume the design compaction level is 5 percent less than that required in the installation
specifications. Therefore assume 90 percent compactive effort for the design. The soil
stress level is the unfactored earth load pressure, 771.6 1b/ft>. Enter the table with this
soil pressure and an Sn-90 material. The constrained soil modulus is 1500 1b/in?; thus,

P - 1.999\/ 1500(110,000)(0.621)

[(41.85/2) + 1.381°(1 — 0.4%)

= 207 Ib/in*

The factored design load pressure is 1938.8 Ib/ft* or 13.5 Ib/in’, which is less than the

critical buckling pressure.
Determine the bending strain from Eq. (5.52):

21)fymaxA
T
_ 2(4.4)(1.72)(.05)(41.85)
1.0[(41.85/2) + 1.38]°

= 0.285 percent
and determine the hoop compressive strain from Eq. (5.53):

PR

g =
" 12AE

_ 1938.8(41.85 + 1.38)
12(6.42)(110,000)

= 0.990 percent
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The total compressive wall strain is 0.285 percent + 0.990 percent = 1.275 percent. This
is less than the permissible 5 percent for HDPE, and therefore the design is acceptable.

5.8.6 Pipe Deflection by the lowa Formula

Deflection of flexible pipes is not a design criterion in most specifications, because if
pipes are properly installed with approved soil and compaction level, deflections will be
within normal limits. However, the deflection for given loading and backfill conditions
can be approximated for a round pipe. The traditional method of predicting deflection is
the Towa formula introduced by M. G. Spangler and modified by R. K. Watkins:

v DKW i3 ss5
" EI+ 0.061E'F (5:55)

where AX = total horizontal deflection, in
D, = deflection lag factor
K = bedding constant
W, = vertical load on pipe, Ib/in
r = mean radius of pipe, in
E = modulus of elasticity of pipe material, 1b/in?
I = moment of inertia of pipe wall, in®
E’ = modulus of soil reaction, Ib/in?

Values for the bedding constant may be found in Table 5.26. Because the bedding
constant does not vary greatly and the bedding angle is generally not well known, it is
often taken as 0.10. Values of the modulus of soil reaction are given in Table 5.27. As
used in this table, the bedding material refers to the soil surrounding the pipe, not just
the bedding layer on which the pipe rests. The deflection lag factor accounts for the
tendency for deflections to increase over time, particularly if the soil is not well com-
pacted or if the soil has a significant plastic content. The value of D, used ranges from
1.0 to 1.5. Generally, reverse curvature of a round flexible pipe occurs when the
deflection reaches approximately 20 percent. Traditionally, a factor of safety of 4 is
used, so deflections are limited to 5 percent.

TABLE 5.26 Values of
Bedding Constant K for
Deflection Calculations for

Flexible Pipe
Bedding angle, °© K
0 0.110
30 0.108
45 0.105
60 0.102
90 0.096
120 0.090
180 0.083

Source: From A. P. Moser,
Buried Pipe Design, McGraw-
Hill, 1990, with permission.
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TABLE 5.27 Average Values of Modulus of Soil Reaction E” for Deflection Calculations for
Flexible Pipe

E” for degree of compaction of bedding, 1b/in?

Slight, Moderate, High,
Soil type—pipe bedding <85% Proctor, 85-95% Proctor, >95% Proctor,
material (Unified Classi- <40% relative  40-70% relative ~ >70% relative
fication System)* Dumped density density density

Fine-grained soils (LL>50)}
Soils with medium to high
plasticity CH, MH, CH-MH

Fine-grained soils (LL<<50)
Soils with medium to no
plasticity CL, ML, ML-CL, 50 200 400 1000
with less than 25% coarse-
grained particles

No data available; consult a competent soils engineer;
otherwise use E* = 0

Fine-grained soils (LL<<50)
Soils with medium to no
plasticity CL, ML, ML-CL,
with more than 25% coarse- 100 400 1000 2000
grained particles
Coarse-grained soils with fines
GM, GC, SM, SC contains
more than 12% fines

Coarse-grained soils with little
or no fines

GW, GP, SW, SPi# contains 200 1000 2000 3000
less than 12% fines
Crushed rock 1000 3000 3000 3000
Accuracy in terms of o ) +1 +0.5

percentage deflections§

Note: Values applicable only for fills less than 50 ft (15 m). Table does not include any safety factor. For
use in predicting initial deflections only; appropriate deflection lag factor must be applied for long-term deflec-
tions. If bedding falls on the borderline between two compaction categories, select lower E” value or average the
two values. Percentage Proctor based on laboratory maximum dry density from test standards using about
12,500 ft - 1b/fe® (598,000 J/m?) (ASTM D698, AASHTO T-99, USBR Designation E-11). 1 Ib/in?> = 6.9 kN/m?.

*ASTM designation D2487, USBR designation E-3.

FLL = liquid limit.

+Or any borderline soil beginning with one of these symbols (i.e., GM-GC, GC-SC).

§For £1% accuracy and predicted deflection of 3%, actual deflection would be between 2% and 4%.
Source: From American Society of Civil Engineers, J. Geotech. Eng. Div., January 1977, pp. 33-43,

with permission. (Based on Amster K. Howard, “Soil Reaction for Buried Flexible Pipe,” U.S. Bureau of
Reclamation, Denver, Colo.)

5.8.7 Tunnel Liner Plates and Rib and Lagging

Steel tunnel liner plate and steel rib and lagging are flexible structures placed by a
tunneling operation. Like other flexible structures, they are designed to deflect verti-
cally under load so that the lateral side pressure will be established and essentially
uniform radial pressure will develop about the perimeter of the structure. Because
these structures are used in tunneling operations, however, under most circumstances
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it is not necessary to design for the complete prism load. The AASHTO Standard
Specifications for Highway Bridges state that the earth pressure on a tunnel liner can
be determined from the following equation:

W, =C,nS (5.56)

where W,, = earth pressure at the crown, kip/ft®
C,, = load coefficient for tunneling (from Fig. 5.42)
v = unit weight of soil, kip/ft}
S = tunnel diameter or span, ft

The tunnel liners act in compression caused by ring thrust. If a structural member
with significant stiffness is used, the effects of ring flexure must be included because
the flexural stress may reduce the capacity of the member to carry load.

The design of tunnel liners generally consists of designing the liner for joint
strength, wall buckling, and minimum stiffness for installation. The analysis of steel
ribs with lagging is a fairly straightforward procedure. The steel ribs are generally
placed at 4-ft intervals on centers. The lagging must carry the load between these and
is designed for moment and shear over the 4-ft span. The load per linear foot may be
taken as that for tunnel liner plate. The ribs must be designed to withstand the load

12

Values o H/D (ratic of overburden 1o span)

Values of coefficient C,

FIGURE 5.42 Diagram for coefficient C, for load calculations for tun-
nels. ¢ is soil friction angle. (From Standard Specifications for Highway
Bridges, American Association of State Highway and Transportation
Officials, Washington, D.C., 1992, with permission)
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transferred from the lagging. The stress in the steel ribs should include the effects of
both flexure and thrust. The use of precast concrete tunnel liners as an initial support
is rare. The analysis is complex, but may be aided by the use of moment-thrust inter-
action diagrams. (See Standard Specifications for Highway Bridges, AASHTO; R. V.
Proctor and T. L. White, Earth Tunneling with Steel Supports, Commercial Shearing,
Inc., 1977; and T. D. O’Rourke, Guidelines for Tunneling Design, ASCE, 1984.)

5.9 CONSTRUCTION METHODS

Underground structures may be built by a variety of means including embankment
construction, open-trench construction, jacking, tunneling, and microtunneling.

The proper design and installation of the foundation, bedding, and backfill for
embankment and trench installations are critical to the performance of underground
structures. They are also essential factors for achieving an accurate structural analysis of
the system. The foundation preparation, bedding, and backfill of underground structures
should be done in accordance with standards established by local and state transportation
agencies. These standards vary from region to region, but the important aspects of typical
practices are reviewed below.

Regardless of whether the pipe is installed in an embankment or a trench, the foun-
dation must provide relatively uniform resistance to loads. If rock is encountered, it
should be excavated and replaced with soil. If soft material is encountered, it should
be removed for a width of three pipe spans and replaced with suitable material. Care
must be taken to ensure that the foundation under the pipe is not stiffer then than the
adjacent zones, because this will attract additional load on the pipe.

The bedding is then placed above the foundation. Bedding thickness and material
is contingent upon the type of pipe and the quality of the installation required. Pipe-arch
structures require excellent soil support at the corners, because pressures are higher
there. For most applications 3 to 6 in of bedding is sufficient. Some agencies require a
shaped bedding for all pipe because of the difficulties in compacting the backfill in the
haunch area. More recently, for most round pipes, in lieu of a shaped bedding, specifi-
cations call for the bedding under the middle one-third of the pipe diameter to be left
uncompacted. This is so that the pipe can properly seat itself in the bedding, resulting
in a greater length of support along the bottom circumference of the pipe. Pipe arches
and large span structures should always be placed on a shaped bedding.

The backfill should be placed in 6- to 8-in compacted layers around the structure.
Each backfill layer must be compacted to the minimum density required in the con-
struction specifications. Densities less than 90 percent standard Proctor density should not
be permitted. The backfill must be kept in balance on each side of the pipe. A granular
material free of organic content and with little or no plasticity makes good backfill.

Complete installation requirements for the various pipe materials can be found in
AASHTO, ASTM, and state DOT specifications.

5.9.1 Embankment Construction

Where a pipe is required as part of an embankment construction, it may be installed by
compacting layers of fill uniformly on either side. It is important to bring the layers up
uniformly on either side of the pipe. After a sufficient layer is compacted over the top
of the pipe, ordinary embankment construction may proceed. Alternatively, some
agencies require that the embankment be constructed first, then a trench dug for the
installation of the pipe.
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5.9.2 Trench Construction

The open-trench method is commonly used for culvert construction. It is more cost-
effective than tunneling except when a pipe must be constructed in an existing high
fill. Shoring may be necessary, particularly if the installation is under a traveled way.
This will keep the limits of excavation to a minimum and, by the use of steel cover
plates, allow the roadway to remain open during nonworking hours. Where it is neces-
sary to use an open-trench method of construction in urban areas, it is wise for the
designer to make available to the contractor options for the type of structure to be
placed. For example, if a box culvert is deemed necessary by the engineer because of
hydraulic considerations and physical constraints, a precast concrete or a prefabricated
metal box, as alternatives to cast-in-place construction, should be permitted. In this
manner, the traveling public experiences a minimum of disruption of service when
open-trench construction is used. AASHTO recommends a trench width equal to 1.25
times the outside diameter of the pipe plus 1 ft for concrete pipe and a width to provide
for 2 ft minimum on each side of the pipe for flexible culverts. However, some states
simply recommend a constant clearance between the outside of the pipe and the trench
wall to ensure that there is room for compaction and compaction testing equipment.

5.9.3 Camber Requirements

Where high embankments are placed on original ground, the fill may compress and
consolidate the foundation soil. Thus, culverts constructed on or near the original
ground surface tend to undergo some settlement. The amount of settlement varies with
fill height and the consolidation characteristics of the foundation soil. Because the
amount of settlement varies with the fill height, the culvert will tend to settle more
toward the center than at the ends. If the culvert is built upon a straight grade between
the inlet and outlet elevations, a sag will develop. The sag may create a low point in
the culvert, or may cause accumulation of debris and silt and opening and leaking of
joints. These in turn may lead to a reduced waterway capacity and the possibility of
loss of stability to the embankment through piping of fines at the joint. As illustrated
in Fig. 5.43, these dangers may be avoided by cambering the culvert so that after settle-
ment occurs, the culvert grade line will be at or close to that desired. Almost any type of
culvert that is not cast in place may be cambered. These include precast concrete pipes and
box culverts, corrugated metal pipes, structural-plate steel or aluminum pipes, and plastic
pipes. The amount of camber required can be determined by a soils engineer.
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FIGURE 5.43 Illustration of camber to allow for settlement of culvert under high fill.
(From Handbook of Steel Drainage and Highway Construction Products, American Iron and
Steel Institute, 1994, with permission)
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5.9.4 Jacking and Tunneling

Should open-trench construction prove uneconomical or the disruption to the traveling
public too great, either jacking or tunneling may prove to be more efficient. Either
method removes from consideration the possible disruption of traffic. In addition, for
deep fills, these methods can be economically competitive with the open-trench
method. The designer should be cautioned that when jacking or tunneling is used,
small differences in anticipated geologic conditions may lead to large changes in the
method by which the contractor solves the problem. For example, the difference
between “running” and “flowing” ground can be not only very costly, but disastrous
as well. If unanticipated geologic conditions are encountered by the tunneling or jacking
contractor, the cost of the contract could increase dramatically. For this reason, if geo-
logic conditions are in doubt, the designer is advised to obtain adequate geotechnical
information through borings.

Jacking. Jacking of underground structures requires that the structure being jacked
be able to withstand the large compressive forces acting on it. This generally limits
the possibilities to reinforced concrete pipe, reinforced concrete boxes, and solid wall
steel pipes. The first step is to adequately provide for a jacking pit, or to design a
thrust wall if the jacking is to take place above ground. The jacking force and the ade-
quacy of the structure itself to withstand that force are often left to the contractor. The
jacking force required is dependent upon the type and diameter or span of the structure,
the type of soil, the amount of overfill, and the jacking distance. Table 5.28 provides
values of frictional resistance on reinforced concrete pipe determined from past jacking
projects. These values may be reduced if a lubricant such as bentonite slurry is injected
into the void created by the overcut. If the frictional resistance is too high for the
thrust blocks or the jacks, intermediate jacking stations may be necessary.

Figure 5.44 shows the sequence of work in a jacking operation. An articulated
shield is placed on the first unit to be jacked, and all excavation occurs within this
shield. The unit is pushed forward, material is excavated, and spoils are removed. The
excavation may be made with a sophisticated boring machine, a small front end loader, or
manual labor. Spoils are removed by augers, conveyor belts, or small carts. Pipe sections
tend to remain in a straight line when jacked, either through the stiffness provided by
the bell-and-spigot joints of concrete pipe or the welded joints of solid wall steel pipe.
On the other hand, precast reinforced concrete boxes tend to rotate when jacked unless
furnished to full length. This precludes their use when a jacking pit is necessary.

Tunneling. Tunneling through soft ground is accomplished by pushing a shield forward
and erecting a liner inside of it. The shield is then pushed off the liner as the tunneling

TABLE 5.28 Frictional Resistance of Reinforced Concrete Pipe for
Jacking Projects

Frictional Frictional
Soil condition resistance, 1b/ft? resistance, kN/m?
Rock 40-60 2-3
Firm clay, silt 100-400 5-20
Wet sand 200-300 10-15
Dry loose sand 500-900 24-45

Source: From S. J. Klein, “Geotechnical Aspects of Pipe Jacking Projects,”
Pipeline Crossing Proceedings, Special Conference, Pipeline Division, American
Society of Civil Engineers, Denver, March 25-27, 1991, with permission.
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FIGURE 5.44 General procedures for jacking concrete pipe. Procedures for steel pipe are similar.
(From Concrete Pipe Handbook, American Concrete Pipe Association, 1980, with permission)
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progresses, so that there is no limit to the length that may be tunneled. The initial liner
may consist of precast concrete sections, steel tunnel liner plates, or steel ribs with
either wood or steel lagging. After the liner is erected within the shield and the shield
is jacked forward, the void created between the liner and the ground due to overcut may
or may not need to be grouted. The grouting of this area depends upon the judgment of
the engineer and the type of liner. Tunnel liner plates may not be expanded once they
are erected. Because of this, the void caused by the overcut is generally grouted.
Precast concrete sections and steel ribs may be expanded to contact the earth once the
shield is jacked forward. In this case it is left to the judgment of the engineer whether or
not grouting is necessary. After the tunnel is completed, the carrier pipe is placed inside
the liner and the void between the two is generally filled with either sand or grout.

Microtunneling. Microtunneling is a term used to describe a method of horizon-
tally boring pipes approximately 36 in (900 mm) in diameter and smaller, using highly
sophisticated remotely controlled equipment. The use of lasers allows for extremely
accurate placement of the pipe in both grade and alignment. The pipe is jacked from a
jacking pit as the tunnel is being bored and the spoils are removed.

Directional Drilling. Directional drilling is similar to microtunneling except that
where microtunneling is a one-stage process, the directional drilling method consists of
first drilling a pilot hole, reaming it to the proper diameter, and then pulling the pipe
through. Because of this methodology, no jacking pit is required. This method has a
high degree of precision in location of grade and may be used where the pipe diameter
is 42 in (1050 mm) or smaller and the length to be placed is less then 5000 ft (1.5 km).

Stabilization Methods for Tunneling. As previously stated, tunneling may be
required where it is necessary to keep a roadway or rail line open. This may occur
where there is little fill over the crown of the excavation, or where there is adequate
fill but it is lacking in stiffness or cohesive strength. When this happens, the soil
above the excavation cannot, by itself, develop an arching effect that will adequately
support the roadway. This situation necessitates unusual solutions such as chemical
grouting, compaction grouting, ground freezing, and the use of spiles. The applicable
method of increasing the support depends upon the site and soil conditions. Chemical
grouting, compaction grouting, and ground freezing are all methods of stabilizing the
soil. Spiles are horizontally drilled small-diameter holes extending from one side of
the proposed tunnel to the other and surrounding the tunnel, generally in an arch
shape. The holes, after being drilled, have a steel pipe placed in them, which is subse-
quently filled with concrete. The spile diameter is commensurate with the size of
opening to be excavated, and the spacing is reliant upon the amount of coverage and
cohesiveness of the soil. After the spiles are in place, the tunnel excavation may begin
with steel arch supports placed as necessary.

5.10 INSPECTION

Many storm drains and highway culvert systems have in the past been and are presently
designed for a 50-yr life span. The local roadway and state highway and interstate sys-
tems have in large part reached this age or soon will. Consequently, rehabilitation and
repair of existing storm sewers and highway drainage culverts are presently requiring
more and more attention and resources from the responsible agencies. It is generally
less expensive to rehabilitate or repair an existing underground structure than to replace
it. In addition, the cost of repair to the facility after a catastrophic failure greatly
exceeds the cost of rehabilitating the structure and preventing that failure. The key, of
course, is being able to identify those structures that are in jeopardy of failing.



5.106 CHAPTER FIVE

5.10.1 General Considerations

Failure of a culvert can be defined as any condition that could reasonably lead to the
collapse of the roadway above or the inability of the culvert to carry the design flow.
Failure of the roadway above may be a direct result of the collapse of the structure, or
may be caused by a loss of the fill due to piping and the infiltration of fines. Excessive
seepage through open joints can cause loss of the backfill material as illustrated in
Fig. 5.45.

Fortunately, the complete collapse of a culvert is a rare occurrence. Culverts that are
overstressed, either because of loss of the surrounding soil support or because of over-
loads, tend to redistribute those stresses in many cases. For example, the loss of support
or the effect of excessive live loads may not occur over the complete length of the struc-
ture. Consequently, as one section becomes overstressed, it may deflect more than the
adjacent sections and transfer loads to those stiffer sections. In addition, underground
structures that show distress, such as a concrete pipe that cracks excessively or a flexible
pipe that deflects excessively, may reduce the loads upon themselves by the very act
of deflecting. For instance, flexible pipe that overdeflects may have a reduced over-
burden load on it because the complete prism of earth above the structure may not
necessarily move downward with the deflection; competent soils will have a tendency
to arch over the pipe and support some of the load. The concrete pipe that cracks may
form hinges and redistribute loads within the structure; the concrete pipe may now
have more of a tendency to act as a flexible structure with reduced moments and
increased compression forces. However, this discussion should not give the false
impression that structural distress can be ignored. Catastrophic failures have occurred
and caused fatalities when vehicles plunged into the void left by the collapse. Large
structures with low covers are probably the most susceptible to structural failures and
should be evaluated carefully.

Even if complete collapse does not occur, structural distress can affect the adjacent
soil and accelerate failure. Piping and infiltration that cause loss of adjacent soil support
may proceed at an increasing rate and cause failure of the roadway above. In some
cases, enough fill may be lost through piping to create a sinkhole with the structure
below showing no signs of severe structural distress.

The National Bridge Inspection Program requires that all structures with span
greater than 20 ft (6000 mm) be inspected every 2 years. That is, all structures with
spans greater than 20 ft when measured along the centerline of the roadway are classi-
fied as bridges for purposes of inspection. Two important points should be mentioned
here. First, the measured distance is along the centerline of the roadway. That means a
structural-plate pipe or a reinforced concrete box culvert with a 15-ft (4500-mm) span

EFFECT ON UNPAVED AREAS EFFECT ON PAVEMENT

FIGURE 5.45 Schematic of surface indications of infiltration. (From “Culvert Inspection Manual,”
Report No. FHWA-IP-86-2, FHWA, 1986, with permission)
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on a 42° skew will be classified as a bridge for inspection purposes and included in
the bridge inspection program, even though the span is 15 ft for hydraulic and struc-
tural design purposes. The second point is that multiple pipes are considered to be a
bridge for inspection purposes when the out-to-out distance between the first and last
pipes is 20 ft or greater and there is a maximum of one-half diameter of the smaller
pipe between them. For example, two 102-in-diameter pipes separated by 51 in would
qualify as a bridge (102 + 51 + 102 = 255 in, or 21.25 ft).

Culverts that do not qualify for inspection under the bridge program should never-
theless be given consideration for inclusion in a regular inspection program. To avoid
repetition of inspections, some coordination between the engineers responsible for the
two programs is necessary. Although the ideal would be to inspect all culverts, obvi-
ous constraints, with regard to both physically inspecting the culverts and the costs of
doing so, place limits on any program of culvert inspection. It may be less expensive
to replace small culverts that are located beneath lightly traveled roads and have little
fill on them than it would be to maintain them in an inspection program with rehabili-
tation prior to failure as a goal. Conversely, where some culverts may not warrant
inspections absent obvious signs of distress, others may require frequent inspections.
Large structures that carry high flows during major storms or have a history of structural
deficiencies, such as cracking (in concrete) or corrosion (in metal), should be inspected
more frequently and especially after periods of storms.

5.10.2 Elements of Inspection

An inspection of the culvert should include the approach roadway, the embankment,
the headwalls and wingwalls, the waterway, and the culvert barrel.

Roadway. The roadway over the culvert should be inspected for sags and cracks in
the pavement that are the result of settlement. These may be evident in both the road-
way itself and adjacent guiderail. The settlement may be the result of poorly compacted
material adjacent to the culvert piping (infiltration or transportation of fines by water
flowing through the backfill), or settlement of the culvert itself. The structural integrity
of the culvert itself may or may not have been compromised. An inspection of the culvert
must be made.

Embankment, Headwalls, and Wingwalls. The embankment, headwalls, and wing-
walls at the inlet and outlet ends of the culvert should be inspected for signs of erosion,
undermining, and settlement. If there is erosion at the ends, the structural integrity of
the culvert will not necessarily be immediately compromised, but the hydraulic capacity
will be affected. Any erosion or undermining will only worsen, and corrective action
should be scheduled. If there is separation between the culvert and the endwalls, there
could be a loss of supporting soil somewhere along the length of the culvert, which
would affect structural capacity.

Waterway. The waterway should be inspected directly upstream and downstream for
changes in the drainage. The culvert may have effected the changes in this drainage,
and conversely, the changes in the drainage may have an effect on the culvert. An
example of the former is where the velocity of the water is increased because of the
channeling effect of the culvert. This velocity change could then cause either scour or
accretion downstream. An example of the latter is accretion affecting the backwater
up to the culvert, which can alter the subsequent performance of the culvert. In addi-
tion, the waterway should be inspected for accumulations of debris and sediment at
both the inlet and the outlet and within the culvert itself.
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Culvert Barrel. The barrel or structure of the culvert should be inspected for defects,
distortions, and deflections. The nature of these will depend upon the type of culvert
being inspected.

5.10.3 Inspection of Flexible Structures

A flexible structure should be checked to ensure that the cross-sectional shape it was
designed for is intact. If the flexible culvert, whether it is a round pipe, a pipe arch, an
arch, a horizontal ellipse, or any other structural shape, deflects from its design shape,
it is not receiving the required support from the backfill. It is assumed in the design of
flexible structures that moment in the structure is negligible and that due to the thrust
forces, the structure is in compression throughout. If the deflection is large enough to
cause a flattening of the structure, these assumptions will not hold true and the struc-
ture may collapse. Larger structures with large top radii, such as long-span structures,
can withstand a smaller percentage of deflection before reverse curvature occurs than
can round structures.

Visual observations of the culvert shape may reveal only large distortions and
deflections; deformations may not be readily apparent until they reach approximately
10 percent. For this reason, if excessive deflections in the cross-sectional shape are sus-
pected, physical measurements should be taken and documented with changes over
time. Reference points should be permanently marked, and for a corrugated structure,
measurements should be taken to inside corrugations for consistency. General deflec-
tions of round pipe greater than 5 percent should be investigated and monitored; reversal
of curvature is expected at 20 percent for a metal culvert, but it may occur at a lesser
value for a large structure. Localized flat spots or reversals of curvature are matters of
special concern. It is necessary to determine, over time, if the structure deflection has
stabilized. This information is critical in determining how serious the deflection is, if
rehabilitation is necessary, and in determining if the rehabilitiation method needs to
offer additional structural support to the culvert. A computer program is available to aid
in the investigation and evaluation of multiple-radius metal structures. (See D. C. Cowherd
et al., “Application of the Program MULTSPAN/SOILEVAL to Analyze Problem
Structures,” Proceedings of the Second Conference on Structural Performance of
Pipes, Ohio University, Athens, Ohio, 1993, A. A. Balkema, Rotterdam, 1993.)

All metal culverts should be investigated for evidence of corrosion and erosion.
With a general loss of section there will be an accompanying loss of structural capacity.
Wear will first be noted by a loss of the galvanized or other coating. If this occurs,
then the unprotected metal may be expected to deteriorate more rapidly because of the
erosive effects of the bedload. Corrugated metal pipe should be checked to ensure
joint integrity (see Art. 5.10.4).

Bolted longitudinal seams of structural-plate culverts should be inspected for cocking,
cracking, and bolt tipping. Cocking occurs where the structure deflects inward at the
seam, causing a significant change in the structure’s shape or appearance. This may be
caused by improper erection or fabrication of the plates and can result in loss of back-
fill due to piping and a reduced allowable compression strength of the structure due to
the distortion. Cracking may occur where there is excessive deflection at the seam.
This could ultimately lead to a disjointing, which would result in loss of ring thrust.
Bolt tipping is rare; it occurs where the plates slip because of high compressive forces.
However, if the structure is under high fill and the plates slip, the bolt holes could
become elongated, with the result that the bolt is eventually pulled through the plate.

Plastic pipe should be inspected for excessive deflection, joint integrity (see Art.
5.10.4), and cracking.
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5.10.4 Inspection of Rigid Structures

Inspection of reinforced concrete pipe should focus on problems with alignment,
joints, and the wall.

The alignment of the culvert may be inspected visually. Misalignment may be
caused either by poor installation practices or by subsequent settling of the pipe or the
backfill. In any case, the pipe should be periodically monitored to ensure that the con-
dition does not worsen. Close inspection of the joints may reveal conditions that will
lead to an increase in the misalignment of the structure.

Joints should be inspected for cracks, separation, exfiltration, and infiltration.
Cracks and separation of joints are detrimental to the culvert only insofar as they
increase the possibility of infiltration and exfiltration. Infiltration is the inflow of
water and the accompanying fines during times of high groundwater when the flow in the
pipe itself is low. If the inspection is made during this time period and infiltration is
occurring, it will be evident. If the inspection is made during a period when high
groundwater is not present, but infiltration has occurred, there may be evidence of
residual fines and silt at the joints. Infiltration can cause the loss of backfill and even-
tually lead to a failure of the roadway above as shown in Fig. 5.45.

Exfiltration is the outflow of water from the pipe into the surrounding backfill.
This may cause piping, a loss of backfill material carried away by the outflowing
water. This can create problems both with the roadway above and with the culvert
itself, which can lose structural integrity because of the loss of side support. If exfil-
tration is occurring, it may be observed when the flow is relatively low by inspection
of the joints. In addition, there may be some evidence of piping at the outlet end of the
culvert, where undermining and the deposition of fines may be present.

Whereas loss of backfill support would be evidenced by excessive deflection in a
flexible culvert, rigid culverts will not exhibit this condition. Despite the loss of back-
fill support, there may be little or no sign of distress in the wall of the culvert.

The walls of concrete pipe should be inspected for longitudinal and transverse
cracks and spalls and wearing of the invert. Longitudinal cracks at the pipe crown or
invert (cracks that run lengthwise down the culvert) are indicative of high flexural
stresses in the pipe. As the pipe is loaded, it tends to deflect downward and outward.
These deflections cause the inside of the pipe at the crown and invert to be in tension
as well as the outside of the pipe at the springlines. If the pipe is subjected to a high
load, longitudinal cracks may develop at these locations. Because the pipe is buried,
inspection of the longitudinal cracks located at the springline on the outside of the
pipe is not possible. However, the longitudinal cracks at the crown and the invert
will be evident if they exist. Cracks 0.01 in (0.25 mm) or less in width are consid-
ered to be hairline cracks and are of minor importance. Larger cracks should be
noted and monitored.

Longitudinal cracks located between the crown or invert and the springline are usu-
ally caused by shear failure of the wall section. If this type of cracking is visually
observed, it is imperative that the cause of the cracking be investigated further. If a
shear-type failure is determined to be the cause of the cracking, a rehabilitation or
replacement strategy needs to be implemented immediately since the load-carrying
capacity of the pipe has been compromised.

Transverse cracks (cracks extending around the circumference of the pipe) are caused
by differential settlement along the length of the pipe. This can be caused by either unsuit-
able foundation material or poor installation practices. These cracks are usually not struc-
tural in nature but can lead to spalling or subsequent corrosion of the reinforcing steel.
Figure 5.46 illustrates transverse cracking resulting from improperly prepared bedding.

Invert wear on a reinforced concrete pipe or box culvert will be indicated by rutting
of the surface or rust stains on the surface. In the extreme case, there will be exposed
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FIGURE 5.46 Illustration of transverse (circumferential) cracking in concrete pipe
because of differential settlement. (a) Properly prepared bedding evenly distributes loads. (b)
Improperly prepared bedding results in stress concentrations. (From “Culvert Inspection
Manual,” Report No. FHWA-IP-86-2, FHWA, 1986, with permission)

reinforcement. All of these conditions lead to a reduction in the structural adequacy of
the culvert. Where the reinforcing is exposed, the bond is broken between it and the
concrete and the reinforcing is not able to carry the intended stresses.

Unreinforced concrete pipe, whether cast in place or precast, should be inspected
for invert wear and cracking. Because the concrete itself must take the flexural stresses,
any reduction in thickness due to abrasive wear is of concern. For that reason, if rutting
of the invert is evident, an attempt should be made to determine the amount of loss of
section. The culvert should be reanalyzed for its structural capacity using this changed
section to determine whether or not rehabilitation or replacement is necessary. If lon-
gitudinal cracks are present in unreinforced concrete pipe, the modulus of rupture has
been met or exceeded and the flexural capacity of the pipe has been reached. As previ-
ously mentioned, only those cracks at the crown and the invert may be easily detected.

(See “Culvert Inspection Manual,” Report No. FHWA-IP-86-2, Federal Highway
Administration.)

5.11 REHABILITATION

The appropriate method to be used for culvert rehabilitation depends upon the type
and size of the culvert, its condition, and hydraulic and economic considerations.
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Hydraulic and economic considerations bear on the issue of repair versus replace-
ment. If the hydraulic capacity of the culvert is in question, or if a rehabilitation
method that would reduce its capacity—either by reducing the waterway or by increas-
ing its roughness—is under consideration, a hydraulic analysis is required. In addition,
if there will be additional highway construction in the area or if there are plans to
widen the roadway in the future, these considerations should be included in the deci-
sion of rehabilitation versus replacement.

Pipe replacement is the only method applicable to all pipe types regardless of
defects. It is also the most disruptive to the traveling public if done using an open-trench
method of construction. As has been previously discussed, jacking or tunneling, at an
increased cost, may eliminate this disruption. The advantage is that the hydraulic capacity
may be increased and, at the present time, replacement is comparable in cost to relining.
However, other methods of rehabilitation will often suffice, as discussed below.

5.11.1 Rehabilitation of Rigid Structures

Rigid culverts with invert wear may be rehabilitated by paving the lower quadrant of
the culvert. Where there is no reduction in the structural capacity of the culvert, the
invert may be protected from further erosion by placing portland cement concrete or
by using shotcrete. Welded wire mesh may be used to strengthen the culvert where it
is necessary to do so. For an unreinforced concrete pipe, this will be the case where
there is either significant invert wear or longitudinal cracking. Strengthening of a rein-
forced concrete pipe may be deemed necessary where there is significant longitudinal
cracking, invert wear, or spalling. Dowels should be drilled into the member to be
repaired, to provide anchorage for the welded wire fabric.

Cracks and spalls caused by flexural distress may be repaired in rigid culverts by
sealing and patching. Spalls may be patched with a mortar- or cement-based material,
a procedure that is inexpensive and requires little resource allocation. Cracks may be
sealed with either a flexible or a nonflexible sealant. If the crack is continuing to
move, and if there will be no loss in the structural capacity of the culvert if it continues
to do so (circumferential cracks may be an example), a flexible sealant may be used. If
the crack has stabilized, or if additional movement is not acceptable, a nonflexible
sealant such as a cement mortar may be appropriate. However, the sealant itself will
not prevent additional movement. The underlying cause of the cracking must be dis-
covered and appropriate measures such as pressure grouting applied.

Cracking caused by shear failure of the wall section is a cause for immediate reha-
bilitative efforts. The replacement or structural relining of the affected pipe will be
necessary.

If reinforced concrete pipes separate at the joints and infiltration or exfiltration
occurs, not only must the joint be repaired, but the surrounding embankment must be
stabilized. The concrete pipe joint may be sealed by the use of an expansion ring gas-
ket and band to prevent further infiltration or exfiltration. Stabilizing the embankment
may be accomplished by pressure grouting.

5.11.2 Rehabilitation of Flexible Structures

Flexible metal pipes may need rehabilitation wherever there is a loss of section or
where large deflections (greater than 5 percent) are present. Where the culvert has
undergone a loss of its structural section due to corrosion or erosion, the amount of
loss should be noted and a determination made whether the culvert needs to be
strengthened or only protected. The loss of section in metal culverts usually occurs at
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the invert due to the abrasive conditions of the water flow and/or the corrosive effects
of the water. If the loss of section is not significant, it may be adequate to protect the
invert with a coating to prevent future erosion or corrosion. The reason for the loss of
section should be determined. If the loss is due to corrosion, the application of an
asphalt paved invert material should provide protection against future corrosion.
However, the asphalt coating does not withstand abrasion well. If the loss is due to
erosion, paving the lower quadrant with portland cement concrete will be adequate.
Either of these methods is applicable as long as there is no significant loss of structural
section that would reduce the structural capacity of the culvert. Where the loss of section
is considerable, the structural integrity may be maintained by the addition of welded
wire fabric to the concrete paving of the invert. The wire mesh may be welded to the
invert corrugations of the metal culvert and then the portland cement concrete placed
to provide a smooth channel for the water. Figure 5.47 illustrates rehabilitation with
concrete paving. Should the culvert have major structural defects, it may be necessary
to replace or reline it or place reinforced concrete around the complete periphery.

__Welded wire
mash reinforcement Min. 2° cover
over reinforcement

Section A-A

FIGURE 5.47 Example of invert paving of metal culverts
with reinforced concrete. (From Highway Design Manual,
California Department of Transportation, with permission)
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5.11.3 Relining

Relining of either rigid or flexible culverts may be done either by slip lining or by
installing a flexible liner. Slip lining is merely the insertion of a prefabricated pipe
inside an existing pipe. The most common insertion pipes are either corrugated metal
or plastic. Obviously, the cross-sectional area of the pipe will be reduced. This will
likely affect the hydraulic capacity of the culvert. If a smooth plastic pipe is utilized,
the velocity of the flow may be increased, in part offsetting the reduction in the capacity
due to the decreased area. Should this be the case, the downstream end of the culvert
should be investigated to prevent additional erosion. Regardless of the type of pipe
inserted, the annular space between the inside of the existing pipe and the outside of
the inserted pipe should be grouted. The final product is comparable to a new culvert,
placed with little disruption to the traveling public.

Another method of relining consists of inserting a flexible tube inside the damaged
pipe. The flexible tube will generally consist of a resin liner, which, after being inserted
inside the subject pipe, is expanded to fit the full cross section of the pipe. It spans
irregularities such as joints that may have opened. Flexible reline pipes are available
in a variety of materials such as HDPE, PVC, and thermal-set resins. They are
installed using a variety of methods such as fold and form, and inversion processes. The
products are specified and designed on a project-by-project basis. Many of the rehabil-
itation products can be designed to provide additional structural supprt to the existing
pipe. The manufacturer of the material should be consulted as part of the overall
design process.

5.11.4 Shotcrete Lining

Welded wire fabric may be used in conjunction with shotcrete to rehabilitate deteriorated
portions of either metal or concrete culverts. The welded wire should be anchored to
the in-place pipe either through the use of drilled dowels, if the pipe is concrete, or by
welding to either the corrugations (of metal pipe) or to previously welded studs. The
shotcrete can then be placed by the use of high-pressure hoses. The repair can be
designed to restore structural integrity, with little loss of hydraulic capacity.

5.11.5 Grouting Soil Voids

Regardless of the method of repair or rehabilitation chosen, the possible need for
grouting potential voids in the soil envelope surrounding the pipe should be addressed.
Portland cement grout may be pressure-injected from the interior of the culvert
through drilled holes located toward the bottom of the suspected voids. Drilled holes
located toward the top of the pipe then allow for the trapped air and water to exit prior to
the grout. Grouting of the voids is necessary to complete the structural rehabilitation
of the culvert and to reduce the possibility of any future piping of the culvert backfill.

Where conventional grouting will fill the large voids adjacent to the culvert created
by infiltration or piping, compaction grouting will density the soil. The equipment,
method of injection, and makeup of the grout will all be different from what is
required for conventional grouting. Compaction grouting in addition to or in lieu of
conventional grouting may be necessary. However, the benefit of knowing that there
is a well-compacted, stabilized soil in the vicinity of the culvert may not outweigh the
expense involved in the process of compaction grouting.
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CHAPTER 6
SAFETY SYSTEMS

Roger L. Brockenbrough, P.E.

President
R. L. Brockenbrough & Associates, Inc.
Pittsburgh, Pennsylvania

One of the most important and most challenging aspects of highway engineering is
designing to enhance life safety. This chapter focuses on roadside safety, which
encompasses the safety of vehicles that leave the roadway and shoulder.

This material is based largely on the publication of the American Association of
State Highway and Transportation Officials (AASHTO), Roadside Design Guide
(2002), which was developed by the AASHTO Subcommittee on Design, Task Force
for Roadside Safety, currently under the chairmanship of David L. Little, P.E. Made
up of about 25 highway engineers with diverse experience, the task force maintains
and updates a synthesis of current information and operating practices to serve as a
comprehensive guide to individuals and agencies in developing standards and policies.
Their contribution to promoting highway safety is gratefully acknowledged.

6.1 CONCEPTS AND BENEFITS OF ROADSIDE
SAFETY

The roadside is defined as that area beyond the traveled way and shoulder. Thus, road-
side safety is concerned with treatments that minimize the likelihood of serious
injuries when a vehicle runs off the roadway.

Roadside safety design has received particular emphasis over the last 30 years or
so. The increased awareness of its importance and the development of improved safety
concepts and devices have contributed significantly to improved safety. As shown in
Fig. 6.1, the traffic fatality rate expressed in terms of driven distance has declined to
one-third of that in the mid-1960s. Many factors have contributed to the declining rate,
including safer vehicles (occupant restraints, door beams, crash energy management, etc.)
and improved roadways (intersection geometry, superelevation, grade separation,
etc.). However, roadside improvements have played a key role in reducing fatalities.

The safety effort has definitely been worthwhile, but most of this effort has been
directed at new construction. Now, many highway projects constructed before the era
of safety emphasis are candidates for major reconstruction. The opportunity therefore
presents itself to incorporate cost-effective roadside safety concepts and features in
this reconstruction to the benefit of all concerned.

6.1

Copyright 2003, 1996 by The McGraw-Hill Companies, Inc. Click Here for Terms of Use.
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FIGURE 6.1 Traffic fatality rate continues to decline. (From Roadside Design Guide, AASHTO,
Washington, D.C., 2002, with permission)

Roadside safety must be addressed because a significant number of vehicles
inevitably leave the roadway. There are a variety of reasons for this, such as:

e Driver fatigue or inattention

e Excessive speed

¢ Driving under the influence of alcohol or drugs

e Collision avoidance

e Roadway condition (ice, snow, rain)

e Vehicle component failure

e Poor visibility

To reduce the severity of accidents involving these errant vehicles, the roadside should
have relatively flat slopes and be free of fixed objects. What is known as the forgiving

roadside concept has generally become an integral part of highway design criteria.
Obstacles most often responsible for roadside fatalities include:

e Trees and shrubs

o Utility poles

e Culverts and ditches

e Curbs and walls

e Sign and luminaire supports
e Bridge piers and abutments

Design options often employed for addressing a roadside obstacle include:

e Removing the obstacle
¢ Redesigning the obstacle so it can be safely traversed
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¢ Relocating the obstacle

¢ Using breakaway devices

¢ Shielding the obstacle with a barrier or crash cushion
¢ Delineating the obstacle

As with virtually all highway construction, funds for safety improvements are limited,
and thus, emphasis must be given to improvements that are cost-effective and offer the
greatest opportunities for safety enhancement. Some features such as breakaway supports
and bridge railings are routinely included on the basis of a subjective analysis of obvious
benefits. In other cases, where alternatives exist, benefit-cost and value engineering
studies should be used to aid in rational decisions. Benefits include expected reduction
in accident costs, including the cost of personal injuries and property damage, based
on the expected reduction in number and severity of accidents associated with the
improvement. Costs include direct construction cost and maintenance. The study must
be based on a specific project life so that benefits and costs can be annualized. This
involves the application of discount rates and life cycle costs as discussed in Chap. 10.
The computer program Roadside Safety Analysis Program (RSAP) is available to aid
in the selection process. Contact the Transportation Research Board, NCHRP, 2101
Constitution Ave. NW, Washington, D.C. 20418.

6.2 APPLICATION OF CLEAR ZONE CONCEPT TO
SLOPE AND DRAINAGE DESIGN

The clear roadside concept has a direct and obvious application to the selection of
slopes and design of drainage features such as ditches, curbs, culverts, and drop inlets.
A traversable, unobstructed roadside zone should extend beyond the edge of the driving
lane for an appropriate distance so that the motorist can generally stop or slow the
vehicle and return to the roadway safely.

The width of the zone depends on the traffic volume, the design speed, and the road-
side slope. Vehicles on high-volume, high-speed routes obviously require more room to
recover than those on less congested routes. A suggested guide for determining the
width of the clear zone is presented in Fig. 6.2. The clear zone distance (width) is given
in terms of the range of design average daily traffic (ADT) or vehicles per day (VPD),
the design speed, and the roadside slope. Enter the chart from the left with the slope,
intersect the appropriate design speed curve, and project down to the appropriate scale at
the bottom to read the suggested width. The width should be used as a guide and may be
adjusted for site-specific conditions and practicality. The AASHTO guide gives modifi-
cation factors (1.1 to 1.5) that can be applied to increase the clear distance on horizontal
curves where accident histories or site investigations show a need. Increased superelevation
may be another option, depending on climatic conditions.

6.2.1 Roadside Geometry

Except for flat roadsides, a motorist leaving the roadway may encounter a foreslope
(negative grade such as on an embankment), a backslope (positive grade such as in a
cut section), a transverse slope (such as caused by an intersecting side road), or a
drainage channel (change from negative to positive grade).

Foreslopes parallel to the traffic flow may be categorized as recoverable, nonrecov-
erable, or critical. Recoverable slopes are 1:4 (vertical to horizontal) or flatter, and the
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FIGURE 6.2 Clear zone distance curves. (a) SI units; (b) U.S. customary units. (From Roadside
Design Guide, AASHTO, Washington, D.C., 2002, with permission)

clear zone distance from Fig. 6.2 applies directly. Fixed obstacles such as culvert head-
walls should not extend above the embankment in this zone. Nonrecoverable slopes,
generally between 1:4 and 1:3, are traversable, but most motorists will reach the bottom
of the slope and not be able to stop or return to the roadway easily. Fixed obstacles
should not be constructed along such slopes, and a clear runout area at the bottom of
the slope is desirable. Critical slopes, generally steeper than 1:3, are those on which a
vehicle is likely to overturn. A barrier might be warranted in such cases. Figure 6.3 dis-
cusses alternatives that might be considered on critical parallel foreslopes.
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Many highway agencies construct so-called barn roof sections in embankment con-
ditions as illustrated in Fig. 6.4. A relatively flat slope is provided adjacent to the
roadway, followed by a steeper slope and a clear runout area at the bottom. This is
more economical than a continuous flat slope and apparently safer than a continuous
steeper slope from the edge of the shoulder. In applying the clear zone concept, side
slopes ranging from flat to 1:4 may be averaged to produce a composite clear zone
distance. Slopes that change from negative to positive should be treated as channel
sections. Changes in slope and toes of slopes should generally be rounded to keep
vehicles in contact with the ground and enhance traversability.
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FIGURE 6.3 Examples of application of clear zone concept to critical parallel foreslopes on (Example 1)
high-volume and (Example 2) low-volume highways. (From Roadside Design Guide, AASHTO,
Washington, D.C., 2002, with permission.)

On backslopes, traversability depends on relative smoothness and the presence of fixed
obstacles. If traversable (1:3 slope or flatter) and obstacle free, it may be acceptable.
Conversely, a steep rough-sided rock cut (one that will cause excessive vehicle snagging)
should be shielded unless it is outside the clear zone.

Transverse slopes may be created by median crossovers, intersecting side roads, or
driveways. These generally create a more serious condition than parallel slopes because
they can be struck head on by errant vehicles. To minimize the effect, slopes of 1:10
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FIGURE 6.4 Example of “barn roof” section for parallel foreslope design; recoverable slope is followed by
anonrecoverable slope. (From Roadside Design Guide, AASHTO, Washington, D.C., 2002, with permission)

or flatter are desirable where practical. Steeper slopes may be suitable for low-speed
facilities. Drainage pipes should be located as far from the roadway as practical. Also,
where a vehicle could be led into the culvert inlet or outlet by a drainage channel, consid-
eration should be given to special inlet or outlet treatment, as subsequently discussed.
Drainage channels are open flow areas generally paralleling the highway embank-
ment within the right-of-way. They serve to collect surface runoff that drains from the
highway and convey it to outlets. In addition to providing drainage functions, channels
should be proportioned so that they are traversable. The shaded areas in Figs. 6.5 and 6.6
show preferred (traversable) slopes for the sides of channels. Where practical, channel sec-
tions outside the shaded areas may be reshaped, converted to a closed system (culvert), or
shielded by a barrier. For all channels, roadside hardware (for example, sign supports)
should not be located in or near channel bottoms or slopes because vehicles leaving the
roadway may be funneled along the channel and impact the obstacle. Breakaway hard-
ware may not function properly if impacted by airborne or sideways-sliding vehicles.

6.2.2 Drainage Features

The drainage system should be designed, constructed, and maintained with considera-
tions for both the hydraulic function and roadside safety. (See Chap. 5.) In addition to
channels, elements of the system include curbs, cross-drainage (transverse) structures
(pipes and culverts), parallel drainage structures, and drop inlets. The following three
options, listed in order of preference, are applicable to each:

« Eliminate nonessential drainage structures.

e Design or modify drainage structures so they are traversable or present minimal
hazard to errant vehicles.

o If relocation or redesign is impractical, shield with a traffic barrier if in a vulnerable
location.

Curbs may be classified as vertical or sloping types. Vertical curbs, defined as those
with vertical or nearly vertical faces, 150 mm (6 in) or more in height, discourage
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FIGURE 6.5 Preferred cross sections for channels with abrupt slope changes. Chart is applicable
to all vee ditches, rounded channels with a bottom width less than 2.4 m (8 ft), and trapezoidal
channels with bottom widths less than 1.2 m (4 ft). (From Roadside Design Guide, AASHTO,
Washington, D.C., 2002, with permission)

motorists from leaving the highway. Sloping curbs have lower heights with sloping
faces that can be easily traversed. Heights of 100 mm (4 in) or less are preferred for the
latter to avoid dragging the underside of vehicles. Neither type of curb is desirable on
high-speed highways, because either may cause overturning, particularly if the vehicle
is spinning or slipping. In urban areas, a minimum horizontal clearance of 0.5 m (1.5 ft)
beyond the face of the curb should be provided to obstacles. On high-speed roadways,
curbs should not be used in front of traffic barriers, because unpredictable postimpact
trajectories can result. If a curb must be used, locate it flush with the face of the railing
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FIGURE 6.6 Preferred cross sections for channels with gradual slope changes. Chart is applicable to
rounded channels with bottom widths of 2.4 m (8 ft) or more and trapezoidal channels with bottom
widths equal to or greater than 1.2 m. (4 ft). (From Roadside Design Guide, AASHTO, Washington,
D.C., 2002, with permission)

or behind it. Curb-barrier combinations for bridge railings should be crash-tested unless
data are available.

Cross-drainage structures carry streams or drainage water transversely underneath the
embankment. They may range in size from 450 mm (18 in) to 3 m (10 ft) or more, may be
constructed of concrete, metal, or plastic (in some sizes), and may be furnished as round
pipe, elliptical shapes, or boxes. Typically, inlets and outlets of larger structures have con-
crete headwalls and wingwalls, and those of smaller structures are beveled to match the
slope. Pipe may also be furnished with square-cut ends. These designs may result in a
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fixed object protruding above an embankment or an opening into which a vehicle can
drop, causing an abrupt stop. Options available to minimize such obstacles include:

e A traversable design

« Extension of the structure so it is less likely to be hit

¢ Shielding the structure

e Delineating the structure (when other measures are not feasible)

Traversable design. 1f a slope is generally traversable, the preferred treatment is
to extend or shorten the structure and match the inlet or outlet shape to the embank-
ment slope. Further treatment should not be required for small culverts, defined as a
single pipe with a diameter of 900 mm (36 in) or less or multiple pipes with diameters
of 750 mm (30 in) or less each. Single structures and end treatments wider than 1 m (3 ft)
can be made traversable for passenger-size vehicles by using bar grates or pipes to
reduce the clear opening width. To maintain hydraulic efficiency, it may be necessary
to apply bar grates to flared wingwalls, flared end sections, or culvert extensions larger
than the main barrel. Crash tests have shown that automobiles can cross grated culvert
end sections on slopes as steep as 1:3, at speeds from 30 to 100 km/h (20 to 60 mi/h),
when steel pipe on 750-mm (30-in) centers is used. This spacing does not significantly
affect flow unless debris accumulates and causes clogging.

Design recommendations for safety treatment of culvert ends are summarized in
Fig. 6.7. Where debris accumulation is not a concern and mowing operations are fre-
quent, smaller openings may be tolerated and grates similar to those for drop inlets
may be appropriate. In median areas, consider making culverts continuous and adding
a median drainage inlet.

Extension of structure. For larger-sized drainage structures with inlets or outlets
that cannot be readily made traversable, the structure can be extended so the obstacle is
located at the edge or beyond the clear zone. This reduces but does not eliminate the
possibility of hitting the pipe end. If the culvert headwall remains the only fixed object
at the edge of the zone, simply extending the opening to the edge may not be the best
solution. However, if there are numerous obstacles along the edge of the zone on the
section under consideration, extension of the pipe might be an appropriate solution.

Span length, m (ft) Inside diameter, mm (in)
75 (3)

Up to 3.65 (Up to 12) 87 (3.5)

3.65 to 4.90 (12 to 16) 100 (4)

4.90t0 6.10 (16 to 20) 75 (3)

6.10 or less with center support (20)
Each 750 mm max. (30 in)

= A
T 9,

Pipe or box culvert Safety pipe runners

_(Measured
on skew)

Span
length

FIGURE 6.7 Safety treatment for ends of culverts showing diameters of grating (schedule 40 steel pipe) for
various span lengths. (From Roadside Design Guide, AASHTO, Washington, D.C., 2002, with permission)
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FIGURE 6.8 Safety treatment for drainage inlet or outlet. (From Roadside Design Guide, AASHTO,
Washington, D.C., 2002, with permission)

Shielding of structure. An appropriate traffic barrier should be considered for
shielding a drainage structure that cannot be reasonably made traversable or extended
outside the clear zone. Because the barrier will be closer to the roadway and longer
than the obstacle, it is more likely to be hit. However, if properly designed, constructed,
and maintained, the barrier should provide an increased level of safety.

Parallel drainage structures are those that are oriented parallel to the traffic flow
to carry water under driveways, entrances, ramps, side roads, and median crossovers.
Such structures may represent a significant hazard if they can be struck head on by an
errant vehicle. Options for safety treatment are similar to those for cross-drainage
structures. If entrances are closely spaced, consider converting the open channel into a
closed storm drain, backfilling areas between entrances, and eliminating multiple
obstacles. Research has shown that, for parallel drainage structures, wheel snagging
can be significantly reduced with pipe grates oriented perpendicular to the traffic
direction and having a spacing of 600 mm (24 in) or less. Single pipes of 600 mm (24 in)
diameter or less generally do not require a grate, but multiple small pipes may require
one. Figure 6.8 illustrates a design for the ends of a parallel culvert. In situations such
as intersecting ramps, consider relocating the culvert farther back from the main road,
out of the clear zone.

Drop inlets include on-roadway and off-roadway structures. On-roadway inlets,
which are located along the shoulder to intercept surface runoff, include curb opening
inlets, grated inlets, and slotted drains. If installed flush with the pavement, they do
not cause a significant safety problem. Off-roadway drop inlets are used in medians of
divided roadways or in roadside ditches. The hazard can be minimized by making the
inlets flush with the drainage surface. Safety treatment should be such as to prevent a
vehicle from dropping into the inlet, snagging, and losing control.

6.3 SIGN AND LUMINAIRE SUPPORTS AND
SIMILAR FEATURES

Approximately 15 percent of all fixed-object fatalities involve sign and luminaire supports
or utility poles. The options available to the highway engineer to improve on this record
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are similar to those presented earlier: remove or redesign, relocate, use a breakaway
device, shield, or delineate. Although it is desirable to have an unobstructed roadside, it
is not always possible to relocate appurtenances such as signing and lighting supports,
because they must remain near the roadway to fulfill their intended purpose. Thus,
emphasis is given to the use of breakaway hardware—selection of the most appropriate
device and installing it to ensure acceptable performance. (See Chap. 7.) Supports
should be designed in accordance with AASHTO’s Standard Specification for
Structural Supports for Highway Signs, Luminaires, and Traffic Signals.

Breakaway supports include all types of sign, luminaire, and traffic signal supports
designed to yield when hit by a vehicle. Typical release mechanisms include slip
planes, plastic hinges, and fracture elements. Criteria for breakaway supports are
given in National Cooperative Highway Research Program (NCHRP) Report 350,
Recommended Procedures for the Safety Performance Evaluation of Highway
Features. The criteria require that a breakaway support fail in a predictable manner when
struck head on by an 820-kg (1800-1b) vehicle, or its equivalent, at speeds of 35 and
100 km/h (20 and 60 mi/h). It is desirable to limit the occupant impact velocity to 3.0 m/s
(10 ft/s), but values as high as 5.0 m/s (16 ft/s) are acceptable. Also, the maximum
stub height is set at 100 mm (4 in) to avoid snagging the undercarriage after impact.
The crash vehicle must remain upright with no significant deformation or intrusion of
the passenger compartment.

Full-scale crash tests, tests with bogie vehicles (reusable, adjustable surrogate vehicle),
and tests with pendulums (having special nose sections to model vehicles) are used for
acceptance. Pendulum tests are the least expensive, but are used mostly for luminaire
support hardware and are mainly limited to 35 km/h (20 mi/h). NCHRP Report 350 dis-
cusses acceptance testing. Tests are run in a standard soil, but weak soil should be used in
addition for any feature whose impact performance is sensitive to soil-structure interaction.

Many general practices are similar to those previously discussed. Supports should
not be placed in drainage ditches, because vehicles may be channeled into the obstacle
and freezing might interfere with proper functioning of the breakaway device. Also,
breakaway supports must not be located near ditches or on steep slopes where a vehicle
is likely to be partially airborne at impact, because breakaway devices may bind and
not function properly when hit in this manner. They have been developed to be struck
about 500 mm (20 in) above the ground.

Locate supports where they are least likely to be hit, such as behind roadway barriers
(beyond design deflections of the barriers) or on existing structures. In general, only
when the use of breakaway supports is not feasible should a traffic barrier or crash
cushion be used for shielding. Generally, breakaway supports should be used unless
an engineering study indicates otherwise. Concern for pedestrians being struck by
falling supports after a crash has led to the use of fixed supports in some urban areas
such as near bus shelters or where there are extensive pedestrian concentrations.

6.3.1 Sign Supports

Roadway signs include overhead signs, large roadside signs (area over 5 m? or 50 ft?),
and small roadside signs.

Overhead signs include sign bridges and cantilevered signs. Their supports are
generally too large to adapt to a breakaway design. When possible, install overhead
signs on existing bridges or other structures. Otherwise, supports within the clear zone
should be shielded with a traffic barrier.

Large roadside signs typically have two or more supports, each of which is of the break-
away type. Figures 6.9 and 6.10 show the loading conditions and the breakaway features.
Note the hinge joint with fuse plate just below the sign and the breakaway base (shear
plate). The supports must resist ice and wind loads and also meet the following criteria:
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FIGURE 6.9 Wind and impact loads on large roadside sign. (From Roadside Design Guide,
AASHTO, Washington, D.C., 2002, with permission)
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FIGURE 6.10 Impact performance of large roadside sign. (From Roadside Design Guide, AASHTO,
Washington, D.C., 2002, with permission)

e The hinge must be at least 2.1 m (7 ft) above ground to prevent windshield pene-
tration.

¢ A single post 2.1 m (7 ft) or more from another post should have a mass less than 65
kg/m (45 Ib/ft); total mass below the hinge but above the shear plate should not
exceed 270 kg (600 Ib). Two posts spaced less than 2.1 m (7 ft) apart should have a
mass less than 27 kg/m (18 Ib/ft).

e Supplementary signs should generally not be placed below the hinges.
Breakaway mechanisms for large sign supports may be either a fracture or a slip-

base type. The fracture type includes couplers that fracture, or in the case of wood
posts, simply posts with reduced cross sections. Slip-base-type mechanisms activate
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when two parallel plates slide apart as bolts are pushed out under impact. As shown in
Fig. 6.11, the designs may be of the unidirectional or multidirectional type. The upper
hinge design includes a saw cut through the front flange and web of the plate, and a
fuse plate on the front flange (impact side). The fuse plate has slotted bolt holes, and
the bolts must be torqued to specified values for proper functioning. Alternatively, the
fuse plate may have a line of open holes at the cut line, with the plate designed to rupture
at the required load, negating the need for the specific values of bolt torque. Even with
the breakaway design feature, it is good practice to locate large signs outside the clear
zone where feasible.

Small roadside signs may be driven directly into the soil, set in drilled earth holes,
or mounted on a base. U-shaped steel posts driven into the ground can generally bend
and yield at the base without special devices. Splicing the posts is not usually recom-
mended, because performance is not predictable. Wood posts set in drilled holes can
fracture at the base, as well as steel pipes connected to anchors driven into the ground.
Also, small sign supports may be mounted on fracture bases or slip bases of the unidi-
rectional or multidirectional type. A typical unidirectional design uses a four-bolt slot-
ted slip base, inclined in the direction of traffic by 10 to 20°. This angle allows the
sign to move up so the impacting vehicle can pass underneath. A hinge in the top of
the post is not needed. Multidirectional bases are usually triangular and release when
struck in any direction. They are often used in medians and at ends of ramps and similar
locations. Because torque requirements for slip base bolts are low, wind vibrations
have caused supports to “walk” from the slots under wind vibrations, but this can be
prevented by using a sheet metal keeper plate. Overtorquing must be prevented, because
this causes high friction between the slip base elements and prevents the support from
releasing as intended.

6.3.2 Luminaire Supports

Breakaway supports for luminaires are usually a cast-aluminum transformer-type fran-
gible base, a slip base, or frangible couplers. These devices have been developed to
activate when loaded in shear by impacts at a bumper height of about 500 mm (20 in).
If the supports are located so that they may be impacted at a greater height, the perfor-
mance may not be as intended. Thus, foreslopes between the roadway and the support
should be limited to 1:6 or flatter. The mast arm of a falling support will usually rotate
away from the roadway. However, the danger of falling poles striking pedestrians,
bicyclists, and other motorists should be considered.

Breakaway supports are suitable for poles that do not exceed 18.5 m (60 ft) in
height and 450 kg (1000 Ib). Foundations must be designed for the surrounding soils
to prevent the foundation from pushing through the soil. From a roadside safety perspec-
tive, a preferred method for lighting major intersections is to use high-mast lighting,
because fewer supports are required and they can be located farther from the roadway.
Supports located in the clear zone should be protected with a suitable traffic barrier.

6.3.3 Supports for Traffic Signals and Service Devices

Supports for traffic signals are not usually of the breakaway type, because of the
potential consequences of the loss of the signal at an intersection. Supports in the clear
zone should be shielded. Call boxes can often be located behind existing barriers, but a
breakaway support is an option. The call box should be securely attached to its support
to prevent windshield penetration if dislodged. At highway-railroad crossings, highway
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FIGURE 6.11 Breakaway bases for large overhead signs may provide for () unidirec-
tional or (b) multidirectional impacts. (From Roadside Design Guide, AASHTO,
Washington, D.C., 1996, with permission)
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and railroad officials should cooperate in deciding on the types of warning devices
needed, such as crossbucks, flashing lights, or gates. If the support for the device is located
in the clear zone, consider shielding it with a crash cushion. There is seldom room for
a longitudinal barrier. Fire hydrants have not been tested to current criteria, but at
least one breakaway design is available that includes immediate water shutoff after
impact. Mailbox supports should be embedded no more than 600 mm (24 in) in the
ground and not set in concrete, the mailboxes should be attached to the supports so
that they will not separate after impact, and multiple mailboxes should be spaced apart
by a distance of three-fourths of their height.

6.3.4 Supports for Utility Poles

Utility supports represent a serious hazard that accounts for about 10 percent of all fixed-
object fatal crashes. Elimination, relocation, and burying the lines are preferred options.
Increased spacings or multiple use may reduce the number of poles. A breakaway device has
been tested and may be considered for vulnerable locations. A breakaway device for utility
pole guy wires has also been developed. As with other obstacles, shielding is also an option.

6.3.5 Trees

Collisions of single vehicles with trees account for nearly 25 percent of fixed-object fatal
crashes and result in about 3000 deaths each year. Most of these are along county and
township roads, which tend to have narrow recovery zones. Certainly, trees should not be
planted in the clear zone for new construction, and mowing should discourage growth of
seedlings. For existing situations, the hazard should be evaluated. Generally, a single tree
with an expected mature size over 100 mm (4 in) is considered a fixed object. For small
trees close together, calculate an equivalent diameter based on the combined cross-sec-
tion area. Large trees should be removed where possible. Warning signs and roadway
delineators can be used to indicate where extra caution is advised. Pavement markings
and shoulder rumble strips can be helpful. Roadside barriers should generally be used
only where the severity of striking the tree is greater than that of striking the barrier.

6.4 WARRANTS FOR ROADSIDE BARRIERS

Longitudinal roadside barriers are used to shield motorists from natural or human-
made obstacles located along either side of the traveled way, and sometimes to protect
pedestrians and bicyclists. Median barriers and barrier end treatments are discussed
separately in Arts. 6.9 and 6.12.

Barriers must contain and redirect vehicles. Because of the complicated dynamic
behavior involved, the most effective way to ensure performance of new designs is
through full-scale crash testing. Standard crash tests are presented in NCHRP Report 350,
“Recommended Procedures for the Safety Performance Evaluation of Highway
Features.” To match barrier performance to service needs, a series of six test levels are
recommended to evaluate occupant risk, structural integrity, and postimpact vehicle
behavior. Various vehicle masses, velocities, and impact angles are included. To view
acceptance letters for longitudinal barriers under NCHRP 350, visit the FHWA web
site, http://safety.fhwa.dot.gov/fourthlevel/hardware/longbarriers.htm.

NCHRP Report 350 establishes six test levels (TLs) for longitudinal barriers to
evaluate risk, structural integrity of the barrier, and vehicle postimpact behavior. A
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range of vehicle weights (masses), speeds, and impact angles are addressed. The
AASHTO Roadside Design Guide provides the following description:

TL-1, TL-2, and TL-3 require successful tests of an 820 kg (1,800 Ib) car impacting a barrier
at an angle of 20 degrees and a 2000 kg (4,400 1b) pickup truck impacting a barrier at an angle
of 25 degrees, at speeds of 50 km/h, 70 km/h and 100 km/h (30 mph, 45 mph, and 60 mph),
respectively. TL-4 adds an 8000 kg (17,600 1b) single-unit truck at an impact angle of 15
degrees and 80 km/h (50 mph) to the TL-3 matrix. TL-5 substitutes a 36000 kg (80,000 1b)
tractor-trailer (van) for the single-unit truck and TL-6 substitutes a 36000 kg (80,000 1b) tractor-
trailer (tanker). (p. 5-1)

Barriers typically go through an experimental phase in which a barrier that has
passed crash test evaluation is subjected to an in-service evaluation, and an opera-
tional phase in which a barrier that has proven acceptable in the in-service evaluation
is used while its performance is further monitored. Barriers are also considered opera-
tional if they are used for extended periods and demonstrate satisfactory performance
in construction, maintenance, and accident experience.

The criteria by which the need for a safety treatment or improvement can be
determined are termed warrants. Barrier warrants are based on the premise that traffic
barriers should be installed only where they reduce the probability or frequency of
potential accidents. Warrants may be based on a subjective analysis of roadside conditions
or a benefit-cost study (life cycle cost analysis). The latter can be used to rationally
analyze factors such as design velocity and traffic volume in relation to barrier needs
and associated costs and accident costs.. Three options may be evaluated:

* Remove or reduce the area of concern so that it does not require shielding.
¢ Install an appropriate barrier.
¢ Leave the area unshielded.

The last of these options would usually be cost-effective only where the accident
probability is low.

The main uses of roadside barriers are to shield either embankments or obstacles,
as discussed below. Barriers may also be used to protect pedestrians, school yards, or
bicyclists. There are no firm criteria for these applications, and each must be evaluated
on its own merits.

6.4.1 Embankments

As indicated in Fig. 6.12, the main factors considered in determining the need for barriers
are the embankment height and the side slope. These criteria are based on studies of
the severity of encroachments on embankments as compared with impacts with roadside
barriers. The figure does not include the probability of an encroachment or relative
costs. Some states have made their own studies and developed charts having a series
of curves for different traffic densities.

6.4.2 Obstacles

Roadside obstacles include nontraversable terrain and fixed objects, either constructed
(such as culvert headwalls or structural supports) or natural (such as trees). Such
obstacles account for over 30 percent of highway fatalities. The need for a barrier
depends on both the nature of the obstacle and the probability that it will be hit. Table 6.1
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FIGURE 6.12 Embankment warrants based on comparative risk analysis. () SI units; (b) U.S. customary
units. (From Roadside Design Guide, AASHTO, Washington, D.C., 2002, with permission)

lists the major types of obstacles and considerations for barrier warrants. Refer to the
clear zone chart (Fig. 6.2) as a guide in determining whether the location of an obstacle
constitutes a significant threat.

6.5 CHARACTERISTICS OF ROADSIDE BARRIERS

Depending on their deflection characteristics upon impact, roadside barriers can be
classified as flexible, semirigid, or rigid. Table 6.2 lists the most widely used barriers
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in each classification. Details of most of these operational barriers are presented along
with other available information in Figs. 6.13 through 6.22. The dynamic deflection
listed is that observed during the standard test defined by NCHRP Report 350 for the
test levels listed in Table 6.2 as defined in Art. 6.4. Other characteristics of the barriers
are discussed below.

6.5.1 Flexible Systems

The three-cable system (Fig. 6.13) has been successfully tested to TL-3. It is made up
of three steel cables mounted on weak posts. The cable barrier redirects impacting
vehicles after the cable deflects and develops tension, with the posts offering little
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D.C., 2002, with permission)

direct resistance. Several states allow a backslope as steep as 1:2 behind the rail. If the
barrier is placed on the inside of a curve, additional deflection will occur before tension
develops in the cable, and thus it may be desirable to limit the radius. New York
installs the barrier having S75 X 8.5 (53 X 5.7) steel posts for radii of 220 m (721.5 ft)
or more with the standard 4.9-m (16-ft) post spacing, and for radii of 135 m (442.5 ft)
or more with a 3.7-m (12-ft) post spacing. Advantages of the three-cable barrier
include low initial cost, effective vehicle containment and redirection over a wide
range of vehicle sizes and installation conditions, low deceleration forces, and func-
tionality in snow or sand areas because the open design prevents drifting.
Disadvantages include the long lengths that are nonfunctional and must be repaired
after an impact, the clear area behind the barrier needed to accommodate the design
deflection distance, reduced effectiveness on the inside of curves, and sensitivity to
correct height installation and maintenance.

The W-beam (weak-post) system (Fig. 6.14) behaves much like a cable system, but
the deflection is much less. Thus, the required clear area behind the barrier is less. The
system meets T1-2 or TL-3, depending upon details. The system is sensitive to mounting
height and irregularities in terrain.

The Ironwood barrier shown in Fig. 6.15 is a proprietary weak-post system that
meets TL-3. It has a composite rail that consists of round-wood sections with steel
channels embedded on the backside. The steel support posts are faced with timber
posts above the ground line. Thus, the system presents an all-timber appearance.
Crashworthy terminal designs have not been developed but the ends may be anchored
in a backslope or flared to the edge of the clear zone.
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TABLE 6.1 Barrier Warrants for Nontraversable Terrain and Roadside Obstacles**

Bridge piers, abutments, and railing ends

Boulders
Culverts, pipes, headwalls

Cut and fill slopes (smooth)
Cut and fill slopes (rough)
Ditches (parallel)

Ditches (transverse)

Shielding generally required

A judgment decision based on nature of fixed object
and likelihood of impact

A judgment decision based on size, shape, and
location of obstacle

Shielding not generally required

A judgment decision based on likelihood of impact
Refer to Figs. 6.5 and 6.6

Shielding generally required if likelihood of head-on

impact is high

Embankment A judgment decision based on fill height and slope
(see Fig. 6.12)
Retaining walls A judgment decision based on relative smoothness

of wall and anticipated maximum angle of impact

Sign and luminaire supports* Shielding generally required for nonbreakaway

supports
Traffic signal supports* Isolated traffic signals within clear zone on high-speed

rural facilities may warrant shielding

Trees A judgment decision based on site-specific
circumstances
Utility poles Shielding may be warranted on a case-by-case basis

Permanent bodies of water A judgment decision based on location and depth of

water and likelihood of encroachment

*Shielding nontranversable terrain or a roadside obstacle is usually warranted only when it is within the
clear zone and cannot practically or economically be removed, relocated, or made breakaway and it is deter-
mined that the barrier provides a safety improvement over the unshielded condition.

"Marginal situations, with respect to placement or omission of a barrier, will usually be decided by acci-
dent experience, either at the site or at a comparable site.

*Where feasible, all sign and luminaire supports should be a breakaway design regardless of their distance
from the roadway if there is reasonable likelihood of their being hit by an errant motorist. The placement and
locations for breakaway supports should also consider the safety of pedestrians from potential debris resulting
from impacted systems.

STn practice, relatively few traffic signal supports, including flashing light signals and gates used at railroad
crossings, are shielded. If shielding is deemed necessary, however, crash cushions are sometimes used in lieu
of a longitudinal barrier installation.

Source: From Roadside Design Guide, AASHTO, Washington, D.C., 1996, with permission.

6.5.2 Semirigid Systems

The box-beam (weak-post) system (Fig. 6.16) achieves its resistance through the com-
bined flexural and tensile resistance of the box beam. Posts near the impact point are
designed to break or tear away and distribute the impact force to adjacent posts. This
system meets TL-3. The system is sensitive to mounting height and irregularities in terrain.
The blocked-out W-beam (strong-post) system (Fig. 6.17) is the most common barrier.
The blockout or offset of the rail from the post minimizes vehicle snagging and
reduces likelihood that a vehicle would vault over the barrier. The system is classified
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TABLE 6.2 Classification of Roadside Barriers and
Approved Test Levels

Barrier system Test level

Flexible systems

Three-strand cable (weak-post) TL-3
W-beam (weak-post) TL-2
Modified W-beam (weak-post) TL-3
Ironwood aesthetic barrier TL-3

Semirigid systems

Box-beam (weak-post) TL-3
Blocked-out W-beam (strong-post)

Steel or wood post with wood

or plastic block TL-3

Steel post with steel block TL-2
Blocked-out thrie-beam (strong-post)

Wood or steel post with wood

or plastic block TL-3
Modified thrie-beam (strong-post) TL-4
Merritt Parkway aesthetic guardrail TL-3
Steel-backed timber guardrail TL-3

Rigid systems (concrete and masonry)
New Jersey concrete safety-shape

810 mm (32 in) tall TL-4

1070 mm (42 in) tall TL-5
F-shape barrier

810 mm (32 in) TL-4

1070 mm (42 in) TL-5
Vertical concrete barrier

810 mm (32 in) TL-4

1070 mm (42 in) TL-5
Single-slope barrier

810 mm (32 in) TL-4

1070 mm (42 in) TL-5
Ontario tall-wall median barrier TL-5
Stone masonry wall/precast

masonry wall TL-3

Source: From Roadside Design Guide, AASHTO,
Washington, D.C., 2002, with permission.

as TL-2 or TL-3, depending upon the type of blocks. As with all strong-post systems,
resistance is developed by a combination of the tensile and flexural resistance of the
rail and the flexural and shear strength of the post. Dynamic deflections are less than
those of flexible systems. Bolt washers on the posts can be eliminated on this and
other strong-post systems; they are not needed for strength, and it is desirable for the
rail to break away as the post rotates downward. Strong-post systems tend to remain
functional after moderate collisions, so that immediate repairs are not necessary.

The blocked-out thrie-beam (strong-post) system (Fig. 6.18) is similar to the pre-
ceding system, but it has a deeper, stiffer, three-corrugation rail. This makes it less
prone to damage during impact, allows higher rail mounting, and is better able to contain
larger vehicles under some impact conditions. The system is classified as TL-2 or TL-3,
depending upon the type of blocks.
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FIGURE 6.14 W-beam (weak-post) roadside barrier. (From Roadside Design Guide,
AASHTO, Washington, D.C., 2002, with permission)

The modified thrie-beam system (Fig. 6.19) has a steel blockout with a triangular
notch cut from its web. This allows the lower part of the beam and the face of the
spacer block to bend in during impact, causes the rail face to remain nearly vertical as
the post is bent back, and reduces likelihood that a vehicle would roll over the barrier.
Also, bolt washers have been eliminated on the posts, as discussed previously. The
modifications have resulted in a TL-4 rating. Repair costs of either thrie-beam system
should be considerably less than for other metal barrier systems, because damage tends
to be slight in shallow-angle impacts. Also, it is considered easier to install and main-
tain than a W-beam system with rub rail.

The steel-backed timber-rail system (Fig. 6.20) is an aesthetic alternative to conventional
systems, often selected for use along park roads. It has been successfully tested to TL-3.

6.5.3 Rigid Systems

The concrete safety shape system (Fig. 6.21), which has a sloping front face, is similar
to the concrete median barrier (Art. 6.9.1) but usually has a vertical back face. The
reduced cross section of the roadside barrier version makes it more vulnerable to over-
turning, thus requiring more reinforcing steel and/or a more elaborate footing design.
The New Jersey shape at a height of 810 mm (32 in) meets TL-4 and at a height of
1070 mm (42 in) meets TL-5. Both the New Jersey profile and the F-shape profile
shown in Fig. 6.21 are acceptable. The F-shape reportedly showed better performance
in crash tests with 820-kg (1800-1b) cars and 8000-kg (18,000-1b) single-unit trucks.
Higher designs have been tested and constructed to redirect heavy vehicles. For example,
the version shown in Fig. 6.21a is 2290 mm (90 in) high; also, it is sloped on both faces.
It has contained impacting tractor-trailers but has not completely eliminated rollovers.
Successfully testing to TL-6 has been reported. The version shown in Fig. 6.21b is
1630 mm (64 in) high. Apparently effective, it is buttressed by an earth berm on the
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FIGURE 6.15 Ironwood roadside barrier. (From Roadside Design Guide, AASHTO, Washington,
D.C., 2002, with permission)

back side and topped with a W-beam barrier. Constant slope and vertical wall barriers
have also been successfully tested (Art. 6.9.1).

The stone masonry wall system (Fig. 6.22), with a reinforced concrete core and a facing
of stone and mortar, offers another aesthetic alternative for parks and similar applications.
This barrier meets TL-3. Alternative systems with precast units are also available.

6.6 SELECTION OF ROADSIDE BARRIERS

In most cases the selection of a roadside barrier should be made on the basis of the sys-
tem that will provide the required degree of shielding at the lowest cost. The lowest
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cost should be based on a life cycle cost analysis, considering initial and maintenance costs
and project life. Factors that should be considered in making the selection are summarized
in Table 6.3. The most important decision is the performance level required. In general,
TL-2 or TL-3 barriers are satisfactory for most locations, but higher-performance barriers
(TL-4 or greater) should be considered for locations with poor geometries, high traffic
volumes and speeds, and concentrations of heavy truck traffic. The deflection charac-
teristics of the barrier must be considered in relation to the available space. Some systems
can be modified to decrease deflections by decreasing post spacing or increasing the
number of rails. A computer program, Analysis of Roadside Design (NARD), is avail-
able for predicting maximum deflections for blocked-out W-beam and thrie-beam systems
with different post spacings and single or double rails. On all systems, data on impact
performance and maintenance costs should be tabulated and made available to provide
better information for the selection of roadside barriers.

6.7 PLACEMENT OF ROADSIDE BARRIERS

Factors to consider in specifying the exact layout of a barrier at a given location
include lateral offset from the edge of the traveled way, terrain effects, flare rate, and
length of need. (See also Art. 6.10.)

6.7.1 Lateral Offset

Roadside barriers should generally be placed as far from the traveled way as conditions
permit, to allow motorists the best chance of regaining control and to provide better
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sight distance. It is desirable to maintain a uniform clearance between traffic and road-
side features such as bridge railings, retaining walls, and roadside barriers. The dis-
tance beyond which a roadside object will not be perceived as an obstacle and cause a
motorist to reduce speed or change position is known as the shy line offset. According
to the AASHTO Roadside Guide, this distance varies with design speed as follows:
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Design speed Shy line offset
km/h  mi/h m ft
130 80 3.7 12.1
120 75 32 10.5
110 70 2.8 9.2
100 60 24 7.9
90 55 22 7.2
80 50 2.0 6.6
70 45 1.7 5.6
60 40 1.4 4.6

50 30 1.1 3.6
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Place the barrier beyond the shy line offset when possible, particularly for short, isolated
installations. Uniform alignment reduces the possibility of snagging. Proper transition
where a barrier connects to other features is essential. Short gaps between barriers
should be avoided; make the barriers continuous instead. The barrier-to-obstacle dis-
tance must be greater than the expected dynamic deflection of the barrier. Where
shielding an embankment, the distance from the barrier to the beginning of the down
slope should generally be at least 0.6 m (2 ft), but this may vary with local conditions
for soil support of the post.

6.7.2 Terrain Effects

Ideally, at the moment of impact, a vehicle should have all wheels on the ground and
the suspension system in a neutral state. Thus, terrain conditions between the traveled
way and the barrier are very important. For example, curbs should be avoided and
should be no higher than 100 mm (4 in) if used. In many cases, they can be located
behind the barrier. Barriers are usually tested on level terrain. If installed on slopes



SAFETY SYSTEMS 6.29
116" i
F” T FER T3] »
lo /,¢" dia. holes for 9" dia. holes (t &
:.’.{L 1ag screws (typ.) —. ST )—\_\‘ ‘
*; .. . Tt ‘_Endof .+ dia. hol )
of | Steel plate e J tlmber rail S Iad Oi/\-:_)
= | 12" | %" thickness—" 8 spaces at 11" 14" J u ine?/;‘?;f]ick
STEEL RAIL P washer  PLATE WASHER
"Iy" x 81/," carriage e
boltwith hexnut | - 29 Yy
& washer (typ.) 2 —6"x10"x9-9" W qu 3 3 -
7" dia. 3/”,7—-'--,—; Y ) 33 8y, 8y, 3 3
typ. typ. e |— 1 (]
hole (typ.) | —'{ (typ.) (typ. )f rough sawn timber rail ‘o | | | ‘
1 . ] | = l
1] 1 T(IF «
. | iy e e
= : T 53
Steel rail” sl - //'5/ ' x 4" lag screw Ex i — ;4 | X |2 s
s pre-drill %" holes OPeT Y Steel Iott Saj’f.s
Steel splice plate 31, deep in the timber rail (typ.) e X 1" teel plate 7g
5" carriage bolt with hex /’ 4" X 8%, x 12" block, Type A bolt slots thickness
nut and plate washer | \ ' STEEL SPLICE
15" with block-out .~ — 10" x 12" x 610"
11" with no block-out - rough sawn timber post
5" dia. x 1" |L|.L_‘
depth recess
PLAN
9
. ‘:‘TT 10 24" (min.)
©
i I g\ r " 12d nail_ [ _
| OI ] } o0 %, - it a
- T =
[[loo] N oo | ] "l
! _1 T 3 | = o
: Plate = Steel—
Steel sgllla(;: e rail 4" x 83/ "y 12"4/ i
block, Type A ol
10" x 12" x 610"
rough sawn — Sl
imberpost face of rail A i
at 10' centers 41:10 or flatter] Hingepoint_
', slope — or foreslope\\
— .
L_ _ _ 1 T = &+
S —
ELEVATION
POST CONNECTION TYPICAL GUARDRAIL CROSS SECTION
AASHTO designation: None
Post Type: 10in x 12 in x 7 in rough-sawn timber
Beam Type: 6 in x 10 in timber with steel plate backing

Nominal Barrier Height:

27 in

FIGURE 6.20 Steel-backed wood-rail roadside barrier. (From Roadside Design Guide, AASHTO,
Washington, D.C., 2002, with permission)



6.30 CHAPTER SIX

Symmaetrical
ahout €

T

AASHTO Thesignation: MBS

The 32-in-high concrete safery shape was inivally installed primarily as a mediao barrier. bul has beeome common |y used
as both a bridee railing and a rondside barrier, Mosr of these barciers use the standard New Jersey shape; any e xienston
in barrier height occuzs above the slope break point. Several states extend the upper stem fo serve 45 a maintenance-free
glare screen. The two designs shown above ure the exirerne heights 1o which readside barriers have been consturucred—
both along ramps with a history of nuek aceidents.

FIGURE 6.21 Variations of concrete safety shape for roadside barrier in severe applications showing
(a) symmetrical form and (b) earth-backed installation. (From Roadside Design Guide, AASHTO,
Washington, D.C., 2002, with permission)

steeper than 1:10, vehicles may go over standard barriers or impact them too low, and
thus not perform as anticipated.

6.7.3 Flare Rate

Roadside barriers must be flared (must have variable offset from the traveled way) to
locate the barrier terminal back from the roadway and thus to minimize drivers’ reac-
tion to a perceived hazard near the road when approaching a bridge parapet or railing,
for example. However, the greater the flare rate, the greater the potential impact angle
and the severity of an accident if the barrier is hit. Also, the chance that a vehicle
would be redirected across the roadway increases. Maximum flare rates depend on
design speed, barrier type, and location relative to the shy line as shown in Table 6.4.
Adjustment to a flatter rate is sometimes made to avoid extensive grading.

6.7.4 Length of Need

The total length of a longitudinal barrier needed to shield an area of concern is
referred to as the length of need. Figure 6.23 illustrates the variables that must be con-
sidered, particularly the runout length L, and the lateral extent of the area of concern
L,. The runout length is the theoretical distance needed for a vehicle that has left the
road to come to a stop, measured as shown. Suggested values are given in Table 6.5 in
terms of the traffic volume and the design speed. The lateral extent of the area of con-
cern is the distance from the edge of the traveled way to the far side of the fixed
object, or the outside edge of the clear zone L of an embankment or fixed object that
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FIGURE 6.22 Stone masonry roadside barrier. (From Roadside Design Guide, AASHTO,
Washington, D.C., 2002, with permission)

extends past the clear zone. After major variables are established, the length of the
barrier will then depend on the tangent length L,, the distance from the traveled way
L,, and the flare rate a:b. If a semirigid railing is connected to a rigid barrier, the tan-
gent length should be at least as long as the transition section to reduce pocketing and
increase likelihood of redirection. After variables have been selected, the required
length of need X in advance of the area of concern, for essentially straight sections of
roadway, can be calculated from

x= lat Gy~ L, ©.1)
(bla) + (L,/Lp)

The lateral offset Y from the edge of the traveled way to the beginning of the length of
need is

L/\
Y=1L,-*X 6.2)

R

The amount of rail installed should be a multiple of 3.8 or 7.6 m (12.5 or 25 ft),
because metal-beam barriers are furnished in these lengths. A crashworthy end treat-
ment must be added if the end treatment is located within the clear zone or in a loca-
tion where it is likely to be struck. If the end treatment permits vehicle penetration, it
must be extended upstream to preclude a vehicle from penetrating and striking the
shielded feature.

Figure 6.24 shows the definition of variables of an approach barrier for opposing
traffic. In this case, lateral dimensions are measured from the edge of the traveled way of
the opposing traffic. This would be the centerline for a two-lane roadway or the edge
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TABLE 6.3 Sclection Criteria for Roadside Barriers

Criterion

Comments

Performance capability

Deflection

Site conditions

Compatibility

Cost

Maintenance

Routine

Collision

Materials storage

Simplicity

Aesthetics

Field experience

Barrier must be structurally able to contain and redirect
design vehicle.

Expected deflection of barrier should not exceed
available room to deflect.

Slope approaching the barrier, and distance from
traveled way, may preclude use of some barrier types.

Barrier must be compatible with planned end anchor
and capable of transition to other barrier systems
(such as bridge railing).

Standard barrier systems are relatively consistent in
cost, but high-performance railing can cost
significantly more.

Few systems require a significant amount of routine
maintenance.

Generally, flexible or semirigid systems require
significantly more maintenance after a collision than
rigid or high-performance railings.

The fewer different systems used, the fewer inventory
items or the less storage space required.

Simpler designs, besides costing less, are more likely
to be reconstructed properly by field personnel.

Occasionally, barrier aesthetics is an important
consideration in selection.

The performance and maintenance requirements of
existing systems should be monitored to identify
problems that could be lessened or eliminated by
using a different barrier type.

Source: From Roadside Design Guide, AASHTO, Washington, D.C., 2002, with

permission.

of the driving lane next to the median for a two-way divided roadway. There are three
ranges of clear zone width L. to consider for an approach barrier for opposing traffic:

o If the barrier is beyond the clear zone, no additional barrier or crashworthy end

treatment is required.

o If the barrier is within the clear zone but the area of concern is beyond it, no addi-

tional barrier is required but a crashworthy end treatment should be used.

o If the area of concern extends well beyond the clear zone, consider shielding only

that portion that lies within the clear zone (set L, equal to L_).

The lateral placement of the approach rail should satisfy the criterion for embankment
slopes. If steeper than 1:10, consider flattening the slope or decreasing the flare rate so

the embankment criterion is not violated.
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TABLE 6.4 Suggested Maximum Flare Rates for Roadside Barriers

Flare rate for
barrier beyond shy line

Design speed, Flare rate for barrier Rigid Semirigid
km/h (mi/h) inside shy line systems systems
110 (70) 30:1 20:1 15:1
100 (60) 26:1 18:1 14:1
90 (55) 24:1 16:1 12:1
80 (50) 21:1 14:1 11:1
70 (45) 18:1 12:1 10:1
60 (40) 16:1 10:1 8:1
50 (30) 13:1 8:1 7:1

Source: From Roadside Design Guide, AASHTO, Washington, D.C.,
2002, with permission.
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FIGURE 6.23 Layout of barrier approach. (From Roadside Design Guide, AASHTO, Washington,
D.C., 2002, with permission)

TABLE 6.5 Suggested Runout Lengths for Barrier Design

Design speed, Runout length L, for indicated traffic volume, m (ft)

km/h (mi/h) >6000 ADT  6000-2000 ADT ~ 2000-800 ADT <800 ADT
110 (70) 145 (475) 135 (445) 120 (395) 110 (360)
100 (60) 130 (425) 120 (400) 105 (345) 100 (330)
90 (55) 110 (360) 105 (345) 95 (315) 85 (280)
80 (50) 100 (330) 90 (300) 80 (260) 75 (245)
70 (45) 80 (260) 75 (245) 65 (215) 60 (200)
60 (40) 70 (230) 60 (200) 55 (180) 50 (165)
50 (30) 50 (165) 50 (165) 45 (150) 40 (130)

Source: From Roadside Design Guide, AASHTO, Washington, D.C., 2002, with per-
mission.
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FIGURE 6.24 Layout of barrier approach. (From Roadside Design Guide, AASHTO, Washington,
D.C., 2002, with permission)

6.8 UPGRADING ROADSIDE BARRIER SYSTEMS

Table 6.6 provides a checklist that can be used to review existing barrier installations
and determine adequacy for either structural or functional (design or placement) causes.
Factors to be considered in determining the scope and extent of upgrading include the
nature and extent of the deficiency, past accident history, and the cost-effectiveness of
the recommended improvement. Remember to always consider the cost-effectiveness
of eliminating or relocating the shielded feature.

6.9 MEDIAN BARRIERS

Longitudinal median barriers are used to separate opposing traffic on divided high-
ways, to separate local and through traffic, or to separate traffic in designated lanes.
Median barriers designed to redirect vehicles striking from either side require some
different considerations from those for roadside barriers. However, performance
requirements are the same as given in NCHRP 350 for roadside barriers.

Median barriers should be installed only if the consequences of striking the barrier
are less severe than those of striking the feature in question. Figure 6.25 provides sug-
gested warrants for median barriers on high-speed controlled-access roadways with
relatively flat, traversable medians. The median width and the traffic volume dictate
the need. Site-specific data should also be considered where available. Also, special
consideration should be given to barrier needs for medians separating roadways at dif-
ferent elevations.

The information presented in Arts. 6.6, 6.7, and 6.8 on selection, placement, and
upgrading of roadside barriers applies generally to median barriers as well. Some
additional information on transitions and placement follows in Arts. 6.9.2 and 6.10.
End treatments are discussed in Art. 6.12.
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TABLE 6.6 Roadside Barrier Inspection Checklist

I.  Structural adequacy*
A. Longitudinal section
1. Standard barrier design®
2. Adequate post spacing
3. Rail element blocked out on strong-post system
4. Adequate splices in rail element
B. Terminal
1. Standard terminal design’
2. Adequate anchorage strength
C. Transition section
1. Standard transition design®
2. Adequate anchorage strength
3. Adequate stiffening in advance of rigid system
4. Adequate blockout and/or rubrail
1I. Functional adequacy*
A. Longitudinal section
1. Adequate length to shield area of concern
. Proper height of rail®
. Proper flare rate
. Barrier-to-object distance exceeds barrier deflection distance
. Placement behind curb consistent with vehicle trajectory data
. Placement on flat slopes (1:10) or on slopes up to 1:6 consistent
with vehicle trajectory data
7. Beam backup plates present on steel strong-post system

(SN

AN A

B. Terminal
1. Adequate clear recovery area behind yielding terminal
2. Adequate offset of terminal end

*Structural adequacy is inherent in the barrier itself, rather than resulting from
design, placement, or maintenance.

"Standard systems or elements are those which are currently an approved
agency standard or have been successfully crash tested. Certain barriers that fall
outside these categories may be left in place depending on the characteristics of the
barrier and the results of an engineering analysis of the site.

*Functional adequacy results from barrier design or placement and is essential
for barrier effectiveness.

SGenerally, a 75-mm (3-in) variation from the nominal height is acceptable.

Source: From Roadside Design Guide, AASHTO, Washington, D.C.,
2002, with permission.

6.9.1 Characteristics of Median Barriers

Like roadside barriers, median barriers can be classified as flexible, semirigid, or rigid
as indicated in Table 6.7. Figures 6.26 through 6.35 show details of these various
types of median barriers and factors to be considered in selection and application.
Additional comments on several of the systems follow. In many of their characteristics
they are similar to their roadside barrier counterparts.

Cable systems (Fig. 6.26) should be used only if there is adequate deflection dis-
tance, about 3.5 m (12 ft) in each direction. Performance is sensitive to mounting
height. Proper end anchorage is critical. They are not well suited for areas hit fre-
quently, on sharp curves, and on facilities with high truck volumes. Deflection can be
reduced by decreasing post pacing. The system shown meets the TL-3 requirements.
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FIGURE 6.25 Median barrier warrants for freeways and expressways. (From Roadside Design
Guide, AASHTO, Washington, D.C., 2002, with permission)

The W-beam (weak-post) system (Fig. 6.27) is sensitive to mounting. Proper end
anchorage is essential. It is not well suited where terrain irregularities exist or where
frost heave or erosion is likely to alter the mounting height by more than 50 mm (2 in).
However, it is suitable for relatively flat, traversable medians without curbs or ditches
that could affect vehicle trajectory. This is a TI-2 system.

The box-beam (weak-post) median barrier (Fig. 6.28) is a TL-3 system, most suit-
able for traversable medians with no significant irregularities. Posts have to be
repaired after most hits to maintain correct beam height, so it should not be used in
areas where it is likely to be frequently hit.

The blocked-out W-beam (strong-post) median barrier meets TL-3 or TL-2,
depending upon the post type and blocking used. Figure 6.29 shows several variations
of the system. Mounting heights of 760 mm (30 in) are sometimes specified but have
not been tested. A separate rub rail (usually a steel channel or tube) has sometimes
been added to minimize post-snagging problems with the higher mounting height.

The blocked-out thrie-beam (strong-post) median barrier meets TL-3 and the modified
thrie-beam meets TL-4. The post type and blocking used affect the rating (Fig. 6.30).
The thrie-beam is capable of accommodating a larger range of vehicle sizes than the
W-beam because of its greater beam depth. Also, the deeper beam eliminates the need
for a rubrail.

The concrete safety shape (Fig. 6.31) is the most common rigid median barrier
because of low cost, effective performance, and low maintenance. Approved shapes
include the New Jersey and F-shaped barriers, the single-slope barrier, and the vertical
wall barrier. When adequately designed and reinforced, all of these meet the requirements
of TL-4 at the standard height of 810 mm (32 in) and TL-5 at heights of 1070 mm (42 in)
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TABLE 6.7 Classification of Median Barriers and
Approved Test Levels

Barrier system Test level

Flexible systems

Three-strand cable (weak-post) TL-3

W-beam guardrail (weak-post) TL-2
Semirigid systems

Box beam (weak-post) TL-3

Blocked-out W-beam (strong-post)
Steel or wood post with wood
or plastic block TL-3
Steel post with steel block TL-2
Blocked-out thrie-beam (strong-post)
Wood or steel post with wood
or plastic block TL-3
Modified thrie-beam TL-4
Rigid systems
Concrete barrier
New Jersey shape

810 mm (32 in) tall TL-4
1070 mm (42 in) tall TL-5
F-shape
810 mm (32 in) tall TL-4
1070 mm (42 in) tall TL-5
Single-slope
810 mm (32 in) tall TL-4
1070 mm (42 in) tall TL-5
Vertical wall
810 mm (32 in) tall TL-4
1070 mm (42 in) tall TL-5
Quickchange® movable barrier
(including SRT and CRTS)" TL-3

*SRTS refers to the steel reactive tension system; CRTS
refers to the concrete reactive tension system.

Source: From Roadside Design Guide, AASHTO,
Washington, D.C., 2002, with permission.

and higher. The New Jersey and F-shape barriers (Fig. 6.31), commonly referred to as
safety shapes, differ in the height of the break point (change of slope of the face). The
F-shape may perform better with regard to vehicle roll when subjected to small vehicle
impact. When pavement overlays exceed 75 mm (3 in), the height of the concrete
above the break point must be increased to maintain an adequate height. Figures 6.32
and 6.33 show tall-wall safety-shape barriers (reinforced and nonreinforced concrete)
that have been used successfully. The single-slope barrier (Fig. 6.34) offers an advan-
tage over others in that the pavement next to it can be overlaid several times, reducing
the height to 1070 mm (42 in), without affecting performance. Foundation requirements
do not appear critical, and there are many variations. Concrete median barriers can be
slipformed, precast, or cast in place. A sand-filled metal version has been used in sev-
eral states on an experimental basis.

Two important factors for safety-shape concrete barriers should be noted.
Although the barrier does not deflect when hit, passenger vehicles may become air-
borne and even reach the top in high-angle, high-speed impacts. Fixed objects on top
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FIGURE 6.26 Three-cable median barrier. (From Roadside Design Guide, AASHTO, Washington, D.C.,
2002, with permission)

of the barrier such as luminaire supports can cause snagging. Also, even for shallow-
angle impacts, the roll angle of a high-center-of-gravity vehicle may be great enough
to permit contact of the cargo box with objects on or just behind the barrier. Taller
barriers offer improved characteristics in this regard.

The movable concrete barrier is an F-shaped barrier furnished in lengths of 940 mm
(37 in) and arranged in a chain fashion with ends joined by pins. The proprietary
Quickchange® system is shown in Fig. 6.35. The T segment at the top facilitates lifting.
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FIGURE 6.27 W-beam (weak-post) median barrier. (From Roadside Design Guide, AASHTO,
Washington, D.C., 2002, with permission)

The system is often used in construction zones where traffic lanes are opened and
closed frequently. Various other systems are available.

6.9.2 Median Barrier End Treatments

Median barriers, similar to roadside barriers, should be introduced and terminated with
safety in mind. Openings or breaks in barriers should be kept to a minimum to negate the
need for end treatments. Where openings are required, shield barrier ends or, if the median
is sufficiently wide, flare or offset the barrier. In locations where impacts are likely, end
treatments must be crashworthy. Also, they should safely redirect vehicles impacting from
the rear, where hits from opposing traffic are likely. Many proprietary devices are available
for terminals. Appropriate end terminals for W-beam barriers include the CAT or
Brakemaster. For concrete barriers consider the ADIEM, the TRACC, the QuadGuard™,
and the REACT-350%. Sand barriers can also be used to shield median barrier ends, partic-
ularly where medians are wide and the likelihood of impacts from opposing traffic is low.
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FIGURE 6.28 Box-beam median barrier. (From Roadside Design Guide, AASHTO, Washington,
D.C., 2002, with permission)

6.9.3 Median Barrier Transitions

Transition sections are used between adjoining median barriers having significantly
different deflection characteristics, between a semirigid median barrier and a rigid
barrier (such as a bridge rail), and in similar situations. The transition sections should
provide impact performance similar to standard sections, and emphasis should be
placed on designs to avoiding vehicle snagging. Structural details of special impor-
tance include the following:

¢ Rail splices should develop the tensile strength of the weaker rail.

e Use a flared or sloped connection if the connection could snag an opposite-direc-
tion vehicle. Use a standard terminal connector to attach a W-beam or thrie-beam
rail to a rigid bridge railing or parapet, or provide a recessed area in the parapet
wall to receive the rail.
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FIGURE 6.29 W-beam (strong-post) median barrier. (From Roadside Design Guide, AASHTO,
Washington, D.C., 2002, with permission)

¢ In cases such as a strong-post W-beam transition to the concrete safety shape, use a
blockout design and consider adding a rub rail or using a thrie-beam instead.

o Use a transition length 10 to 12 times the difference in lateral deflection of the two
systems under consideration.

o Increase stiffness gradually from the weaker to the stronger system by means such
as decreasing the post spacing, increasing the post size, and using nested sections of
W-beam or thrie-beam.
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6.10 PLACEMENT OF BARRIERS ON SLOPED
MEDIANS

Either roadside barriers or median barriers may be appropriate for sloped medians,
depending on conditions. If a relatively flat median (slope of 1:10 or flatter) free of
rigid objects is available, a median barrier can be placed at the center. When such
desirable conditions are not available, some additional guidelines should be considered.
Figure 6.36 shows three basic types of median sections. Section I (illustrations 1-3)
represents a depressed median or one with a ditch; section II (illustrations 4—6) represents
a stepped median or a median that separates traveled ways with significant differences
in elevation; and section III (illustration 7) applies to a raised median.

Section I.  Check to see if the slopes warrant a barrier. If both slopes require
shielding (illustration 1), place a roadside barrier near the shoulder on each side of the
median. If only one slope must be shielded, place a median barrier near the shoulder on
that side; use a rigid or semirigid barrier, and install a rub rail on the ditch side of the barrier
to prevent snagging of a vehicle that has crossed the ditch. If neither slope requires
shielding but one is steeper than 1:10 (illustration 2), place a rigid or semirigid median
barrier on the side with the steeper slope when warranted. If both slopes are relatively flat
(illustration 3), place a median barrier (any type with dynamic deflection not greater than
half median width) at or near the center of the median if vehicle override is not likely.
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FIGURE 6.31 Concrete safety-shape median barrier. (From Roadside Design Guide, AASHTO,
Washington, D.C., 2002, with permission)

Section II.  If the embankment slope is steeper than 1:10 but traversable (illustration
4), place a median barrier near the shoulder on the high side of the slope. If the slope is
not traversable (such as a rough rock cut, illustration 5), place a roadside barrier at the
top and bottom of the slope. If a retaining wall is located at the bottom of the slope, contour
the base of the wall to the exterior shape of a concrete safety shape. If the slope is flatter
than 1:10 (illustration 6), place a median barrier near the center.

Section III. If the median is sufficiently high and wide (illustration 7), vehicles
may be redirected without a barrier. If the slopes are relatively flat and traversable,
place a semirigid median barrier at the apex. If the slopes are not traversable, place a
roadside barrier on either side.
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FIGURE 6.32 Tall-wall concrete safety-shape (reinforced) median barrier. (From Roadside Design
Guide, AASHTO, Washington, D.C., 2002, with permission)

When a median barrier is warranted, it is best to use the same barrier throughout
the length of need. In cases where a roadside barrier is required on both sides of the
median for some length and a centrally located median barrier is situated upstream and
downstream, use a gradual transition between the systems proceeding in the direction
of traffic.

6.11 BRIDGE RAILINGS AND TRANSITIONS

Bridge railings are longitudinal barriers intended to prevent vehicles from running off
the edge of a bridge. A metal post-and-rail system, a concrete safety shape, and various
combinations have been used. Bridge railings are attached to the structure and
designed to have minimal deflection under impact. The AASHTO Standard
Specifications for Highway Bridges require that bridge railings meet specific geometric
criteria and resist specified loads without exceeding allowable stresses. However, the
AASHTO LRFD Bridge Design Specifications provide the most current design criteria,
based on NCHRP Report 350. While AASHTO specifications do not prescribe bridge
rail crash testing, the Federal Highway Administration (FHWA) does require that all
bridge railings used on the National Highway System be of a crash-tested design.
Existing railings designed to prior AASHTO specifications or crash-tested under earlier
guidelines may be acceptable through evaluation of in-service performance.
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FIGURE 6.33 Tall-wall concrete safety-shape (unreinforced) median barrier. (From Roadside Design
Guide, AASHTO, Washington, D.C., 2002, with permission)

6.11.1 Selection Considerations

The selection of a railing should include consideration of the following five factors:

Railing performance. There must be evidence that the system will provide the
desired performance level. Design to current AASHTO LRFD Bridge Design
Specifications and crash-testing to NCHRP Report 350 is recommended.

Compatibility. A crashworthy transition section is required if the approach barri-
er significantly differs in strength, height, or deflection characteristics.

Cost. Life cycle cost analysis is desirable to compare alternatives. Initial costs,
maintenance costs, and the costs of accidents must be considered.

Field experience. Review in-service performance of existing systems to evaluate
effectiveness and cost.

Aesthetics. Appearance is particularly important in scenic areas, but systems
must be selected that meet required performance levels.

6.11.2 Placement Considerations

Bridges should provide a full, continuous shoulder that maintains uniform clearance
with approaching roadside elements. However, if the bridge is narrower than the
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FIGURE 6.34 Single-slope concrete median barrier. (From Roadside Design Guide, AASHTO,
Washington, D.C., 2002, with permission)

approaching roadway and shoulder, the appropriate flare rate should be provided where
the railing is within the shy distance (Art. 6.7.3). Curbs higher than 200 mm (8 in) in
front of bridge railings should be avoided. If a sidewalk is present, use a bridge railing
between the traffic and the sidewalk to protect pedestrians, and a pedestrian railing along
the outside of the bridge. End treatment of the bridge railing is difficult under these
circumstances. If a crash cushion or other barrier cannot be used, a vertically tapered end
section may be the best solution. The location and extent of the taper must be carefully
considered for the conditions present.

6.11.3 Upgrading Bridge Railing Systems

The first step in an upgrading project is to identify potentially deficient systems. Bridge
railing designs prior to 1964 are particularly suspect. Strength and performance should be
documented. Verify critical details such as base plate connections, anchor bolts, material
(strength, toughness, and condition), welding details, reinforcement development, etc.
Open-faced railings may cause snagging. Curbs or sidewalks adjacent to a railing may
cause an impacting vehicle to vault or roll over. Approach transitions may be inadequate.
Retrofits can be developed to address inadequacies. When possible, use crash-tested
designs in such updating. One common improvement is to rebuild the approach barrier
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FIGURE 6.35 Movable concrete median barrier. (From Roadside Design Guide, AASHTO,
Washington, D.C., 2002, with permission)

and transition to current standards, continuing the metal-beam rail element, for example,
across the structure to provide continuity. If a curb is in place, a retrofit railing can
often be blocked out to minimize rollover and ramping. Some specific retrofit concepts
are discussed in the following.

Concrete retrofit (safety shape or vertical). The concrete safety shape can be
used most effectively when it can be constructed in front of an existing railing that can
remain in place. A vertical-faced concrete shape creates an effective barrier when
added on top of and flush with an existing safety curb. The structure must be evaluated
for the extra dead load imposed, and for the development of the required anchorage to
resist impact forces.

W-beam and thrie-beam retrofits. A partial solution sometimes used is to continue
an approaching W-beam or thrie-beam roadside barrier across the bridge. It may not
bring the bridge into full compliance with AASHTO criteria, but may be satisfactory
as an interim solution, particularly on low-volume roadways. Adequate anchorage is
provided by the continuous system. Gradual stiffening in the transition area is advised
to avoid snagging.

Metal post-and-beam retrofit. =~ Where a sidewalk is present, a steel post (S shape
or channel shape) can be anchored to the top and a pair of steel tubes attached to the
roadway side to provide a smooth traffic barrier between the sidewalk and the roadway.
The tube elements must be in line with the face of the curb. The post attachment can
be designed to resist the impact loads, or a yielding design can be developed to mini-
mize possible bridge deck damage. The existing bridge railing on the outside of the
sidewalk can be adapted to a pedestrian railing.
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FIGURE 6.36 Barrier placement for sloped medians. (From Roadside Design Guide, AASHTO,

Washington, D.C., 2002, with permission)
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6.11.4 Crash-Tested Bridge Railings

Testing criteria and test levels for bridge railings are the same as previously discussed
for roadside barriers (Art. 6.4). The FHWA maintains a list of designs that have been
tested to NCHRP Report 350 levels, as well as designs that were tested to earlier guide-
lines and have been assigned an equivalent Report 350 test level. Railings are seldom
evaluated for TL-1. Examples of railings designs that meet higher levels are as follows:

TL-2. Thrie-beam bridge railing, side mounted. Consists of a thrie-beam rail cen-
tered 550 mm (22 in) above the deck, supported on steel or wood posts mounted on
the side of the bridge. It is intended for use on lower-volume secondary roads.
Actually tested only to NCHRP 230 criteria, it is considered to meet TL-2.

TL-3. Wyoming Two-Tube bridge railing. Consists of two horizontal tubular rails,
152 X 51 X 6.4 mm (6 X 2 X 0.25 in), supported by fabricated steel posts on 3-m
(10-ft) centers, mounted on and flush with concrete curb. Height of top rail is 740 mm
(29 in) and height of bottom rail is 405 mm (16 in). A heavier version meets TL-4.

TL-4. (1) Solid concrete railings. The current New Jersey, F-shape, single-slope, and
vertical wall types meet TL-4 when adequately reinforced and built to a minimum
height of 810 mm (32 in). (2) Massachusetts S3 Steel Bridge Railing. This is a beam
and post system with three tubular rails on W150 X 37 (W6 X 25) posts, mounted
flush on the outside edge of a sidewalk or on top of a curb. The tube size varies. Steel
tube pickets are bolted to the back to provide an aesthetic look. (3) Wyoming Two-
Tube bridge railing. Consists of two horizontal tubular rails [152 X 102 X 6.4-mm
(6 X 4 X 0.25-in) top rail and 152 X 76 X 6.4-mm (6 X 3 X 0.25-in) bottom rail],
supported by fabricated steel posts on 3-m (10-ft) centers, mounted on and flush
with concrete curb. Height of top rail is 830 mm (33 in) and height of bottom rail is
480 mm (19 in). (4) BR27C railing. This railing may be mounted on a curb or flush
mounted on the bridge deck. The lower portion consists of a 610-mm-high (24-in) con-
crete parapet, 250 mm (10 in) thick. The upper portion consists of steel tube posts [102
X 102 X 4.8 mm (4 X 4 X 3/16 in)] spaced at 2 m (6.5 ft) on center. A horizontal steel
tube rail [102 X 76 X 6.4 mm (4 X 3 X 0.25 in)] is mounted to the face of the posts.

TL-5. Solid concrete railings. The current New Jersey, F-shape, single-slope, and
vertical wall types meet TL-5 when adequately reinforced and built to a minimum
height of 1070 mm (42 in).

TL-6. Texas Type TT (Tank Truck). This system consists of a very heavily rein-
forced and widened concrete safety shape, with a heavily reinforced continuous
concrete member and post system above.

6.11.5 Transitions to Bridge Railings

Most of the principles previously discussed for median transitions (Art. 6.9.3) apply
here as well. Transition designs should gradually stiffen the approach system to avoid
vehicle pocketing, snagging, or penetration. Some considerations of importance follow.
The concepts are appropriate for both new construction and retrofits.

e The splice between the rail of the approach barrier and the bridge rail should develop
the tensile strength of the approach rail.

¢ Strong-post systems, or combination normal-post and strong-beam systems, can be
used for transitions. These systems normally should be blocked out to avoid snag-
ging. Also, a rub rail may be desirable with W-beam or tube-type transitions.
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Tapering the rigid bridge railing end behind the transition members may also be
desirable. The rub rail and railing taper are specially appropriate when the approach
transition is recessed into the end of a concrete railing or other rigid hazard.

e Use a gradual transition, typically 10 to 12 times the difference in lateral deflection
of the two systems. Gradually stiffen by decreasing post spacing, increasing post
size, and strengthening the rail (nested W-beams or thrie-beams, for example).

¢ Eliminate curbs, inlets, and other drainage features in front of the barrier. Keep the
slope between the edge of the driving lane and the barrier to 1:10 or less.

e When possible, relocate roads that intersect near the end of the bridge and interfere
with a proper transition. Crash cushions may provide an option in some cases.

Few transition designs have been tested to NCHRP Report 350 thus far, but additional
testing is anticipated.

6.12 BARRIER END TREATMENTS AND CRASH
CUSHIONS

Barrier terminals and crash cushions are developed to gradually decelerate an impacting
vehicle to a stop or to suitably redirect it. Otherwise, untreated ends of barriers and
fixed objects can cause severe accidents. A crashworthy end treatment is essential if a
barrier terminates within the clear zone or other area where it is likely to be hit by an
errant vehicle. Requirements for testing and performance are contained in NCHRP
350. Suitable devices must be able to perform under both head-on and side impacts,
with no objects penetrating the passenger compartment or encroaching on other traffic.
The vehicle should remain upright and not be redirected into adjacent traffic lanes.
Occupant deceleration levels must be within target values. For longitudinal barriers that
depend on the tensile strength of the elements, the end treatment must develop the full
tensile strength of the rail, whether or not a crashworthy end treatment is employed.

6.12.1 Characteristics of End Treatments

Many types of end treatments are available. Table 6.8 provides a summary of charac-
teristics and test levels for a number of them. A description follows. As indicated,
many of the systems are proprietary.

The three-strand cable terminal is used at the ends of a three-cable barrier. In the
latest version, the cable barrier is flared back at 1.2 m (4 ft) from the tangent barrier
line. The three cable strands are turned down at 45° and anchored to a concrete block
in the ground.

The Wyoming Box Beam End Treatment (WYBET-350) is used with the box-beam
barrier. It consists of a nosepiece welded to a box beam, which is inserted into a larger
tube that contains a crushable fiberglass composite tube. The device is supported by a
wood post. Crushing of the composite tube dissipates the energy. It may be installed
parallel to the roadway or flared out at a maximum rate of 1:10.

A barrier anchored in backslope is sometimes used in areas of a roadway cut section,
or where the road is transitioning from cut to fill. A W-beam guardrail thus anchored
has been successfully crash-tested to TL-3. This type of anchor can provide full
shielding, eliminate the possibility of an end-on impact with the barrier terminal, and
minimize the likelihood of the vehicle passing behind the rail. According to the
AASHTO Roadside Design Guide, key design considerations include the following:
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TABLE 6.8 Crashworthy End Treatments

NCHRP Report System width, System length,
System 350 test level m (ft) m (ft)
Three-strand TL-3 1.2 (40) flare N/A*
cable terminal
Wyoming Box Beam TL-3 0.6 (2) 15.2 (50)
End Terminal
(WYBET-350)
Barrier anchored TL-3 N/A N/A
in backslope
Eccentric loader TL-3 0.5 (1.6) plus 11.4 (37.5)
terminal (ELT) 1.2 (4) flare
Slotted Rail Terminal TL-3 0.5 (1.6) plus 11.4 (37.5)
(SRT-350)" 1.2 (4) flare
or
0.5 (1.6) plus
0.9 (3) flare
REGENT' TL-3 0.5 (1.6) plus 11.4 (37.5)
1.3 (4.3) flare
Vermont low-speed, TL-2 1.54.9) 3.4 (11.15)
‘W-beam guardrail
end terminal
Flared Energy-Absorbing TL-2 0.5 (1.6) plus 7.62 (25)
Terminal (FLEAT)* 0.51-0.81 (1.7-2.7) flare
TL-3 0.5 (1.6) plus 11.4 (37.5)
0.76-1.2 (2.5-4) flare
Beam-Eating Steel TL-3 0.5 (1.6) 11.4 (37.5)
Terminal (BEST)" or 15.2 (50)
Extruder Terminal TL-3 0.5 (1.6) 11.4 (37.5)
(ET-2000)" or 15.2 (50)
Sequential Kinking TL-3 0.5 (1.6) 15.2 (50)
Terminal (SKT-350)"
QuadTrend-350" TL-3 0.46 (1.5) 6.1 (20)
NEAT? TL-2 0.57 (1.9) 2.957 (9.7)
Sloped concrete N/A 0.6 (2) 6-12 (20-40)

end treatment

*N/A = not applicable.
"Proprietary system.
Source: From Roadside Design Guide, AASHTO, Washington, D.C., 2002, with permission.

(1) maintaining a uniform rail height relative to the roadway grade until the barrier
crosses the ditch flow line, (2) using a flare rate within the clear zone that is appropriate
for the design speed, (3) adding a rubrail for W-beam guardrail installations, and (4) using
an anchor that is capable of developing the full tensile strength of the W-beam rail. Also,
the foreslopes on the approach should be no greater than 1:4. If a barrier cannot be termi-
nated in a backslope without violating any of these principles, a different type of end
treatment may be more appropriate. (p. 8-2)
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The eccentric loader terminal (ELT) evolved from efforts to improve the break-
away cable terminal (BCT). The resulting device has a fabricated steel lever nose
inside a section of corrugated steel pipe. A strut between the steel tube foundations for
the two end posts enables these posts to act together to resist impact loads. Holes are
drilled in the next four posts, one hole at ground line and one below ground, to make
them break away. A blockout is added to the second post to increase curvature near
the end of the rail, thus reducing rail column strength and reducing the likelihood of
rail penetration. The end post is offset 1.2 m (4 ft).

The Slotted Rail Terminal (SRT-350) is a proprietary, flared, non-energy-absorbing
terminal, designed to break away when impacted end-on. There are two versions, one
with an offset of 1.2 m (4 ft) and another with an offset of 0.9 m (3 ft). They consist of
a curved W-beam rail element in which longitudinal slots have been cut at specific
locations. This reduces dynamic buckling strength to an acceptable level and controls
buckling location, so that the yaw of an impacting vehicle and the potential for secondary
impacts with the bent rail are minimized. Rail tension is developed through a cable anchor
system. A traversable area must be provided behind the terminal since it is designed to
break away when impacted, allowing the vehicle to travel behind the guardrail.

The REGENT is a proprietary energy-absorbing end treatment. It is a flared W-
beam terminal that consists of a slider head assembly, a cable anchor/strut and yoke
assembly, modified W-beam rail panels, and special weakened wood posts. The post
offsets correspond to those of the BCT, except that the REGENT uses more posts to
minimize deflection and the posts are of unique design. The modified rail elements are
partially crushed at two locations to induce predictable kinks in the rail in end-on hits
while maintaining most of the rail’s bending strength. A traversable area must be pro-
vided behind the terminal since it is designed to break away when impacted, allowing
the vehicle to travel behind the guardrail.

The Vermont low-speed, W-beam guardrail end terminal is a nonproprietary end
treatment for use on roadways where impact speeds do not exceed 70 km/h (45 mi/h).
It consists of a 3.8-m (12.5-ft) W-beam rail section that is shop-bent to a 4.9-m (16-ft)
radius and mounted on W150 X 14 (W6 X 9) steel posts with steel blocks. An anchor
consisting of a steel rod and buried concrete block is attached to the rail at the third
post from the end.

The Flared Energy-Absorbing Terminal (FLEAT) is a proprietary energy-absorbing
end treatment that consists of an impact head installed at the end of a modified W-beam
rail, a guide tube assembly, a breakaway cable anchor assembly, and a series of weakened
posts. The posts may be wood or of a welded-steel breakaway design. The kinetic energy
of a crash is absorbed by the head sliding along the rail element while bending it. The
flattened rail exits the head on the traffic side and coils into a tight loop. Tension in the rail
is developed through the cable anchor system. The terminal has been tested successfully
to TL-3 and TL-2, with a total length of 11.4 m (37.5 ft) and to 7.62 m (25 ft), respectively.
The TL-3 terminal can be installed with an offset from 0.76 to 1.2 m (2.5 to 4 ft), and the
TL-2 terminal with an offset that from 0.51 to 0.81 m (1.7 to 2.7 ft). A traversable area
must be provided behind the terminal since it is designed to break away when impacted,
allowing the vehicle to travel behind the guardrail.

The Beam-Eating Steel Terminal (BEST) is a proprietary energy-absorbing end
treatment with an impact head mounted on the end of a wood post W-beam guardrail
system. Kinetic energy is absorbed by the head, which contains three teeth that slide
along the rail and cut it into four relatively flat widths. These widths are subsequently
bent out of the path of the impacting vehicle. A cable provides anchorage for down-
stream impacts, and a quick release attachment allows the W-beam to feed into the
impact head during end-on impacts. No flare is required, but to position the impact
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head entirely outside the shoulder, a 1:50 flare may be desirable.

The Extruder Terminal (ET-2000) is a proprietary energy-absorbing end treatment,
with an extruder head installed over the end of a standard W-beam guardrail element.
Kinetic energy is absorbed by the head sliding along the rail element while flattening
it and bending it away from the traffic. The extruder head includes a squeezing section
and a bending section. The W-beam is fed through the squeezing section, which
reshapes the rail into a flat section. Next, the bending section bends the rail around a
small radius and directs it to the side, away from the vehicle. A cable provides anchorage
for downstream impacts, and a quick release attachment allows the W-beam to feed
into the impact head during end-on impacts. No flare is required, but to position the
impact head entirely outside the shoulder, a 1:50 flare may be desirable. Either break-
away timber posts or hinged breakaway steel posts may be used with this terminal.

The Sequential Kinking Terminal (SKT-350) is a proprietary energy-absorbing end treat-
ment that consists of an impact head mounted over the end of a modified W-beam
guardrail. The modification consists of punching three slots in the valley of the rail at
specific locations. The impact head is forced rearward, bending the W-beam rail against
the deflector plate, and absorbing the kinetic energy. A “kinker” beam in the head
causes short segments of the rail to kink sequentially and bend away from the impacting
vehicle. A cable anchorage system is provided to develop the tensile strength of the rail.
No flare is required, but some offset is recommended to locate the edge of the impact
head farther from the traveled way. Either breakaway timber posts or hinged break-
away steel posts may be used with this terminal.

The QuadTrend-350 is a proprietary unidirectional end treatment for direct attachment
to a vertical concrete barrier or vertical concrete bridge parapet. Additional transition
guardrail sections are not needed. It employs sand-filled, energy-absorbing containers
that are sacrificial and must be replaced following impact. Many of the other parts can
be reused. A concrete pad is required.

The Narrow Energy-Absorbing Terminal (NEAT) is a proprietary, narrow, nonredirec-
tive, energy-absorbing terminal. The NEAT is an aluminum cartridge, 570 mm (22 in)
wide by 810 mm (32 in) high by 2957 mm (9.67 ft) long, designed to shield the
approach end of a portable concrete safety-shape barrier or a Quickchange® moveable
barrier system.

A sloped concrete end treatment is sometimes used to terminate a concrete barrier,
although this end tapering treatment has not met the crash-testing criteria of NCHRP
Report 350. This treatment should only be considered for locations where traffic
speeds are low, 60 km/h (40 mi/h) or less, and limited space precludes the use of a
tested end treatment. Other possible applications include locations where the barrier is
flared out beyond the clear zone or where end-on impacts are not likely to occur.
Recommended length of the taper is 6 m (20 ft) with 9 to 12 m (30 to 40 ft) desirable.
The height of the end of the taper should be no greater than 100 mm (4 in).

6.12.2 Characteristics of Crash Cushions

Crash cushions are impact attenuators developed to prevent errant vehicles from
impacting fixed obstacles. The crash cushion should either decelerate the vehicle to a
safe stop, such as in a head-on hit, or redirect it safely away from the obstacle, in the
case of a side hit. Crash cushions are typically used where fixed objects cannot be
removed, relocated, converted to a breakaway design, or shielded by a longitudinal
barrier. Examples of application sites include exit ramp gores where a bridge rail end
or bridge pier presents a hazard, and the ends of longitudinal barriers. Most crash
cushions are patented systems developed and tested by the manufacturer, who can also
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provide design charts for selection of appropriate designs.

Most crash cushions perform their function by the principle of kinetic energy
absorption or transfer of momentum. In the first case, energy is absorbed by materials
or devices that crush or plastically deform, or by hydraulic devices. A rigid backup
support is required for such compression crash cushions. In the second case, the
momentum of the vehicle is transferred to an expendable mass, such as containers
filled with sand. No rigid backup support is needed for such “inertial” barriers. Some
crash cushions use a combination of these principles.

Table 6.9 provides a list of some of the most common crash cushions in use today,
and their applicable test levels. A description of these systems follows.

The Advanced Dynamic Impact Extension Module (ADIEM II) is a proprietary terminal
designed to shield the end of a concrete safety-shape barrier. It consists of a 9.1-m-long
(30-ft) carrier beam or concrete base structure onto which 10 interlocking perlite concrete
crushable modules are mounted. Energy is dissipated by crushing the modules. Perlite is
an expanded inert mineral that, when substituted for coarse aggregate in a concrete
mix, results in an extremely lightweight and crushable material. Strength levels in the
perlite concrete are closely controlled to ensure that it falls within acceptable levels com-
patible with acceptable vehicle deceleration limits.

The Brakemaster 350 is a proprietary design used primarily as a terminal for W-beam
median barriers or as a crash cushion to shield narrow obstacles. If used to terminate a
concrete median barrier, a suitable transition is required between the device and the con-
crete. It may also be used to shield the end of a roadside barrier but may not be cost-
effective. The manufacturer recommends use in low-frequency impact areas. This terminal
consists of an anchor assembly with posts embedded in the ground, a cable/brake
assembly, and W-beam panels supported by steel diaphragms that slide backward in
end-on hits. When impacted end-on, the W-beam panels telescope and the cable/brake
assembly absorbs most of the energy through frictional resistance. The anchor assembly
also provides sufficient anchorage to redirect side-impacting vehicles. A paved instal-
lation pad is not required.

The Crash Cushion Attenuating Terminal (CAT) is a proprietary, nonflared attenuator
commonly used to terminate W-beam median barriers and as a crash cushion to shield
narrow fixed objects. A transition design is required for the latter case. It is sometimes used
to shield a W-beam roadside barrier, but in that case, a cable anchor is required at the down-
stream. The CAT can redirect vehicles striking its face from one side or both sides. The CAT
functions as a three-stage system, utilizing energy-absorbing beam elements, breakaway
wood posts, and a cable anchorage system. The beam element is a slotted W-beam that tele-
scopes during impact. Shearing of the steel rail between the slots dissipates energy.

The bulinose guardrail system provides a nonproprietary means for shielding an
object in the median of a divided highway by constructing a thrie-beam guardrail
envelope around the end. Several such designs using W-beam guardrails have been
constructed by highway agencies in the past, but these did not meet the criteria of
NCHRP Report 350. However, a design that has met TL-3 consists of slotted thrie-
beam panels mounted on breakaway posts near the nose, followed by standard thrie-beam
posts and blocks toward the back of the system. Rail tension is developed through
cable anchors and struts. A set of steel retention cables is mounted on the back of the
thrie-beam nose to contain vehicles in the event of rail fracture. The leading edge of
the bullnose attenuator should be located a minimum distance of 19 m (62 ft) in
advance of the shielded object.

The ABSORB 350 is a proprietary, nonredirective, crash cushion primarily
designed to shield the ends of the Quickchange® median barrier. This is a narrow
cushion that may also be used to shield ends of concrete barriers or narrow fixed
objects. The system is comprised of multiple, water-filled, energy-absorbing elements;
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NCHRP Report System width, System length,
System 350 test level m (ft) m (ft)
Advanced Dynamic TL-3 0.7 (2.3) 9.1 (30)
Impact Extension
Module (ADIEM II)*
Brakemaster 350* TL-3 0.64 (2.1) 9.6 (31.5)
Crash Cushion TL-3 0.7 (2.3) 9.5(31)
Attenuating Terminal
(CAT)*
Bullnose guardrail system TL-3 4.5 (14.8) 20 (65)
ABSORB 350* TL-2 0.6 (2) 5.2(17)
TL-3 0.6 (2) 9.7 (32)
TL-3 0.6 (2) 8.3 (27)
QuadGuard family*
QuadGuard
Three-bay unit TL-2 0.6 (2) 4.0 (13)
Six-bay unit TL-3 0.76 (2.5) 6.74 (22)
QuadGuard Wide
Three-bay unit TL-2 Up to 2.29 (7.5) 4.0 (13)
Six-bay unit TL-3 Up to 2.29 (7.5) 6.74 (22)
QuadGuard LMC
11-bay unit TL-3 1.2 (4), 1.75 (5.7), or 2.29 (7.5) 10.16 (33.33)
QuadGuard Elite
Seven-bay unit TL-2 0.6-2.29 (2-7.5) 7.26 (23.8)
Nine-bay unit TL-3 0.6-2.29 (2-7.5) 10.82 (35.5)
Trinity Attenuating TL-3 0.8 (2.6) 6.4 (21) plus
Crash Cushion (TRACC)* 0.6 (2) backup
Reusable Energy-Absorbing
Crash Terminal (REACT 350)*
Four-cylinder array TL-2 0.9 (3) 4.0 (13.1)
Nine-cylinder array TL-3 0.9 (3) 9.35 (30.7)
Narrow Connecticut impact TL-3 0.9 (3) 7.3 (24)
attenuation system (NCIAS)
Sand-filled plastic barrels
(two-column array)
Fitch* TL-3 2.0 (6.6) Varies
Energite* TL-3 2.0 (6.6) Varies
TrafFix* TL-3 2.0 (6.6) Varies
Gravel bed attenuator N/AT N/A N/A
Dragnet* N/A N/A N/A
Water Twister Vehicle N/A N/A N/A

Arresting System (VAS)*

*Proprietary system.
N/A = not applicable.

Source: From Roadside Design Guide, AASHTO, Washington, D.C., 2002, with permission.
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a nosepiece assembly; and a transition/attachment assembly. Three length configura-
tions are available.

QuadGuard refers to a family of proprietary devices with similar design and per-
formance characteristics. The design consists of several types of energy-absorbing
cartridges supported by a framework of steel diaphragms and corrugated steel fender
panels. A concrete pad and rigid backup are required. Crash energy is dissipated by
telescoping rearward and crushing the cartridges. The devices meet TL-2 or TL-3, as
indicated in Table 6.9. Many parts of the various systems are interchangeable. The
standard QuadGuard is a bidirectional device used as an end treatment for a concrete
barrier or narrow fixed object. The cartridges must be replaced after an impact. The
QuadGuard Wide is similar but can be used to shield wider objects. The QuadGuard
LMC (Low-Maintenance Cartridge) is a self-restoring, bidirectional end treatment
used at locations where a moderately high frequency of impacts is anticipated. It can
be used to shield rigid barriers or fixed objects and is available in two widths. Energy-
absorbing components are elastomeric cylinders that are reusable after most design
impacts. The QuadGuard Elite is a self-restoring, bidirectional end treatment for loca-
tions with high impact frequency. It can be used to shield rigid barriers or fixed
objects and is available in two widths. The energy-absorbing components are high-
density polyethylene cylinders that are reusable after most design impacts.

The Trinity Attenuating Crash Cushion (TRACC) is a proprietary system.
Components include a pair of guidance tracks, an impact “sled,” intermediate steel
frames, and W-beam fender panels. A concrete pad and rigid backup are required. The
sled, or impact face, contains a hardened steel blade that absorbs energy by cutting
metal plates on the sides of the guidance tracks as it is forced backward. The interme-
diate frames that support the fender panels are free to slide backward on an end
impact, but lock onto the guidance tracks on a side impact to redirect the vehicle.

The Reusable Energy-Absorbing Crash Terminal (REACT 350) is a proprietary
system comprised of a single row of 0.9-m-diameter (3-ft), high-density, polyethylene
cylinders atop steel skid rails; a restraining cable system consisting of two heavy steel
wire rope assemblies along each side; a front and rear anchorage system; transition
hardware; and a backup assembly. A nine-cylinder array meets TL-3 and a four-cylinder
design meets TL-2. The system may be used on either a concrete or an asphalt surface
if properly anchored. The polyethylene cylinders absorb energy as they slide rearward
on the steel railing, and are self-restoring in many cases. The steel cables redirect
vehicles in side impacts. A wider REACT that can be used to shield fixed objects up
to 1.5 m (ft) was tested successfully to TL-3. This design consists of two parallel
columns of 0.6-m-diameter (2-ft) cylinders attached to steel diaphragms mounted on
an anchored monorail, which provides redirection for side impacts.

The narrow Connecticut impact attenuation system (NCIAS) is a nonproprietary,
bidirectional crash cushion that consists of eight steel cylinders in a single row with
two anchored wire tension cables along each side. The cylinders, which are 0.9 m (3 ft)
in diameter and 1.2 m (4 ft) high, crush to absorb energy. The tension cables keep the
cylinders in place and provide redirection for side impacts. The last four cylinders are
reinforced with pipe stiffeners and retainers to help redirect vehicles hitting close to
the rear. The NCIAS is recommended for use where shielding of narrow objects is
needed and reverse-direction impacts are unlikely.

Sand-filled plastic barrels, sometimes called inertial crash cushions or inertial
barriers, are used in both temporary and permanent installations to shield the ends of
longitudinal barriers or other fixed objects. The sand-filled barrels dissipate energy by
transferring vehicle momentum to the variable masses of sand in the barrels that are
hit. Standard module masses vary from 90 kg (200 1b) to 960 kg (2100 Ib). A backup
structure or wall is not required because the force that a vehicle exerts on the individual
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modules is not transmitted through the cushion. Manufacturers have developed stan-
dard arrays that can be used for specific types of fixed objects as well as design charts
to analyze layouts. The barrels should be set as far from the traveled way as possible
to minimize hits. However, the width of the last row should always be greater than the
width of the shielded object. Moisture content of the loose sand should be 3 percent or
less and clean sand should be used to minimize caking. A significant variation in the
density of the sand could affect performance. Frozen sand reduces safety performance
but mixing rock salt (5 to 25 percent by volume, depending on climate) with the sand
generally prevents wet sand from freezing. The use of sacked sand to facilitate
cleanup is not acceptable.

The gravel-bed attenuator provides a means to decelerate large trucks. Basically, the
truck is slowed as the wheels move through a bed of gravel. It is typically used on truck
escape ramps along descending highway grades where runaway vehicles present a problem.
Crash cushions previously discussed are designed to stop or redirect passenger cars and pick-
up trucks. They are not applicable to large vehicles, because considerable space is required to
dissipate the energy. Detailed design guidelines for the gravel-bed attenuator are provided in
the AASHTO publication A Policy on Geometric Design of Highways and Streets.

The Dragnet or chain-link fence vehicle attenuator is a proprietary device consist-
ing of anchor posts, energy-absorbing reels of steel tape, and a net assembly to catch
the vehicle. When impacted, the chain-link fence wraps around the front of the
impacting vehicle and energy is absorbed as the metal tape is pulled through a series
of rollers. The system may be repaired by replacing the steel tape in the casings and
resetting the chain-link fence and cable. The Dragnet may be considered for locations
where impacts are expected to be head-on and the results of vehicle penetration are
severe, such as for temporary road and ramp closures, or in conjunction with a longi-
tudinal barrier to shield the opening between twin bridges. It is designed to stop a
2000-kg (4500-1b) passenger car impacting head-on at 100 km/h (60 mi/h). It has also
been used in series to stop large vehicles where space will not accommodate a gravel
bed attenuator. Such a system safely stopped at 22,700-kg (50,000-1b) tractor-trailer
impacting at 90° and 80 km/h (50 mi/h). Since the Dragnet deflects significantly, it
can be used effectively only at locations where a sufficient clear area exists behind it.
Because of the low deceleration rates resulting, very little damage is done to impacting
vehicles and serious injuries to vehicle occupants are unlikely.

The Water Twister Vehicle Arresting System (VAS) is a proprietary system consisting
of a chain-link restraining net connected to two energy-absorbing base units by nylon
straps. As an impacting vehicle displaces the net, the straps turn shafts connected to
turbine rotors inside the base units, which contain a water/ethylene glycol solution.
Rotation of the turbine blades in the fluid dissipates energy. The base units are of sub-
stantial size and may require shielding.

6.12.3 Selection of Crash Cushions

Selection of the most appropriate crash cushion depends on site characteristics, perfor-
mance of the systems, maintenance characteristics, and life cycle cost. Both the geometrical
conditions encountered and the space requirements for the different systems vary
widely. Obstacles greater than 5 m (16 ft) wide can be shielded by systems such as
arrays of sand-filled barrels, or the bullnose attenuator. Where space is limited, narrow
systems are appropriate. The structural and safety characteristics of alternative systems
must be carefully reviewed and matched with needs. Items to consider include impact
deceleration, redirection capability, impact debris, and anchorage and backup require-
ments. Table 6.10 has been prepared to compare the maintenance requirements of the
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different systems. Agency maintenance records should be used to establish associated
costs. After potential systems have been identified for a given site, the final selection
should be based on a life cycle cost analysis. (See Chap. 10.) Costs to consider are the
initial cost of the device, site preparation and installation costs, and maintenance
costs, as well as the cost of accidents.

6.12.4 Placement of Crash Cushions

For proper performance, crash cushions should be placed on level terrain with a clear
path between the roadway and the attenuator so the vehicle can strike at normal
height, with the suspension system in a neutral state. Avoid curbs or slopes in front of
the device. Install the attenuator on a smooth surface (usually concrete) so it can com-
press uniformly. Conspicuous, well-delineated crash cushions are less likely to be hit
than those that blend into the background. If the system is not reflective, install stan-
dard object markers to improve visibility at night and during inclement weather.
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SIGNING AND
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PART 1

SIGNING
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Part 1 of this chapter presents a comprehensive review of the design, construction, and
maintenance of highway signs. Both single- and multiple-mounted sign supports are
addressed, with an emphasis on highway safety. Breakaway supports with various
types of slip bases, frangible bases, and post hinging systems are explained and illus-
trated. Commercially available devices and alternatives are identified and discussed.
Guidelines on use and construction are summarized. An extensive list of references,
which are noted in the text, concludes the section. Much of this material was derived
from studies made by the author under a Federal Highway Administration project, NHI
38034, “Design, Construction and Maintenance of Highway Safety Features and
Appurtenances.”

7.1 TRAFFIC SIGNING NEEDS

The capability of roadways to safely and efficiently serve vehicular traffic is depen-
dent to a large extent on the adequacy of traffic control devices. The majority of
motorists drive in an orderly and safe manner, provided they are given reliable regula-
tory, warning, and guide information. Motorists, through training and experience,
develop expectations on when and in what manner they will be provided necessary
information for safely controlling their vehicles. Motorists expect that similar traffic
control devices will always have the same meaning and will require the same motorist
action regardless of where they are encountered. This expectation has been enhanced
by the use of uniform traffic control devices which enable motorists to consistently
interpret the general intent of a device by its message, shape, and color.

The advantages of traffic control device uniformity were recognized long ago. The
American Association of State Highway Officials published specifications of road
markers and signs for rural roadways in 1925. A manual for urban roadways was pub-
lished in 1929 by the National Conference on Street and Highway Safety. The unifica-
tion of the standards applicable to the different classes of roadways was addressed by
a joint committee of the American Association of State Highway Officials and the
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7.2 CHAPTER SEVEN

National Conference on Street and Highway Safety. The joint committee developed,
and printed in 1935, the first Manual on Uniform Traffic Control Devices for Streets
and Highways (MUTCD) [1]. That joint committee, although subsequently reorganized
and named the National Committee on Uniform Traffic Control Devices (NCUTCD),
has been in continuous existence and contributes to periodic revisions of MUTCD.

The benefits of traffic control device uniformity include increasing safety by pro-
viding the road user with required information for vehicle guidance or control at the
right time and place and in the proper manner. Signs should be installed only where
warranted. This can include locations where special regulations apply at specific
places or specific times or where hazards are not self-evident. They also provide infor-
mation of highway routes, directions, destinations, and points of interest. The general
standards for signs provided in Chap. 2A of the MUTCD and those sections pertaining
to the particular type of sign being installed should be followed to ensure proper
placement and message uniformity [2].

7.1.1 Uniformity Considerations and Necessary Deviations

While the advantages of uniformity far outweigh the disadvantages, there are some
undesirable effects when complete uniformity is maintained. One of the principal disad-
vantages is that strict uniformity may result in the failure to adopt an improved device or
procedure simply because it is not in common use. In addition, total uniformity would
require the specification of a separate traffic control device for every conceivable road-
way geometric and traffic operational condition. This would be a monumental task that
undoubtedly would still not cover every situation, while simultaneously increasing the
size of MUTCD with devices of limited application.

This difficulty is recognized in MUTCD, which indicates that warning signs other
than those specified in the manual may be required under special conditions [2, Sec.
2C.02]. MUTCD requires exercising good engineering judgment in determining the
need for other warning devices. It also mandates that the innovative devices be under-
stood easily by the motorist. Ensuring that warning signs are easily understood neces-
sitates that they be of standard shape and color and that the legends be unambiguous
and brief. Establishing the need for distinct warning devices can be accomplished by
identifying when standard devices do not properly address unusual conditions. While
these conditions are unusual, they can typically be classified into the same use cate-
gories that are appropriate for standard warning signs. The Traffic Control Devices
Handbook [3] identifies the following uses of warning devices:

e To indicate the presence of geometric features with potential hazards
e To define major changes in roadway character

e To mark obstructions or other physical hazards in or near the roadway
e To locate areas where hazards may exist under certain conditions

e To inform motorists of regulatory controls ahead

¢ To advise motorists of appropriate actions

The need to provide advance warning for unusual roadway, roadside, operational,
and environmental conditions has resulted in the development of a wide diversity of
devices. The majority of these devices can be categorized as warning signs containing
different symbols and legends. Other warning devices include flashing beacons, rumble
strips, pavement surface treatments, and pavement markings. Device complexity
ranges from simple passive warning signs to devices that are activated by vehicle
speed, headway, or presence on one or more approaches to a potentially hazardous
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roadway element. Further information on supplemental warning and rumble strips can be
obtained from the National Cooperative Highway Research Program (NCHRP) publi-
cations Synthesis of Highway Practice 186: Supplemental Advance Warning Devices
and Synthesis of Highway Practice 191: Use of Rumble Strips to Enhance Safety [4, 5].

7.1.2 Legal Responsibility

Estimates by the FHWA indicate that there are an average of 15 signs per mile on the
nation’s 3.8 million miles of streets and roadways [6]. The resultant 57 million traffic
signs represent a huge investment in materials, labor, equipment, and maintenance costs.
While this is a significant investment, improvements using standard traffic control signing
are reported in the “1988 Annual Report on Highway Safety Improvement Programs” as
having the highest benefit-cost ratio of any highway safety improvement [7]. Properly
designed, located, and maintained standard traffic signs and other carefully conceived
devices can be an effective method of increasing traffic and operational efficiency and
subsequently decreasing the tort liability exposure of roadway agencies.

The concerns about tort liability judgments are valid, as the number of cases is
steadily increasing. In almost every state, the shield of sovereign immunity either has
been abolished by judicial decisions or has been eroded by legislative modifications to
governmental immunity. In one state, for example, the legislature was instructed to
enact comprehensive tort claim procedures in the near future or the doctrine of immu-
nity would be abrogated by the State Supreme Court. In another state, the concept of
sovereign immunity was declared unconstitutional [8].

A tort is a civil wrong or injury. The purpose of a tort action is to seek compensation
for damages to property and individuals. The following elements must exist for a valid
tort action:

e The defendant must owe a legal duty to the plaintiff.

¢ There must be a breach of duty; that is, the defendant must have failed to perform a
duty or performed it in an improper manner.

e The breach of duty must be a proximate cause of the accident that resulted.
¢ The plaintiff must have suffered damages as a result.

In highway-related tort cases, the first element is relatively easy to establish.
Roadway authorities have been vested with the responsibility of providing reasonably
safe travel opportunity for roadways under their jurisdiction. The failure of the roadway
agency to properly perform that duty, and that this breach of duty was the proximate
cause of an accident, are more difficult to establish. In most instances, establishing
that a breach of the legal duty occurred becomes a major issue in tort liability cases.
Plaintiffs typically will attempt to establish that the agency having roadway jurisdic-
tion was negligent in its duty and/or a physical condition was permitted to exist that
was a hazard.

Negligence is the failure to exercise such care as a reasonably prudent and careful
person would use under similar circumstances. Roadway agencies can be judged neg-
ligent in two ways: (1) wrongful performance (misfeasance), or (2) the omission of
performance when some act should have been performed and was not (nonfeasance).
Roadway agencies can, therefore, be judged negligent either by addressing a safety
problem incorrectly or by ignoring it. The critical issue in highway tort liability is the
care with which highway agencies perform their responsibilities. If it is judged that a
reasonable standard of care was not exercised, then the responsible persons and/or
organizations may be held liable for injuries and damages that resulted.
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In an attempt to familiarize roadway agencies and their employees with the potential
liability, and to make them aware of their duties and responsibilities to the traveling
public, the NCHRP published Synthesis of Highway Practice 106: Practical
Guidelines for Minimizing Tort Liability [8]. In particular, this publication advises
agencies to supply a consistent highway environment for motorists. The use of standard
design features and uniform traffic control devices is also emphasized.

All states are to adopt the standards of MUTCD as the basis for designing and
installing traffic control devices. Some states adopt MUTCD in its entirety, while
other states incorporate additional devices and practices into their manuals which
address their specific roadway design and driver expectancy needs. MUTCD provides
minimal requirements, and states that do prepare their own manuals are required to
conform to the national standard. Additional devices not included in either the federal
MUTCD or those of the states are frequently developed to provide motorist warning of
roadway hazards which, ideally, should be eliminated. The reasons for not eliminating
the hazard can include geometric constraints, planned improvements, usefulness of the
condition for other purposes, burden of removing the condition, and the lack of a
method to correct the situation. When the need to warn motorists involves commonly
encountered hazards, such as a stop sign ahead on a rural roadway, then an appropriate
warning device can be found in MUTCD. When the hazard is posed by unusual or
unique conditions, however, the highway engineer is placed in the difficult position of
identifying, or often designing, a warning device that provides a clear message to the
motorist of the potential hazard. It should be emphasized that the installation of a
warning device does not remove the agency from liability, especially if it can be
shown that it was reasonably possible to eliminate the hazard.

7.1.3 Design of Supplemental Warning Devices

Designing a warning device that provides a clear, unambiguous message to the motorist
can be a difficult task. The difficulty is due in part to the concern of the engineer to act
in a “reasonable and prudent” manner. Increasing motorist safety and minimizing lia-
bility require that the device provide a readily understood and unambiguous message.

In the design of warning signs, it is important to remember that signs are designed
to draw attention to themselves through contrast, color, shape, composition, reflector-
ization, and illumination, with a simple message providing a clear and understandable
instruction to the motorist. Sign size, symbol size, lettering size, and placement should
be such to allow adequate time for proper response. Uniform and reasonable instruc-
tions to the motorist will instill respect and develop willing compliance with the sign
message. For these reasons, the majority of general warning signs should be designed
as diamond shapes with black letters on a yellow background. Standard sign letters are
prescribed in the Standard Alphabets for Highway Signs, which should be used to
develop lettering size and style [9]. Sections 2C.01, 2C.02, 2C.03, and 2C.04 of
MUTCD contain information that must be followed in the design of warning signs. In
addition, Sec. 1A.11 of MUTCD lists additional publications and documents that pro-
vide requisite information for the proper design of warning signs.

7.1.4 Identifying Need for Supplemental Advance Warning Devices

Locations which would benefit from the installation of supplemental advance warning
devices typically exhibit safety and/or operational problems. Establishing the need for sup-
plemental devices, therefore, requires identifying the problem locations and performing
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a safety and/or operational analysis. Deficient locations can be identified by a traffic
safety management system, citizen complaints, employee observations, and by safety
analysis during a planned resurfacing, restoration, and rehabilitation (RRR) project.

Accident-based studies are used to identify locations that can be considered haz-
ardous due to a large number of accidents. These studies involve the review and
analysis of systemwide accident information. To compare the accident experience of
several locations, the length of time over which accidents are counted, the traffic vol-
umes, and the length of roadway section involved should be the same at each location.
If not, accident rates may be compared between locations, provided that a common
unit of exposure (e.g., accidents per million vehicle miles for longer roadway sections,
or accidents per million entering vehicles for spot locations and intersections) is used.

Potential locations can also be identified by complaints received from citizens and
by observations made by employees. Often a combination of accident analysis and an
investigation of complaints and observations is required for low-volume roadways.
Complaints about “near misses” and observations of hazardous roadway elements can
be considered indicators of site deficiencies. This type of information is treated by
some agencies with the same importance as a documented accident history. Such treat-
ment has the advantage of reducing the number of accidents required to identify the
hazardous roadway locations.

It should be recognized that maintaining a complaint and employee observation file
requires that the agency be responsive to these inputs. Complaints and observations
are notifications of hazards that become a matter of public record and are available as
evidence should an accident result in litigation. This alone is not a valid reason to fail
to maintain a complaint and observation file. If a defect is allowed to remain for an
unreasonable period of time, even if no complaints or observations were received, the
courts can consider it as constructive notice and assign liability. Complaint and obser-
vation files should, therefore, be maintained and a program established to respond to
all complaints and to document facts and engineering decisions to minimize the possi-
bility of lawsuit losses.

An opportune time to identify the need for a device is during the design phase of pro-
jects primarily intended to upgrade the physical and operational characteristics of the
roadway. This opportunity can be used to detect safety and operational deficiencies and
to select appropriate improvements that can be incorporated into the upgrading project.

The identification of potential locations for each of the previous methods should
include a field inspection to help establish the cause of the deficiency and appropriate
countermeasures. If the site inspection indicates that the deficiency cannot be readily
corrected due to cost or physical constraints, then an advance warning device should
be installed. If the site conditions are sufficiently unusual that an appropriate warning
device is not contained in the federal or appropriate state MUTCD, then a supplemen-
tal device may need to be used or developed until it is feasible to take care of the
underlying problem.

For example, consider a situation where a sag vertical curve was constructed to provide
sufficient vertical bridge clearance on a roadway with a posted speed of 45 mi/h (70
km/h). Analysis of the areawide accidents indicated that there is a higher than expected
occurrence of intersection-related and rear-end accidents at a signalized intersection
immediately downstream of the bridge. A visit to the site indicated that the signal faces
were not visible to approaching drivers until they were 400 ft (120 m) from the stop line.
Since this distance is less than the minimum visibility distance of 460 ft (140 m) specified
by Sec. 4D.15 of MUTCD, a Signal Ahead sign (W3-3) was installed [2]. The engineer
determined that, although the minimum recommendations of MUTCD were being
achieved, safety improvements could be achieved by providing real-time warning that a
stop will be required at the intersection. Since removing the sight obstruction was not
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FIGURE 7.1 Example of supplemental advance
warning sign.

possible, the engineer considered lowering the speed limit and/or providing additional
motorist warning. Experience with lowering speed limits indicated that this countermea-
sure was not an effective long-term solution. The engineer decided to install an active
supplemental advance warning device with the legend “Prepare to Stop When Flashing”
configured as shown in Fig. 7.1. The device was installed over the roadway, 500 ft (150 m)
in advance of the stop bar, and interconnected with the traffic signal controller. The hor-
izontally mounted beacons were timed to flash yellow 8 s prior to the red indication so
that drivers passing the beacon at the legal speed limit would have advance warning of
the required stop at the intersection. The yellow beacons continued to flash until 3 s
before the end of the red indication to allow the start of queue dissipation. Motorists not
encountering the flashing lights could expect not needing to come to a complete stop at
the signal, while still having the signal presence reinforced by the overhead sign. The
engineer plans to continue monitoring the location to determine if the active advance
warning device is effective in reducing accidents.

7.1.5 Concerns on Use of Supplemental Advance Warning Devices

A large number of supplemental advance warning devices have been used by roadway
agencies to inform motorists of unusual geometric, operational, or traffic control fea-
tures. The use of a device by an agency does not imply that it is a viable or desirable
device to use for identified deficiencies. The following concerns should be considered
prior to the installation of any device not specified in MUTCD:

e Many warning devices are attempts at political, inexpensive, and/or quick solutions
to totally inappropriate roadway conditions. The proper countermeasure for many of
these conditions is to correct the fault rather than installing an additional motorist
warning. Installing a supplemental warning device should be considered a temporary
countermeasure until the inadequate roadway conditions can be corrected.

e MUTCD provides guidance on the proper placement of traffic control devices to
provide adequate time for motorists to perceive, identify, decide upon, and perform
any necessary maneuver. Section 2C-3 provides guidelines for the minimum placement
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distances of warning signs, while Sec. 4D.15 specifies the minimum continuous visi-
bility distances that should be present for motorists approaching a traffic signal.
The inability to provide the minimum visibility distance is one indication of the
need to install an advance warning sign. Guidelines on the height and lateral location
of signs are summarized in Fig. 2A-1 in MUTCD [2]. The guidelines of Part 2—
Signs of MUTCD should be followed for the installation of all traffic signs.

e Section 2C.03 of MUTCD states that warning signs shall consist of a black legend
and border on a yellow background [2].

e Section 2C.02 of MUTCD permits the design of warning signs for special condi-
tions [2]. These signs should, however, be constructed with clear and concise verbal
messages. Letter legibility and size, combined with placement, must provide a clear
meaning and provide ample time for response. Section 1A.10 of MUTCD provides
an approval process for new symbols and does not permit the use of symbols that
are new or unique and, thereby, not readily understandable by the motorist [2]. The
only exception to the provision of nonstandard symbols is where minor modifica-
tions to MUTCD symbols are necessary to adequately describe specific design elements
of the roadway. An example of a permitted symbol modification is displaying a
curve on “Intersection Warning Signs” (W2-2) if the side road occurs in the vicinity
of a horizontal curve. Devices that use symbols not contained in MUTCD, or in
Standard Highway Signs, are nonstandard devices [2, 10].

e Warning devices should have the same silhouette shape as the device shape. For
example a 36-in X 36-in (915-mm X 915-mm) diamond warning sign mounted on a
48-in X 48-in (1220-mm X 1220-mm) square piece of plywood would not satisfy
the shape requirement. Dawn and dusk light conditions, fog, and other poor-visibility
situations can result in interpreting the warning sign as a guide sign.

o Section 4K.03 of MUTCD permits the use of hazard identification beacons to supple-
ment an appropriate warning sign or marker [2]. The hazard identification beacon
consists of one or more sections of the circular yellow traffic signal head indication
with a visible diameter of not less than 8 in (200 mm). MUTCD prohibits the place-
ment of the beacons within the border of the sign except when used with a School
Speed Limit sign. If two beacons are used, they should be alternately flashed at a
rate of not less than 50 nor more than 60 times per minute.

¢ Unique situations in the roadway environment can result in the need for changes or
additions to MUTCD. Section 1A.10 provides the procedure to be followed for con-
sideration of a new device to replace a present standard device, for additional
devices to be added to the list of standard devices, or for revisions to recommended
application. Agencies that encounter the frequent need of a unique application are
encouraged to request permission to experiment from the Federal Highway
Administration, Office of Transportation Operations (HOTO), 400 Seventh Street
S.W., Washington, DC 20590.

7.2 CRASHWORTHY CONCERNS OF ROADSIDE
FEATURES

The need for traffic signs, roadway illumination, utility service, and postal delivery
results in roadside features frequently placed within the roadway right-of-way. (Also
see Chap. 6, Safety Systems.) The presence and location of these obstacles varies by
roadway type and location. Rural freeways, for example, can be designed where traffic
signs are the only obstacles that are added to the roadside. Signs, light pole standards,
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utility poles, and mailboxes are all frequently enco