TRANSPORTATION TECHNOLOGY SUPPORT
FOR DEVELOPING COUNTRIES

COMPENDIUM 5

Roadside Drainage

Drenaje del borde de
la carretera

Drainage des bas-cotés
de la route

prepared under contract AID/OTR-C-1591, project 931-11186,
U.S. Agency for International Development

Transportation Research Board
Commission on Sociotechnical Systems
National Research Council

NATIONAL ACADEMY OF SCIENCES WASHINGTON, D.C. 1979



Library of Congress Cataloging in Publication Data

National Research Council, Transportation Research Board.
Roadside Drainage = Drenaje del borde de la carretera =

Drainage des bas-cétés de la route.

{Transportation technology support for developing countries;
compendium 5)

“Prepared under contract AID/OTR-C-1591."

Bibliography: p.

Includes index.

1. Underdeveloped areas—Road drainage—Addresses, essays,
lectures. |. Title. Il. Title: Drenaje del borde de la carretera.
I1i. Title: Drainage des bas-c6tés de la route. V. Series.
TE215.N3 1979 625.7'34 79-14548
ISBN 0-309-02820-5

Cover photo: Labor-intensive ditch maintenance, Oaxaca, Mexico.

Notice

The project that is the subject of this report was approved by the
Governing Board of the National Research Council, whose members
are drawn from the councils of the National Academy of Sciences,
the National Academy of Engineering, and the Institute of Medi-
cine. The members of the committee responsible for the report
were chosen for their special competence and with regard for ap-
propriate batance.

This report has been reviewed by a group other than the authors
according to procedures approved by a Report Review Committee
consisting of members of the National Academy of Sciences, the
National Academy of Engineering, and the Institute of Medicine.




Contents
Tabla de Materias
Table des Matieres

PROJECT DESCRIPTION
DESCRIPCION DEL PROYECTO
DESCRIPTION DU PROJET

FOREWORD AND ACKNOWLEDGMENTS ... o
PREFACIO Y AGRADECIMIENTOS
AVANT-PROPOS ET REMERCIEMENTS

OVERVIEW
VISTA GENERAL
EXPOSE

SELECTED TEXT S o
TEXTOS SELECCIONADOS
TEXTES CHOISIS

1. Design of Roadside Drainage Channels ... ... ... . . . . .. . . . . . . . . i it
(El disefio de canales de drenaje del borde del camino)
(Dimensionnement des fossés de drainage des bas-c6tés de la route)
U.S. Federal Highway Administration, 1973 reprint

2. Design Charts for Open-Channel Flow .. ... ... .. .. . . . . . . . . . i,
(Diagramas de disefo para flujo en canal abierto)
(Cartes de calcul pour I'écoulement des fossés a ciel ouvert)
U.S. Federal Highway Administration, 1977 reprint

3. Handbook of Hydraulics . ... ... . . . . .
(Manual de hidraulicas)
(Manuel d'hydraulique)
H.W. King, 1954

4. Grading lllustrated . .... ... . . . .
(Nivelacion, lustrada)
(Le nivellement illustré)
Aveling-Barford Ltd., 1974




5. Road Maintenance PracCtiCe . ... ... .. . . . . .
(Practicas de manutencion de caminos)
(Entretien de la route)
National Association of Australian State Road Authorities, 1975

BIBLIOGRAPHY
BIBLIOGRAFIA
BIBLIOGRAPHIE

INDEX

INDICE
INDEX



Project Description

The development of agriculture, the distribution
of food, the provision of health services, and the
access to information through educational services
and other forms of communication in rural re-
gions of developing countries all heavily depend
on transport facilities. Although rail and water
facilities may play important roles in certain areas,
a dominant and universal need is for road systems
that provide an assured and yet relatively inexpen-
sive means for the movement of people and goods.
The bulk of this need is for low-volume roads that
generally carry only 5 to 10 vehicles a day and

that seldom carry as many as 400 vehicles a day.
The planning, design, construction, and main-
tenance of low-volume roads for rural regions of
developing countries can be greatly enhanced with
respect to economics, quality, and performance by
the use of low-volume road technology that is
available in many parts of the world. Much of
this technology has been produced during the
developmental phases of what are now the more
developed countries, and some is continually
produced in both the less and the more developed
countries. Some of the technology has been doc-

Descripcion del Proyecto

El desarrollo de la agricultura, la distribucion
de viveres, la provision de servicios de sanidad,
y el acceso a informacidn por medio de
servicios educacionales y otras formas de
comunicacién en las regiones rurales de paises
en desarrollo todos dependen en gran parte

de los medios de transporte. Aunque en ciertas
areas los medios de ferrocarril y agua
desempehnan una parte importante, una
necesidad universal y dominante es para
sistemas viales que proveen un medio ase-
gurado pero relativamente poco costoso para
el movimiento de gente y mercancias. La

gran parte de esta necesidad es para caminos
de bajo volimen que generalmente mueven

unicamente unos 5 a 10 vehiculos por dia y
que pocas veces mueven tanto como 400
vehiculos por dia.

Con respecto a la economia, calidad, y
rendimiento, el planeamiento, diseho, cons-
truccién y manutencion de caminos de bajo
volimen para regiones rurales de paises en
desarrollo pueden ser mejorados en gran
parte por el usc de la tecnologia de caminos
de bajo volumen que se encuentra disponible
en muchas partes del mundo. Mucha de esta
tecnologfa ha sido producida durante las
épocas de desarrollo de lo que ahora son los
paises mas desarrollados, y alguna se produce
continuamente en los paises menos y mas

Description du Projet

Dans les regions rurales des pays en voie de
développement, I'exploitation agricole, la
distribution des produits alimentaires, l'acces
aux services médicaux, I'acces a I'information
par l'intermédiaire de moyens éducatifs et
d'autres moyens de communication, dépendent
en grande partie des moyens de transport.
Bien que les transports par voie ferree et

par voie navigable jouent un réle important
dans certaines régions, un besoin dominant

et universel éxiste d’'un réseau routier qui
puisse assurer avec certitude et d’'une fagon
relativement bon marché, le déplacement

des habitants, et le transport des marchan-
dises. La plus grande partie de ce besoin peut

étre satisfaite par la construction de routes
a faible capacite, capables d’'accommoder
un trafic de 5 a 10 vehicules par jour, ou
plus rarement, jusqu’a 400 véhicules par jour.
L'utilisation des connaissances en tech-
nologie, qui éxistent déja et sont accéssibles
dans beaucoup de pays, peut faciliter I'étude
des projets de construction, tracé et entretien,
de routes a faible capacité dans les régions
rurales des pays en voie de développement,
surtout en ce qui concerne 'économie, la
qualité, et la performance de ces routes. La
majeure partie de cette technologie a été
produite durant la phase de développement
des pays que 'on appelle maintenant dé-



vi

umented in papers, articles, and reports that have
been written by experts in the field. But much
of the techinology is undocumented and exists
mainly in the minds of those who have developed
and applied the technology through necessity. In
either case, existing knowledge about low-volume
road technology is widely dispersed geographi-
cally, is quite varied in the language and the form
of its existence, and is not readily available for
application to the needs of developing countries.
In October 1977 the Transportation Research
Board (TRB) began this 3-year special project
under the sponsorship of the U.S. Agency for
International Development {AID) to enhance
rural transportation in developing countries by
providing improved access to existing information

on the planning, design, construction, and main-
tenance of low-volume roads. With advice and
guidance from a project steering committee,
TRB defines, produces, and transmits
information products through a network

of correspondents in developing countries.
Broad goals for the ultimate impact of the
project work are to promote effective use of
existing information in the economic develop-
ment of transportation infrastructure and
thereby to enhance other aspects of rural
development throughout the world.

In addition to the packaging and distribution
of technical information, personal interactions
with users are provided through field visits,
conferences in the United States and abroad, and

desarrollados. Parte de la tecnologia se ha
documentado en disertaciones, articulos, e
informes que han sido escritos por expertos
en el campo. Pero mucha de la tecnologia
no esta documentada y existe principalmente
en las mentes de aquellos que han desarrollado
y aplicado la tecnologia por necesidad. En
cualquier caso, los conocimientos en exis-
tencia sobre la tecnologfa de caminos de
bajo volimen estan grandemente esparcidos
geograficamente, varian bastante con respecto
al idioma y su forma, y no se encuentran
facilmente disponibles para su aplicacion a
las necesidades de los paises en desarrollo.
En octubre de 1977 el Transportation
Research Board (TRB) comenzé con este
proyecto especial de tres ahos de duracion
bajo el patrocinio de la U.S. Agency for
International Development (AID) para mejorar

el transporte rural en los paises en desarrollo
acrecentando la disponibilidad de la informa-
cién en existencia sobre el planeamiento,
disefo, construccién, y manutencion de
caminos de bajo volimen. Con el consejo y
direccion de un comité de iniciativas para
el proyecto, el TRB define, produce, y
transmit productos informativos a través
de una red de corresponsales en paises en
desarrolio. Las metas generales para el impacto
final del trabajo del proyecto son la promo-
cion del uso efectivo de la informacion en
existencia en el desarrollo economico de la
infraestructura de transporte y de esta forma
mejorar otros aspectos del desarrollo rural a
través del mundo.

Ademas de la recoleccion y distribucion
de la informacion técnica, se provee acciones
reciprocas personales con los usuarios por

veloppés, et elle continue & étre produite a la
fois dans ces pays et dans les pays en voie
de développement. Certains aspects de cette
technologie ont été documentés dans des
articles ou rapports écrits par des experts.
Mais une grande partie des connaissances
n'éxiste que dans I'esprit de ceux qui ont
développé et appliqué cette technologie par
nécessité. De plus, dans ces deux cas, les
écrits et connaissances sur la technologie
des routes a faible capacité, sont dispersés
géographiquement, sont écrits dans des
langues différentes, et ne sont pas assez aise-
ment accessibles pour étre appliqués aux
besoins des pays en voie de developpement.
En octobre 1977, le Transportation Research
Board (TRB) initia ce projet, d’'une durée de
3 ans, sous le patronage de I'U.S. Agency
for International Development (AID), pour

améliorer le transport rural dans les pays
en voie de développement, en rendant plus
accessible la documentation éxistante sur la
conception, le trace, la construction, et I'entre-
tien des routes a faible capacité. Avec le
conseil, et sous la conduite d'un Comité de
Direction, TRB définit, produit, et transmet
cette documentation a I'aide d'un réseau
de correspondants dans les pays en voie de
développement. Généralement, I'aboutisse-
ment final de ce projet sera de favoriser I'utili-
sation de cette documentation, pour aider au
développement économique de linfrastructure
des transports, et de cette fagon mettre en
valeur d'autres aspects d'exploitation rurale
a travers le monde.

En plus de la dissémination de cette docu-
mentation technique, des visites, des con-
férences aux Etats Unis et a I'étranger, et



other forms of communication.
Steering Committee

The Steering Committee is composed of experts
who have knowledge of the physical and social
characteristics of developing countries, knowl-
edge of the needs of developing countries for
transportation, knowledge of existing transpor-
tation technology, and experience in its use.
Major functions of the Steering Committee are
to assist in the definition of users and their needs,
the definition of information products that match
user needs, and the identification of informa-
tional and human resources for development of
the information products. Through its member-

ship the committee provides liaison with project-
related activities and provides guidance for inter-
actions with users. In general the Steering Com-
mittee gives overview advice and direction for all
aspects of the project work.

The project staff has responsibility for the prep-
aration and transmittal of information products,
the development of a correspondence network
throughout the user community, and interactions
with users.

information Products
Three types of information products are prepared:

compendiums of documented information on rela-
tively narrow topics, syntheses of knowledge and

medio de visitas de campaha, conferencias
en los Estados Unidos de Norte América y en
el extranjero, y otras formas de comunicacion.

Comité de Iniciativas

El Comité de Iniciativas se compone de
expertos que tienen conocimiento de las
caracteristicas fisicas y sociales de los palses
en desarrollo, conocimiento de las necesi-
dades de transporte de los paises en desarrollo,
conocimiento de la tecnologia de transporte
en existencia, y experiencia en su uso.

Las funciones importantes del Comité de
Iniciativas son las de asistir en la definicion
de usuarios y sus necesidades, de productos
informativos que se asemejan a las necesi-
dades del usuario, y la identificacién de
recursos de conocimientos y humanos para

el desarrollo de los productos informativos.

A través de sus miembros el comité provee
vinculos con actividades relacionadas con el
proyecto y también una guia para la interaccion
con los usuarios. En general el Comité de
Iniciativas proporciona consejos y direccion
general para todos los aspectos del trabajo

de proyecto.

El personal de proyecto tiene la responsa-
bilidad para la preparacion y transmision de
los productos informativos, el desarrollo de
una red de corresponsales a través de la
comunidad de usuarios, y la interaccion con
los usuarios.

Productos Informativos

Se preparan tres tipos de productos informa-
tivos: los compendios de la informacion
documentada sobre relativamente limitados

d’autres formes de communication permettent
une interaction constante avec les usagers.

Comité de Direction

Le Comité de Direction est composé d'experts
qui ont a la fois des connaissances sur les
caractéristiques physiques et sociales des
pays en voie de développement, sur leurs
besoins au point de vue transports, sur la
technologie actuelle des transports, et ont
aussi de I'expérience quant a I'utilisation
pratigue de cette technologie.

Les fonctions majeures de ce comité sont
d’abord d'aider a définir les usagers et leurs
besoins, puis de définir leurs besoins en
matiere de documentation, et d’identifier les
ressources documentaires et humaines néces-
saires pour le développement de cette docu-

mentation. Par I'intermédiaire de ses
membres, le comité pourvoit a la liaison entre
les différentes fonctions relatives au projet,

et dirige l'interaction avec les usagers. En
général, le Comité de Direction conseille et
dirige toutes les phases du projet.

Le personnel attaché a ce projet est respon-
sable de la préparation et de la dissémination
des documents, du développement d'un réseau
de correspondants pris dans la communaute
d’'usagers, et de l'interaction avec les usagers.

La Documentation

Trois genres de documents sont preparés:
des recueils dont le sujet sera relativement
limité, des syntheses de connaissances et
de pratique sur des sujets beaucoup plus
généraux, et finalement des comptes-rendus
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practice on somewhat broader subjects, and pro-
ceedings of low-volume road conferences that are
totally or partially supported by the project.
Compendiums are prepared by project staff at

the rate of about 6 per year, consultants are em-
ployed to prepare syntheses at the rate of 2 per
year. At least one conference proceedings will
be published during the 3-year period. In sum-
mary, this project aims to produce and distribute
between 20 and 30 publications that cover much
of what is known about low-volume road technol-

ogy.
Interactions With Users

A number of mechanisms are used to provide in-

teractions between the project and the user com-
munity. Project news is published in each issue of
Transportation Research News. Feedback forms
are transmitted with the information products so
that recipients have opportunity to say how the
products are beneficial and how they may be im-
proved. Through semiannual visits to developing
countries, the project staff acquires first-hand
suggestions for the project work and can assist
directly in specific technical problems. Additional
opportunities for interaction with users arise
through international and in-country conferences
in which there is project participation. Finally,
annual colloguiums are held for students from
developing countries who are enrolled at U.S.
universities.

temas, la sintesis del conocimiento y practica
sobre temas un poco mas amplios, y los
expedientes de conferencias de caminos de
bajo volimen que estan totalmente o parcial-
mente amparados por el proyecto. El personal
de proyecto prepara los compendios a razdn
de unos 6 por afno; se utilizan consultores
para preparar las sintesis a razén de 2 por
afo. Se publicara por o menos un expe-
diente de conferencia durante el periodo

de tres anos. En breve, este proyecto pretende
producir y distribuir entre 20 y 30 publicaciones
gue cubren mucho de lo que se conoce de

la tecnologfa de caminos de bajo volumen.

interaccion con los Usuarios

Se utilizan varios mecanismos para proveer
las interacciones entre el proyecto y la

comunidad de usuarios. Se publican las
noticias del proyecto en cada edicion de la
Transportation Research News. Se transmiten
formularios de retroaccion con los productos
informativos para que los recipientes tengan
oportunidad de decir como benefician los
productos y como pueden ser mejorados.

A través de visitas semianuales a los paises
en desarrollo, el personal del proyecto ad-
quiere directo de fuentes originales sugeren-
cias para el trabajo del proyecto y puede
asistir directamente en problemas técnicos
especificos. Surgen oportunidades adicionales
para la interaccién con los usuarios a través
de conferencias internacionales y nacionales
en donde participa el proyecto. Finalmente,
se organizan dialogos con estudiantes de
palses en desarrollo que estan inscriptos en
universidades norteamericanas.

de conférences sur les routes a faible capacité
qui seront organisées complétement ou en
partie par ce projet. Environ 6 recueils par
an sont preparés par le personnel attaché

au projet. Deux syntheses par an sont écrites
par des experts. Les comptes-rendus d'au
moins une conférence seront écrits dans
une période de 3 ans. En résume, I'objet de
ce projet est de produire et disséminer entre
20 et 30 documents qui couvriront I'essentiel
des connaissances sur la technologie des
routes a faible capacité.

Interaction Avec les Usagers

Un certain nombre de mécanismes sont utilisés
pour assurer l'interaction entre le personnel

du projet et la communauté d’'usagers. Un
bulletin d’information est publié dans chaque

numéro de Transportation Research News.
Des formulaires sont joints aux documents,
afin que les usagers aient l'opportunité de
juger de la valeur de ces documents et de
donner leur avis sur les moyens de les ame-
liorer. Au cours de visites semi-annuelles
dans les pays en voie de développement, le
personnel obtient de premiere main des sugges-
tions sur le bon fonctionnement du projet et
peut aider a résoudre sur place certains
problemes techniques spécifiques. En outre,
des conférences tenues soit aux Etats Unis,
soit a I'étranger, sont 'occasion d’'un échange
d’'idées entre le personnel et les usagers.
Finalement, des collogues annuels sont or-
ganisés pour les étudiants des pays en voie
de développement qui étudient dans les uni-
versités americaines.
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Overview

Background and Scope

If a road is to be used in all types of weather,
adequate drainage is necessary. In Compen-
dium 3 it was noted that small drainage struc-
tures with fixed capacities cannot be upgraded
economically. Therefore, small drainage struc-
tures must be sized and installed correctly as
the first step in roadway development. In addi-
tion, when sizing drainage structures, the en-
gineer must anticipate possible future changes
in land use that may affect runoff.
Compendium 4 stressed that initial construc-
tion cost of a low-volume road can be reduced,

if a country is willing to accept road closings dur-
ing short periods of stream or river flooding. A
low-volume road is not termed an all-weather
road unless stream and river crossings operate
full time. This can be accomplished in stages as
increasing traffic warrants such improvements.
The construction of roadside drainage begins
with the construction of the road. Roadside
drainage includes the construction of all the
roadside drainage channels that divert or re-
move surface water from the road right-of-way.
The primary purpose of roadside drainage is to

Vista General

Antecedentes y alcance

Caminos que son utilizados durante todo el afo
deben estar proveidos con drenaje adecuado.
Se indico en el Compendio 3 que pequenas es-
tructuras de drenaje con capacidades fijas no
pueden ser economicamente mejoradas. Por
esta razon las pequefas estructuras de drenaje
deben ser escogidas de acuerdo a su tamano e
instaladas correctamente como el primer paso
en el desarrollo del camino. Ademas, al medir
las estructuras de drenaje, el ingeniero debe an-
ticipar cambios futuros en el uso del terreno, los
cuales podrian afectar el drenaje.

El Compendio 4 enfatiza que el costo inicial
de construccion de un camino de bajo voltimen
puede ser reducido si un pals esta dispuesto a

aceptar caminos clausurados durante los cortos
periodos de inundacién de arroyos 6 rios. Un
camino de bajo volumen no se llama camino de
toda intemperie hasta que los travesias de
arroyo y rio operen continuamente. ksto se
puede lograr por etapas a medida que el au-
mento en el volumen del transito justifica tales
mejoras. La construccion de los drenajes del
borde del camino comienza con la construccion
inicial del camino. El drenaje del borde del ca-
mino incluye la construccion de todos los cana-
les de drenaje que desvian ¢ quitan las peque-
Aas aberturas del derecho de via. El propdsito
principal del drenaje del borde del camino es
para impedir gue el agua que se desagua del
terreno llegue hasta el camino, y para eficiente-

Exposé
Historique et description

Un drainage adéquat est nécessaire si une route
doit étre praticable par tous temps. Dans le re-
cueil no 3, nous avions indigué que de petits
ouvrages de drainage, a capacité fixe, ne peu-
vent pas étre agrandis économiquement. Les
petits ouvrages de drainage doivent donc étre
dimensionnés et installés correctement dés le
début de 'aménagement de la route. En outre,
l'ingénieur, quand il calcule le dimensionnement
des ouvrages de drainage, doit prévoir les
changements futurs de I'utilisation du sol qui
seraient susceptibles d'affecter le débit.

Le recueil no 4 met 'emphase sur le fait que le

cout initial de la construction d’une route éco-
nomique peut étre abaissé, si 'on est disposé a
accepter la fermeture de cette route au trafic
pendant de courtes périodes d’inondation des
rivieres ou des fleuves. Une route a faible capa-
cité n'est appelée une route tous temps que
dans le cas ou I'on peut toujours franchir les ri-
vieres ou les fleuves. Ceci peut étre accompli de
facon progressive, au fur et a mesure de I'ac-
croissement du trafic routier. La construction du
drainage des bas-c6tés de la route se fait au
stade initial de I'implantation de la route. Ce dis-
positif de drainage inclut la construction de ca-
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prevent surface runoff from reaching the road-
way and to remove efficiently the rainfall or sur-
face water that reaches the roadway.
Compendium 5 deals specifically with road-
side drainage channels. It includes information
for three different groups of highway personnel
— design engineers, construction engineers,
and maintenance engineers. The subject matter
treats design of roadside drainage channels,
physical construction of roadside ditches and
adjacent embankments, and routine mainte-
nance of the drainage features of unsurfaced
roads including roadside drainage channels.
Roadside drainage channels should be de-
signed and constructed properly during the first
step in roadway development. Improper design,

construction, or maintenance can cause costly
failures. Because some uncertainty exists in the
assumptions made in the design of roadside
channels, the channels should be observed
carefully during the rainy periods immediately
after construction. This extra precaution will en-
sure the discovery of design or construction de-
ficiencies before they cause major failures. Any
inadequacies should be corrected immediately
before future runoff increases the damage.

Rationale for This Compendium
Compendium 5 describes the various types and

purposes of roadside drainage channels. It pre-
sents a technigue for estimating storm runoff

mente quitar el agua de lluvia ¢ de drenaje que
le llegue hasta el camino.

El Compendio 5 trata especificamente sobre
canales de aberturas del borde del camino, in-
cluyendo su disefio, construccion y manuten-
cion. Los canales de drenaje del borde del ca-
mino deberan ser correctamente disefiados y
construidos durante el primer paso en el desa-
rrollo del camino. Un disefio, construccion 6
manutencion incorrecto pueden causar fracasos
costosos. Ya que hay ciertas incertidumbres en
las suposiciones hechas en el disefio de los ca-
nales del borde del camino, éstos deberan ob-
servarse cuidadosamente durante los perfodos
de lluvia inmediatamente después de la cons-
truccién. Esta precaucion asegurara que se en-

cuentren las deficiencias de disefo o construc-
cion antes de que causen importantes fracasos.
Las insuficiencias descubiertas deberan corre-
girse inmediatamente antes de que futuras
aguas de drenaje tengan oportunidad de au-
mentar el dafo.

Exposicién razonada
para este compendio

El Compendio 5 describe los varios tipos y pro-
positos de canales de drenaje del borde del
camino y sus propoésitos. Presenta una técnica
para calcular el agua de drenaje de tormenta de
pequenas dreas de drenaje. Esta técnica puede
utilizarse para calcular la cantidad de agua que

nalisations ou fossés qui détournent ou enlévent
les eaux de ruissellement de toute la largeur de
I'emprise. L'objectif principal du drainage des
bas-cotés de la route est a la fois d’'empécher
que les eaux de surface atteignent la plate-
forme, et d’enlever de facon éfficace les eaux de
pluie ou de ruissellement qui sont sur la plate-
forme.

Le recueil no 5 s’adresse spécifiquement aux
fossés de drainage des bas-cotés de la route.
Les donnees qu'il contient interesserons trois
groupes d'ingénieurs routiers: ceux gui s'occu-
pent des calculs, ceux qui feront la construction,
et ceux qui seront responsables de I'entretien.
Trois sujets seront donc traités ici: le dimension-
nement des dispositifs de drainage du bas-céte
de la route, la construction de fossés et de rem-
blais, et I'entretien courant des ouvrages de
drainage de la route en terre, y compris les dis-
positifs de drainage du bas-c6té de la route.

Les fossés de drainage devraient étre calcu-

lés et construits correctement durant le premier
stade de 'aménagement de la route. Des er-
reurs dans le calcul, la construction ou I'entre-
tien de ces fossés, peuvent résulter en un échec
complet et colteux. Comme il existe un certain
degré d’incertitude lors du dimensionnement de
ces dispositifs de drainage, ils devraient étre
observés avec soin durant la premiere période
de pluie qui suivra leur construction. Cette pre-
caution permettra de découvrir tout de suite les
erreurs de calcul ou de construction avant qu'el-
les ne causent de trés gros ennuis. Chaque dé-
faut devrait étre corrigé immédiatement pour évi-
ter des dégats additionnels lors de prochaines
pluies.

Objet de ce recueil
Le recueil no 5 décrit les différentes sortes de

fossés de drainage pour les bas-cotés de la
route et leur fonction. Une technique pour calcu-



from small drainage areas. This technique can
be used to calculate the quantity of water to ex-
pect in a specific drainage channel.

This compendium reviews the hydraulics of
drainage channels. It describes design proce-
dures based on hydraulic principles. Examples
of channel designs are included. The general
design of drainage channels is valid for urban
and rural areas and for all classes of roads from
tracks to divided highways. Pipes flowing par-
tially full are also designed as open drainage
channels.

The information in this compendium will help
engineers to design and construct rural low-
volume roads that have an average daily traffic
flow of up to 400 vehicles. Supplementary de-

sign charts are included for open-channel flow in
trapezoidal and triangular channels to assist the
designer in the solution of problems likely to ap-
pear in the drainage of low-volume roads. Most
of these charts are based on a channel side
slope of 2:1 with varying bottom widths. Instruc-
tions are included for the construction of similar
design charts that use other side slopes for
open-channel flow. Compendium 5 also includes
tables to simplify computations for the direct
solution of open-channel flow problems. These
tables cover a range of side slopes from vertical
to 4:1. Channel side slopes most commonly
used in low-volume road design fall within this
range.

This compendium includes a discussion of

podra esperarse en un canal especifico de dre-
naje.

El compendio repasa las hidraulicas de cana-
les de drenaje. Describe los procedimientos de
diserio que se utilizan basados en los principios
de hidraulica presentados. Se incluyen numero-
sos ejemplos del disefio de canales para ilustrar
el procedimiento descripto. El disefio general de
canales de drenaje es valido para éreas urba-
nas y rurales y para todas clases de caminos,
de huellas a carreteras divididas. Los tubos que
floyen parcialmente llenas también se disefan
como canales abiertas de drenaje.

La informacién contenida en este compendio
ayudara los inginieros de disefio y de la cons-
truccion de caminos rurales de bajo volumen te-
niendo un TMDA de hasta 400 vehiculos. Por lo
tanto se incluyen diagramas de diserio suple-

mentarios para flujo de canal abierto en canales
trapezoidales y triangulares para asistir al dise-
Aador en la solucion de problemas que proba-
blemente pueden aparecer en el drenaje de
caminos de bajo volumen.

Casi todos estos diagramas se basan sobre
una pendiente lateral del canal de 2:1 con an-
chos de fondo variables. Se incluyen instruc-
ciones para la construccién de diagramas de
diserio similares que utilizan otras pendientes
laterales para flujo de canal abierto. Este com-
pendio también incluye tablas para simplificar
las computaciones para la solucién inmediata
de problemas de flujo de canal abierto. Estas
tablas incluyen todas las pendientes laterales
desde la vertical hasta 4:1. Las pendientes
laterales de canal que mas comunmente se utili-
zan en el disefio de caminos de bajo volimen

ler le débit des averses sur de petites surfaces a
drainer est presentée. Cette technique peut étre
utilisée pour calculer la quantité d’eau & évacuer
par un ouvrage spécifique.

Ce recueil éxamine I'hydraulique des fossée
de drainage. Il décrit des procédés de dimen-
sionnement basés sur les principes de I'nydrau-
ligue. Des exemples sont inclus. Les principes
geénéraux de calcul de ces fossés sont valables
pour les régions urbaines et les régions rurales,
et pour toutes classes de routes allant de la
piste & la route divisée. Les méthodes de calcul
des canalisations congues pour évacuer un vo-
lume d'eau inférieur a leur capacité totale sont
les mémes que celles utilisées pour le dimen-
sionnement de fossés a ciel ouvert.

Les informations contenues dans ce recueil
aideront I'ingénieur routier & calculer et & cons-
truire les routes a faible capacité dont le trafic

moyen journalier atteint 400 véhicules. Des ta-
bles de calcul supplémentaires sont incluses
pour les fossés a ciel ouvert dont la section
transversale est triangulaire ou trapezoidale.
Ces tables aideront I'ingénieur a résoudre les
problémes les plus courants du drainage des
routes a faible capacité. La plupart de ces ta-
bles sont basées sur des talus latéraux de pen-
tes de 2:1 avec des largeurs de fond variables.
Des instructions sont incluses qui permettent de
developper des tables de calcul similaires pour
des dispositifs a ciel ouvert dont le talus latéral a
des pentes différentes. Le recueil no 5 contient
aussi des tables qui simplifient le calcul et per-
mettent de trouver immediatement la solution
des problémes relatifs aux dispositifs a ciel ou-
vert. Ces tables ont un champ d’application qui
va de la verticale a 4.1 pour les pentes des talus
latéraux. Les pentes des talux latéraux de route
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construction methods for open channels with
various types of linings. It also contains text and
illustrations that show the use of a grader (a) to
construct a basic earth road using material from
the ditch cut, (b) to clean ditches, (c) to con-
struct slope banks, and (d) to construct terraced
channels. Because the proper sequence of
blade settings for each operation is also de-
scribed, an excerpt about controlling the grader
blade is included for reference.

Compendium 5 discusses maintenance of var-
ious roadway drainage elements. These include
not only the types of roadside drainage channels
that are discussed here, but also some of the

drainage structures first described in Compen-
diums 3 and 4.

Discussion of Selected Texts

The first text, Design of Roadside Drainage
Channels, was issued by the U.S. Department of
Transportation as Hydraulic Engineering Circular
No. 4. It is reproduced here from the December
1973 reprint of the May 1965 publication. It notes
that the need to prevent erosion is not limited to
highway drainage channels, but extends
throughout the right of way. Erosion prevention is
an essential feature of adequate drainage de-

caen dentro de estos limites.

El Compendio 5 incluye una exposicion de los
métodos de construccién para canales abiertos
con varios tipos de revestimientos. También in-
cluye el texto e ilustraciones que muestran el
uso de la niveladora para (a) construir un
camino bésico de tierra utilizando el material del
corte de la zanja, (b) limpiar zanjas, (c) construir
superficies de bancos, y (d) construir canales
terraplenados. Ya que este texto unicamente
describe la secuencia correcta de posiciones
de la cuchilla para cada operacion, para prop-
dsitos de referencia se incluye una seccion de
texto que describe el control de la cuchilla de la
niveladora.

El Compendio 5 discute el mantenimiento de
varios de los componentes de drenaje del
camino. Estos incluyen no solo los tipos de
canales de drenaje del borde del camino de-
scriptos en este compendio, sino también al-
gunas de las estructuras de drenaje men-
cionadas en los Compendios 2y 3.

Presentacion de los textos seleccionados

El primer texto, Design of Roadside Drainage
Channels (El disefio de canales de drenaje del
borde del camino), fue publicado por el U.S.
Department of Transportation como Circular No.
4 de Ingenieria Hidraulica (este ha sido repro-
ducido a partir de la reimpresion de diciembre
1973 de la publicacién original en mayo de
1965).

Dice que la necesidad de impedir la erosion
no solo se limita a los canales de drenaje viales,
sino que se extiende a través de todo el dere-
cho de via. Prevencion de la erosion es una
caracteristica esencial del disefio de drenaje
adecuado. La erosién y manutencion pueden
ser minimizados por la correcta consideracion
de los siguientes factores:

1. Pendientes laterales planos, redondeados
y combinados con el terreno natural,

2. Consideraciones de disefio de canal de
drenaje (ubicacién, ancho, profundidad, taludes,

a faible capacité sont généralement comprises
dans ce champ d’application.

Une discussion des méthodes de construction
des fossés a ciel ouvert et de différentes sortes
de revétements est incluse. Ce recueil contient
aussi un texte et des illustrations qui démontrent
'emploi de la niveleuse (a) pour construire une
route de terre en se servant du matériau extrait
des fossés, (b) nettoyer les fossés, (c) pour
construire les pentes des talus, et (d) pour con-
struire des redans ou gradins. Comme ce texte
décrit aussi I'ordre de 'avoyage des lames pour
chaque opération, un extrait sur la commande
des lames de la niveleuse est aussi inclus
comme référence.

L'entretien des différents éléments des dispo-
sitifs de drainage est aussi discuté. Il ne s’agit

pas seulement des fossés de drainage, mais
aussi de I'entretien de plusieurs ouvrages d'art
qui sont cités dans les recueils 3 et 4.

Discussion des textes choisis

Le premier texte, Design of Roadside Drainage
Channels (Dimensionnement des fossés de
drainage des bas-cétés de la route), a éte pu-
blié par le U.S. Department of Transportation
comme Hydraulic Engineering Circular No. 4 en
1965. Le texte reproduit ici est la réimpression
de Décembre 1973. Ce texte remarque que la
protection contre I'érosion n'est pas limitée au
drainage de la route elle méme, mais doit
s'étendre sur toute la largeur de I'emprise. La
protection contre I'érosion est une des caracte-



sign. Erosion and maintenance can be mini-
mized by proper consideration of the following
factors:

1. Flat side slopes, rounded and blended with
the natural terrain;

2. Drainage channel design considerations
(location, width, depth, slopes, horizontal and
vertical alignment, protective treatment);

3. Proper facilities for ground water intércep-
tion;

4. Protective devices such as dikes and
berms; and

5. Protective ground covers and planting.
The discussion in this publication is limited to
providing erosion control in drainage channels
by proper design, including the selection of an
economical channel lining.

The first step in designing a channel is to de-
termine the quantity of water the channel is to
carry. The use of the rational formula for calculat-
ing runoff from small areas is recommended.
This text notes deficiences that are inherent in
the formula. It states that many refinements to
the formula have been suggested to improve the
runoff estimate. However, the collection of addi-
tional data and the increased work required by
these refinements do not appear warranted in
the design of drainage channels.

The text reviews the hydraulics of flow in open
channels and defines steady and unsteady flow.
Steady flow is further classified as uniform flow,
ifthe velocity and depth of flow are constant. Un-
iform flow conditions are rarely attained in drain-
age channels. However, the error in assuming

alineamiento horizontal y vertical, y tratamiento
protectivo);

3. Dispositivos correctos para la intercepcion
de agua de drenaje;

4. Dispositivos protectivos tales como diques
y bermas; y

5. Coberturas del terreno y plantaciones pro-
tectivas.

El tema presentado en esta publicacion se limita
a proveer control de la erosiéon en los canales de
drenaje por un disefio correcto, incluyendo la
seleccion de un revestimiento de canal
econodmico.

El primer paso en el disefio de un canal es de-
terminar la cantidad de agua que portara. El
texto recomienda el uso de la formula racional
para calcular el agua de drenaje de pequenas
areas. Nota las deficiencias que son inherentes
en la formula. Afirma que se han sugerido mu-

chos refinamientos a la férmula para una posible
mejora en los célculos del agua de drenaje. Sin
embargo, la coleccion de datos adicionales vy el
aumento de trabajo requerido por estos refina-
mientos no parecen justificarse en el disefio de
canales de desagle.

El texto repasa las hidraulicas de flujo en ca-
nales abiertos y define el flujo estable y no-
estable. Ademas el flujo estable se clasifica
como uniforme si la velocidad y profundidad de
flujo son constantes. Raras veces se llega a
condiciones de flujo uniforme en los canales de
desaguie pero el error en asumir un flujo uni-
forme en un canal de pendiente y seccién trans-
versal bastante constantes es pequefio cuando
se lo compara al error en determinar la des-
carga de diseno. El uso de la ecuacién Manning
dara resultados fidedignos para el disefio de
canales que tienen una distancia suficiente de

ristiques les plus importantes d’'un bon systéme
de drainage. L'érosion et I'entretien peuvent étre
reduits au minimum si I'on observe avec soin les
points suivants:

1. La pente des talus doit étre rectiligne et
étre raccordée par courbes au terrain naturel;

2. Le calcul des fossés latéraux doit se faire
en tenant compte de I'emplacement, la largeur,
la profondeur, les talus, les tracés horizontaux et
verticaux, et les mesures de protection;

3. Un dispositif correct pour intercepter I'eau
phréatique;

4. Des dispositif de protection comme des
digues ou des risbermes; et

5. Une couverture végétale de protection.
Dans cette publication, la discussion est limitée
au contréle de I'érosion des fossés latéraux par

un dimensionnement correct, et au choix d’'un
revétement économique.

Le premier stade du dimensionnement d'un
fossé consiste a évaluer la quantité d’eau a éva-
cuer. L'emploi d'une formule rationelle pour cal-
culer le débit d'une petite surface a drainer est
recommendé. Ce texte cite les défauts inhérents
a cette formule, et remarque que de nombreux
perfectionnements ont été suggérés pour esti-
mer le débit. Cependant, le travail additionnel et
la collection de données causés par ces perfec-
tionnements, ne justifient pas leur emploi pour le
calcul des fossés latéraux.

Le texte passe en revue I'écoulement hydrau-
ligue des fossés et donne la définition de I'écou-
lement stationnaire et de I'écoulement irregulier.
L'écoulement stationnaire est classé comme
ecoulement uniforme, si la vitesse et la hauteur
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uniform flow in a channel of fairly constant slope
and cross section is small, when compared with
the error in determining the design discharge.
The use of the Manning equation provides reli-
able results for the design of channels that have
sufficient distance of constant cross section,
roughness, and slope to establish essentially un-
iform flow. Examples demonstrate the use of the
Manning equation by direct calculation, the use
of prepared charts, and the use of tables com-
bined with direct calculations.

Nonuniform or varied flow, critical flow, subcri-
tical flow around curves, supercritical flow
around curves, and the Froude number are all
defined and discussed. Appropriate formulas
are given for each condition.

Design procedures are described for the lay-
out of the drainage system, channel grade,
channel alignment, channel section, and chan-

nel capacity. The use of channel charts and hy-
draulic tables contained in various handbooks is
explained. The significance of the channel
roughness coefficientis discussed. Channel pro-
tection, along with examples, is described. The
problems of the buoyancy of empty channels
with rigid linings and the application of com-
bined linings are considered.

Several methods of lining channels are de-
scribed. The necessity of filter blankets under
certain channel linings is explained as well as a
method of designing layers of filter materials.

Design of Roadside Drainage Channels also
contains a chapter about construction methods
for the various channels previously described.
Another chapter on the maintenance of open
channels is included. This chapter emphasizes
that maintenance is necessary to keep the
capacity of the channel at the design level.

seccién transversal, textura de superficie y pen-
diente constantes para establecer un flujo esen
cialmente uniforme. :

Se dan ejemplos para demostrar el uso de la
ecuacion Manning (a) por célculo directo, (b)
por el uso de diagramas preparadas, y (¢) por el
uso de tablas en combinacién con célculos di-
rectos.

Se definen y se habla sobre el flujo no-
uniforme 6 no-estable, flujo critico, flujo subcri-
tico en curvas, flujo supercritico en curvas y la
cifra Froude. Se dan las formulas apropiadas
para cada condicion.

Se describen los procedimientos de diseno
para (a) la disposicion del sistema de drenaje,
(b) pendiente de canal, (c) alineamiento de ca-
nal, (d) seccion de canal, y (e) capacidad de

canal. Se explica el uso de diagramas de canal
y tablas hidraulicas contenidas en varios manu-
ales. Se habla sobre el significado del coeficiente
de la textura de superficie del canal. Se describe
la proteccion de canal con ejemplos ilustrativos.
Se toma nota de los problemas de flotabilidad de
canales vacios con revestimientos rigidos. Se
trata sobre la aplicacién de revestimientos com-
binados.

Se describen varios métodos de revestir cana-
les. Se explica la necesidad de coberturas de fil-
tro bajo ciertos revestimientos de canal junto
con un método de disenar capas de materiales
de filtro.

Este texto también contiene un capitulo sobre
métodos de construccién para los varios cana-
les previamente descriptos.

de 'eau sont constantes. Ces conditions sont ra-
rement atteintes dans les fossés de drainage.
Cependent, I'erreur commise en présumant 'état
d’écoulement uniforme dans un fossé dont les
pentes et la section transversale sont & peu pres
constantes, est petite, comparée a l'erreur que
I'on peut commettre en calculant le débit a éva-
cuer. L'emploi de la formule de Manning donne
de bons résultats pour le calcul de fossés qui
ont des longueurs suffisantes de section trans-
versale, pente et rugosité constantes pour éta-
blir un écoulement essentiellement uniforme.
Des exemples démontrent l'utilisation de la for-
mule de Manning pour des calculs directs, en se
servant de tables ou en se servant a la fois de
tables et de calculs directs.

L'écoulement irrégulier, critique, sous-critique

autour des courbes, sur-critique autour des
courbes et le nombre de Froude sont définis et
discutés. Des formules appropriées sont don-
nées pour chague condition.

Des méthodes de calcul sont décrites pour le
tracé du systéme de drainage, la pente longitu-
dinale du fossé, son tracé, sa section transver-
sale et sa capacité. L'emploi des tables de cal-
cul et des tableaux hydrauliques est expliqué.
Limportance du coéfficient de rugosité est dis-
cutée. Les moyens de protection des fossés
sont décrits, et illustrés par des exemples. Les
problémes causés par la poussée dans les fos-
sés qui ont un revétement rigide, et I'utilisation
des revétements combinés, sont consideéres.

Plusieurs méthodes de revétement des fossés
sont décrites. La nécessité d'avoir plusieurs



This selected text discusses the economics of
drainage channels. Economical drainage design
means doing an adequate job at the lowest cost.
The lowest cost adequate channel maintains
proper balance between first cost, flood dam-
age, and maintenance cost. It should have the
capacity and protection to carry the runoff for
which it was designed.

The second text consists of three excerpts
from Design Charts for Open-Channel Flow, is-
sued by the U.S. Department of Transportation
as Hydraulic Design Series No. 3. The text is re-
produced from the November 1977 reprint of the
August 1961 publication. The material describes
(a) instructions for design charts that have been
excerpted, (b) the charts, and (c) instructions on

Se incluye un otro corto capitulo sobre el man-
tenimiento de canales abiertos. Este capitulo
subraya que se necesita mantenimiento para
sostener la capacidad del canal al nivel de di-
seno.

El texto seleccionado habla sobre los costos
relacionados con los beneficios de canales de
drenaje. Un disefio econdmico de drenaje signi-
fica realizar un trabajo adecuado al menor costo
posible. El canal adecuado de costo mas bajo
mantiene un correcto equilibrio entre el primer
costo, dafno por inundacion, y costo de mante-
nimiento, y tiene la capacidad y proteccion para
portar el agua de desagle para el cuél se di-
seno.

El segundo texto consiste de tres extractos de
Design Charts for Open-Channel Flow (Dia-
gramas de disefio para flujo en canal abierto),
publicado por el U.S. Department of Transporta-
tion como Series de disefno hidraulico No. 3. El
texto ha sido reproducido de la reimpresion de
noviembre 1977 de la publicacion de agosto
1961. Los extractos hablan sobre (a) instruccio-
nes para diagramas de disefio que han sido ex-
traidos, (b) los diagramas de disefio extraidos y
(c) las instrucciones que describen la prepara-
cion de diagramas de disefio para canales tra-
pezoidales no incluidos en el texto.

Los diagramas de disefio extraidos incluyen
los siguientes:

1. Diagramas de la seccion transversal de
canales trapezoidales utilizando una (n) de 0.03
y pendientes laterales de 2:1 (horizontal a verti-
cal). Se provee un diagrama aparte para cada
pie de ancho de fondo desde 2 pies a 10 pies (0.6
m a 3.1 m) y para cada pie (0.3 m) integral de
ancho desde 10 ples a 20 pies (3.1ma 6.2 m). El
diagrama del fondo de 4 pies (1.2 m) de ancho
aparece en el Design of Roadside Channels, por
lo tanto no se repite en éste.

2. Un diagrama de una seccion transversal
triangular para utilizarse en secciones de zanja
de forma V de poca profundidad. Las instruc-
ciones de este diagrama deben ser cuidadosa-
mente ejecutados, ya que puede tambien utili-
zarse para secciones de calle encintadas.

3. Un diagrama de un canal con cobertura de
pasto de forma trapezoidal para pendientes la-
terales de 2:1 y ancho de fondo de 4 pies
(1.2 m).

La tercera seccion del segundo texto es el
Apéndice B de Construction of Design Charts
for Open-Channel Flow (Construccion de dia-
gramas de disefo para flujo en canal abierto).
Describe la construccién de diagramas de di-
sefo para canales trapezoidales con pendientes

couches différentes de matériau filtrant sous cer-
tains revétements est expliquée, et la méthode
de calcul des différentes couches de matériau
filtrant est incluse.

Le livre, Design of Roadside Drainage Chan-
nels, contient aussi un chapitre sur la construc-
tion des fossés de drainage qui sont décrits an-
térieurement. Un autre chapitre, sur I'entretien
des fossés a ciel ouvert, est aussi inclus. Ce
chapitre met 'emphase sur le fait qu'il faut entre-
tenir ces fossés constamment pour qu'ils conti-
nuent & pouvoir évacuer le débit prévu lors de
leur dimensionnement.

Ce texte choisi discute les fossés latéraux
d’un point de vue économique. Un fossé de
drainage est appelé économique s'il fournit une
évacuation des eaux adéquate pour un codt mi-
nimum. Pour cela, il faut equilibrer le colt initial

de construction, le colt des dégradations cau-
sées par lesinondations, etle colt de I'entretien.
En méme temps, ce fossé doit avoir la capacité
d’évacuer le débit prévu, et étre protegé contre
I'érosion.

Le deuxiéme texte choisi consiste en trois ex-
traits de Design Charts for Open-Channel Flow
(Cartes de calcul pour I'écoulement des fossés
a ciel ouvert), publié par le U.S. Department of
Transportation sous le titre Hydraulic Design Se-
ries No. 3. Ce texte est la reproduction de la
réimpression en Novembre 1977 de la publica-
tion originale d’Aot 1961. Les extraits discutent
de (a) les instructions pour les cartes de calcul
qui ont été choisies, (b) ces cartes de calcul, et
(c) les instructions pour préparer des cartes de
calcul pour les fossés de forme trapezoidale qui
ne sont pas inclus dans le texte.
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preparing design charts for trapezoidal channels
not included in the text.

The excerpted design charts include the fol-
lowing:

1. Trapezoidal cross-section channel charts
using an “n” of 0.03 and side slopes of 2:1 (hori-
zontal to vertical). A separate chart is provided
for each foot (0.3 m) of bottom width from 2 to 10
ft (from 0.6 m to 3.1 m) and for each even foot of
width from 10 to 20 ft (from 3.1 m to 6.2 m). The
4-ft (1.2-m) bottom width chart appears in De-
sign of Roadside Drainage Channels, so it is not
repeated here.

2. A triangular cross-section chart for use in
shallow V-shaped ditch sections. The instruc-

tions on this chart must be carefully followed be-
cause it can also be used for curbed street sec-
tions.

3. A trapezoidal grass-lined channel chart for
side slopes of 2:1 and a bottom width of 4 ft.

Appendix B — Construction of Design Charts
for Open-Channel Flow, the third excerpt from
this second text, describes the construction of
design charts for trapezoidal channels with side
slopes, bottom widths, and roughness coeffi-
cients other than the ones presented in the pre-
ceding charts. It describes the construction of
similar design charts for various configurations
of grassed channels.

The third selected text consists of selected

laterales, anchos de fondo y coeficientes de tex-
tura de superficie otros que no sean los presen-
tados en los diagramas previos. La descripcion
también incluye la construccion de diagramas
de diseno similares para varias configuraciones
de canales con cobertura de pasto.

El tercer texto consiste en tablas selecciona-
das del Handbook of Hydraulics (Manual de hi-
draulicas) (H.W. King, Cuarta Edicién, 1954).
Esta publicacion es un manual de hidraulica de
autoridad reconocida que en este momento esta
en su sexta edicion {ver Referencia 6). El primer
texto de este Compendio hace referencia a cier-
tas tablas de esta publicacién por su ndmero de
tabla en la pagina 29 del Compendio.

El texto contiene varios ejemplos para demo-
strar como se puede ahorrar tiempo utilizando
las tablas. Cada ejemplo se referencia a una
tabla especifica. Las tablas seleccionadas son
como sigue: Tabla 92 — Raices Cuadradas de
Numeros Decimales; Tabla 95 — Numeros ele-
vados a ocho-terceros de Potencia; y Tabla 97
— Valores de K’ en la Férmula Q = K'b8/3 8172

n
para Canales Trapezoidales. Estas tablas han

sido renumeradas en las ediciones posteriores
del manual.

El cuarto texto es un extracto de Grading lllus-
trated (Nivelacion, llustrada), Publicacion TP 549
del Departamento de Publicaciones Técnicas de
Aveling-Barford Ltd., Grantham, England (1974).
Describe los métodos béasicos de construccion
de caminos utilizando varios tipos de nivela-
doras de Aveling-Barford. Que se lo ha incluido
en este compendio no significa el respaldo de
esta marca de niveladora en particular. El texto
se escogio unicamente por la claridad y conci-
sion de la informacién presentada.

Eltexto da instrucciones e ilustraciones para
las varias tareas que pueden ser llevadas a
cabo por una niveladora. La descripcion de la
construccion de caminos de tierra comienza en
la pagina 136 del Compendio. Las etapas de
construccion detalladas son para (a) quitar el
césped, (b) nivelar la superficie, (c) sehalar la
zanja, (d) hacer un corte de zanja, (e) trasladar
la tierra del corte, (f) repetir los cortes de zanja,
(g) nivelar la pendiente exterior de la zanja, (h)
limpiar la zanja, y (i) terminar el peralte.

Les cartes de calcul choisies comprennent les
suivantes:

1. Des cartes de calcul pour les fossés de
section transversale trapezoidale qui utilisent un
“n” de 0.03 et des pentes de talus de 2:1 (de
I'norizontale a la verticale). Une autre carte est
fournie par pied de largeur de fond du fossé de
2 a 10 pieds (0.6 m a 3.1 m) et pour chaque
nombre pair de 10 a 20 pieds (3.1 ma 6.2 m).
La carte de 4 pieds (1.2 m) de largeur de-fond
du fossé est incluse dans Design of Roadside
Drainage, donc nous ne I'avons pas reproduite
ici.

2. Une carte de section transversale triangu-
laire a utiliser dans les fossés peu profonds en
forme de “V”. Les instructions pour se servir de
cette carte doivent étre suivies tres attentive-
ment car cette carte peut étre utilisée aussi pour
le calcul des rues a bordure.

3. Une carte pour les fossés de forme trape-
zoidale avec une couverture végétale et des
pentes de talus de 2:1 et une largeur de fond de
4 pieds (1.2 m).

Le troisieme extrait de ce second texte choisi,
Appendix B — Construction of Design Charts for
Open-Channel Flow (Annex B — Construction



tables from the Handbook of Hydraulics (H. W.
King, Fourth Edition, 1954). This publication is a
standard hydraulic handbook now in its sixth
edition (see Reference 6). The first selected text
in this compendium refers to selected tables
from this handbook by number (see Compen-
dium 5, page 29). It also contains several exam-
ples to show how time can be saved by using
tables. Each example refers to a specific table.
The selected tables are Table 92 — Square
Roots of Decimal Numbers; Table 95 — Eight-
thirds Powers of Numbers; and Table 97 — Val-
ues of K’ in Formula Q = K’ b 83 8§ /2 for

n

Trapezoidal Channels. These tables have been
renumbered in later editions of the handbook.
The fourth selected text is an excerpt from
Grading lllustrated, Publication TP 549 of the
Technical Publications Department of Aveling-
Barford Ltd., Grantham, England (1974). It de-
scribes basic roadbuilding methods using vari-
ous types of Aveling-Barford graders. Inclusion
in this compendium, however, does not repre-
sent an endorsement of this grader. The text was
chosen solely for its clarity and conciseness.
The text gives instructions and illustrations for
various tasks that can be performed with a
grader. (See Compendium 5, page 136). The

El texto describe en el mismo método de paso
por paso la construccion de zanjas (trapezoida-
les) de fondo plano y la formacion de pendien-
tes graves. El texto también describe la cons-
truccion de terraplén. Los terraplenes se llaman
canales de interceptacion en el primer Texto Se-
leccionado.

Cada paso de cada operacion se describe en
detalle. Algunos pasos se describen como ope-
raciones independientes y preceden la descrip-
cion de la construccion de caminos de tierra.
Las instrucciones contienen tales detalles como
"Ajustar el borde superior de la cuchilla para
atras para realizar cortes”. La primera seccion
del texto describe los métodos correctos de
controlar la cuchilla para seguir tales instruccio-
nes. Por lo tanto este texto incluye informacion
sobre la operacién de la cuchilla de la nivela-
dora y técnicas béasicas de nivelacion. Se sumi-
nistra esta informacién como antecedente de las
instrucciones sobre construccion de canales.

El quinto texto consiste de extractos de Road
Maintenance Practice (Practicas de manuten-
cion de caminos), publicado por el National As-
sociation of Australian State Road Authorities en
1975. El primer extracto, Section 1 — Introduction
(Seccién 1 — Introduccion) presenta anteceden-

tes para el resto de la publicacion. Sugiere que
el propdsito de un programa de manutencion es
el de controlar la velocidad de deterioro de un
camino. El programa deberia asegurar gue la
utilidad del camino no caiga debajo de algun
nivel minimo que sea determinado por los recur-
sos y politica de la autoridad vial que se con-
cierne con él. El manual mismo da un plan ge-
neral de procedimientos para el correcto cum-
plimiento de una manutencion rutinaria.

El segundo extracto, Section 4 —~ Drainage
(Seccion 4—Drenaje) es reproducido totalmente.
Incluye informacion sobre el mantenimiento del
drenaje en superficies de cascajo y superficies
no-pavimentadas. Las superficies no-
pavimentadas se definen como las superficies
que se componen de material natural que se
encuentra en las capas superiores del terreno
sobre el cudl cruza el camino. Describe la ma-
nutencion de los varios elementos de desagle
que se encuentran a lo largo de un camino, in-
cluyendo (a) desagles de meseta 6 canales de
calzada, (b) drenajes de talud ¢ vertederos, (c)
desaglies laterales 6 canales de la base de te-
rraplén, (d) drenajes de desviacion, (e) drenajes
colectores o canales interceptantes, (f) cruces
inundados y vados, (g) alcantarillas, (h) puentes

de cartes de calcul pour fossés a ciel ouvert),
donne les éléments pour construire des cartes
de calcul pour les fossés de forme trapezoidale
avec des pentes de talus, largeurs de fond et
coéfficients de rugosité différents de ceux qui
sont offerts dans les cartes précédentes. Il ex-
plique aussi comment construire des cartes de
calcul pour des fossés a couverture végétale de
configurations différentes.

Le troisieme texte choisi consiste en tables ex-
traites du livre Handbook of Hydraulics (Manuel
d’hydraulique, H.W. King, 4. Edition, 1954). Ce

livre est maintenant a sa sixieme édition (voir ré-
férence 6). Le premier texte choisi de ce recueil
mentionne certaine tables de ce manuel en ci-
tant le numéro de la table (voir Recueil no 5,
page 29). Il faut remarquer que le numéro de
ces tables est différent dans les éditions ulté-
rieures. Plusieurs exemples moritrent comment
on peut gagner du temps en se servant de ces
tables. Chaque exemple se rapporte a une table
spécifique. Les tables dont nous parlons ici sont
les suivantes: Table 92 — Racines carrées de
nombres décimaux; Table 95 — Puissance 8/3
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step-by-step construction stages describe how
(a) to remove the turf, (b) to level the surface, (c)
to mark out the ditch, (d) to make a ditch cut, (e)
to move the windrow over, (f) to repeat the ditch
cuts, (g) to grade the ditch outslope, (h) to clean
the ditch, and (i) to finish the camber.

The text describes the step-by-step construc-
tion of flat bottom (trapezoidal) ditches, the
pbanking of steep slopes, and terrace construc-
tion. Terraces are called intercepting channels in
the first selected text.

Each step of each operation is described in
detail. Some steps are described as indepen-
dent operations and precede the description of
earth road construction. The instructions contain
such details as “set blade pitch back at the top
for cutting”. The first section of the text de-
scribes the proper methods of controlling the
blade to follow such instructions. This text, there-
fore, includes information on operating the
grader blade and basic grading techniques.
Such information is provided as background for
the instructions on channel construction.

The fifth text consists of excerpts from Road
Maintenance Practice (National Association of
Australian State Road Authorities, 1975). The first
excerpt, Section 1 — Introduction, serves as a
background for the rest of the publication. It
suggests that the purpose of a maintenance
program is to control the rate of road deteriora-
tion. The program should ensure that the ser-
viceability of the road does not fall below some
minimum level. This level is determined by the
resources and policy of the road authority con-
cerned. The manual outlines procedures for
proper performance of routine maintenance.

The second excerpt, Section 4 — Drainage, is
reprinted in full. It includes information about
drainage maintenance for both gravel surfaces
and unpaved surfaces. Unpaved surfaces are
defined as surfaces consisting of natural mate-
rial found in the top layers of ground over which
the road passes. It describes the maintenance
of the various drainage elements found along a
roadway, including table drains or roadway
channels, batter drains or chutes, side drains or

e (i) drenajes de subsuelo.

El tercer extracto, Section 10 — Bridges and
Culverts (Seccion 10 — Puentes y alcantarillas)
es tambien reproducido totalmente. Trata con la
inspeccion y manutencién de estructuras de
puentes y alcantarillas. Incluye las reparaciones
que requieren atencion inmediata que podrian
ser ejecutadas por el personal de manutencion
del camino. No trata sobre inspecciones deta-
lladas ni reparaciones estructurales.

Bibliografia

|os textos seleccionados son seguidos por una
breve bibliografia gue contiene datos de refe-
rencia y abstractos para 11 publicaciones. Los
primeros 5 describen los textos seleccionados.
Los otros 6 describen publicaciones que se
asocian intimamente con los textos selecciona-
dos. Aungue hay muchos articulos, informes, y
libros que podrian haber sido nombrados en la

de nombres; et Table 97 — Valeur de K’ dans la
formule Q = K’ b83 S2 pour les fossés de

n
forme trapezoidale.

Le quatrieme texte choisi est extrait de Gra-
ding lllustrated (Le nivellement illustré, Publica-
tion TP 549 du Technical Publications Depart-
ment, Aveling-Barford Litd., Grantham, England,
1974). Ce texte décrit les méthodes de base de
construction d’'une route en utilisant différents
types de niveleuse Aveling-Barford. Le fait que
ce texte est inclus dans ce recueil n'implique
pas une recommendation de cette marque. Ce
texte a été choisi uniquement pour sa clarté et
sa concision.

Ce texte comprend des instructions avec illus-
trations pour les différentes sortes de travaux
gue I'on peut exécuter avec une niveleuse. La
description des terrassements commence a la
page 136 de ce recueil. On décrit pas-a-pas les
stades progressifs de la construction: comment
décaper la terre végetale, niveler la surface,

marquer 'emplacement des fossés, creuser les
fossés, étaler le cordon en sol, re-creuser les
fossés, niveler les contrepentes, déblayer les
fosseés et finir le bombement de la plateforme.

Ce texte décrit pas-a-pas la construction de
fossés a fonds plats (forme trapezoidale), le talu-
tage de pentes trés inclinées, et la construction
en redans ou gradins. Dans le premier texte
choisi on utilise les mots anglais “intercepting
channels”, gue nous avons traduit par “redans”
ou “gradins”, alors que dans le quatrieme texte
choisi, on utilise le mot anglais “terrace” pour
dire la méme chose.

Chaque stade de I'opération est expliqué en
détail. Certains stades sont décrits comme des
opérations indépendantes et précédent la des-
cription des travaux de construction de la route.
Les instructions contiennent des détails comme
“Inclinez le haut de la lame en arriére pour ex-
caver”. La premiere partie du texte décrit la
méthode a employer pour contréler I'angle de la
lame, et ainsi pouvoir suivre ces instructions. Ce



toe-of-slope channels, diversion drains, catch
drains or intercepting channels, floodways and
fords, culverts, bridges, and subsoil drains.

The third excerpt, Section 10 — Bridges and
Culverts, is also reprinted in full. It concerns in-
spection and maintenance of bridge and culvert
structures. It includes repairs that require
prompt attention and that might be done by road
maintenance personnel. Detailed inspections or
structural repairs are not discussed.

Bibliography
The Selected Texts are followed by a brief bib-

liography containing reference data and
abstracts for 11 publications. The first five de-
scribe the Selected Texts. The other six describe
publications related to the Selected Texts. Al-
though there are many articles, reports, and
books that could be listed, it is not the purpose
of this bibliography to contain all possible refer-
ences related to the subject of this compendium.
The bibliography contains only those publica-
tions fromwhich atext has been selected or basic
publications that would have been selected had
there been no limit on the number of pages in this
compendium.

bibliografia, no es el propdsito de ésta contener
todas las referencias posibles sobre el tema. La
bibliografia contiene unicamente aquellas publi-
caciones de las cuales se selecciond texto ¢
publicaciones basicas que hubieran sido selec-
cionadas si no hubiera un limite al nimero de
paginas en este compendio.

texte donc comprend a la fois les instructions
pour utiliser la lame de la niveleuse, et des ins-
tructions pour les technigues de base du nivel-
lement. Nous avons inclus ces données de base
comme préparation aux instructions sur la con-
struction des fossés.

Le cinquieme texte choisi consiste en des ex-
traits de Road Maintenance Practice (Entretien
de la route, National Association of Australian
State Road Authorities, 1975). Le premier extrait,
Section - Introduction, présente les données de
base pour le reste de la publication. Il suggeste
que le but d'un programme d’entretien est de
contrbler la vitesse de dégradation de la route.
Ce programme devrait assurer que I'état de pra-
ticabilite de la route ne tombe pas au dessous
d'un certain niveau. Ce niveau est determiné par
les allocations et la politique routiére des authori-
tés. Le manuel esquisse les techniques pour as-
surer la bonne performance d'un programme
d'entretien.

Le second extrait, Section 4 — Drainage, est

reproduit en entier. Il comprend des informations
sur I'entretien des dispositifs de drainage pour
les surfaces en gravier et les surfaces non trai-
tées. Les surfaces non traitées sont définies
comme des surfaces composées de sol naturel
qui se trouve dans les couches supérieures de
terrain sur lequel la route passe. L'entretien des
divers dispositifs de drainage d’une route est
expliqué, entre autre, I'entretien des fossés laté-
raux de deblais, des avaloirs, des fossés de
remblais, des saignées latérales de dégage-
ment (arétes de poisson), des fossés captants
ou de garde, des radiers et des gués, des pon-
ceaux, des ponts et des drains sous-chaussée.

Le troisieme extrait, Section 10— Bridges and
Culverts (Ponts et ponceaux), est aussi reproduit
en entier. ll concerne l'inspection et I'entretien des
ouvrages d'art. Les réparations qui demandent
I'attention immediate, et qui peuvent étre faites par
les équipes d'entretien, sont aussi incluses. Les
inspections en détail et les réparations des struc-
tures ne sont pas discutées.
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Bibliographie

Les Textes Choisis sont suivis d’'une breve bi-
bliographie contenant les références et les ré-
sumés de onze publications. Les cing premiéres
se rapportent aux Textes Choisis. Les six autres
a des publications qui ont rapport aux Textes
Choisis. Bien gu'’il y ait beaucoup d’autres arti-
cles, rapports et livres qui pourraient étre inclus,

I'objectif de cette bibliographie n'est pas d'énu-
mérer toutes les références possibles ayant
rapport au sujet de ce recueil. Donc, notre bi-
bliographie, telle quelle, se rapporte seulement
aux publications dont nous avons choisi des ex-
traits, ou aux textes de base que nous aurions
choisi g'il N’y avait pas de limites guant au nom-
bre de pages de ce recueil.



Selected Texts

This section of the compendium contains selected
pages from each text that is listed in the Table of
Contents. Rectangular frames are used to enclose
pages that have been reproduced from the original
publication. Some of the original pages have been
reduced in size to fit inside the frames. No other
changes have been made in the original material ex-
cept for the insertion of occasional explanatory
notes. Thus, any errors that existed in the selected
text have been reproduced in the compendium
itself.

Page numbers of the original text appear inside
the frames. Page numbers for the compendium are

outside the frames and appear in the middle left or
middle right outside margins of the pages. Page
numbers that are given in the Table of Contents and
in the Index refer to the compendium page num-
bers.

Each text begins with one or more pages of intro-
ductory material that was contained in the original
publication. This material generally includes a title
page, or a table of contents, or both. Asterisks that
have been added to original tables of contents have
the following meanings:

*Some pages (or parts of pages) in this part of

Textos Seleccionados

Esta seccién del compendio contiene paginas
seleccionadas de cada texto que se catalo-
garon en la Tabla de Materias. Se utilizan
recuadros rectangulares para encerrar 1as
paginas que han sido reproducidas de la
publicacion original. Algunas de las paginas
originales han sido reducidos para entrar en
los recuadros. No se han hecho ningunos
otros cambios en el material original excep-
tuando algunas notas aclaradoras que de vez
en cuando han sido agregadas. De esta forma,
cualquier error que hubiera existido en el
texto seleccicnado ha sido reproducido en el
compendio mismo.

Los numeros de péaginas del texto original

aparecen dentro de los recuadros. Los nu-
meros de paginas para el compendio estan
fuera de los recuadros y aparecen en |0s
margenes medio izquierdo o medio derecho
de las paginas. Los nimeros de paginas que
se dan en los indices del compendio se
refieren a los del compendio.

Cada texto comienza con una 0 mas paginas
de material de introduccion que contenia la
publicacion original. Este material general-
mente incluye una pagina titulo, un indice,

0 ambas. Los astericos que han sido agregados
al indice original significan lo siguiente:

* Algunas paginas (o partes de paginas) en

Textes Choisis

Cette partie du recueil contient les pages
sélectionnées de chaque texte qui est énuméré
dans la Table des Matieres. Les pages du texte
original gqui sont reproduites sont entourées
d'un encadrement rectangulaire. Certaines
pages ont dd étre réduites pour pouvoir
étre placées dans I'encadrement. Le texte
original n'a pas été changé sauf pour quelques
explications qui ont été insérées. Donc, si le
texte original contient des erreurs, elles sont
reproduites dans le recueil.

La pagination originale apparait a I'intérieur
de I'encadrement. La pagination du recueil est

a 'extérieur de I'encadrement, soit a droite,
soit a gauche de la marge extérieure des
pages et est celle qui est citée dans la table
des matieres et dans I'index du recueil.
Chaque texte commence par une ou plusieurs
pages d'introduction qui étaient incluses dans
le texte original. Ces pages sont générale-
ment le titre, ou la table des matieres, ou
les deux. Des astériques ont été ajoutés a la
table des matieres d'origine pour les raisons
Suivantes:

* Certaines pages, ou portions des pages,



the original document appear in the selected
text, but other pages (or parts of pages) in this
part of the original publication have been
omitted.

**All pages in this part of the original document
appear in the selected text.

The selected texts therefore include only those

parts of the original documents that are preceded
by asterisks in the tables of contents of the respec-
tive publications.

Broken lines across any page of selected text in-
dicate those places where original text has been
omitted. In a number of places, the selected text
contains explanatory notes that have been inserted
by the project staff. Such notes are set off within
dashed-line boxes and begin with the word NOTE.

esta parte del documento original aparecen
en el texto original, pero otras paginas (0
partes de paginas) en esta parte de la
publicacion original han sido omitidas.

** Todas las paginas en esta parte del docu-
mento original también aparecen en el
texto seleccionado.

Por lo tanto, los textos seleccionados unica-
mente incluyen aquellas partes de los docu-

mentos originales que estan precedidas por
asteriscos en el indice de las publicaciones
respectivas.

Lineas de guiones cruzando cualquier pagina
del texto seleccionado significan que en ese
lugar se ha omitido texto original. En varios
lugares el texto seleccionado contiene notas
aclaradoras que han sido introducidas por
el personal del proyecto. Tales notas estan
insertadas en recuadros de guiones y co-
mienzan con la palabra NOTE.

dans cet extrait du document original sont
incluses dans les Textes Choisis, mais
d'autres pages (ou portion de pages) de
I'édition originale ont été omises.

** Toutes les pages dans cet extrait du docu-
ment original sont incluses dans les Textes
Choisis.

Les Textes Choisis, donc, incluent seulement
ces extraits des documents originaux qui sont
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PREFACE

This publication, the fourth in a series published by the Federal
Highway Administration on the hydraulic design of highway drain-
age structures. conrains methods of open-channel design including
determination of the size of channel and protection required to pre-
vent erosion. Principles and procedures are explained but no set of
rules can be furnished that will apply to all of the many diverse
combinations of topography, soil, and climate that exist where high-
ways are built. Design of roadside drainage channels will continue
to require an engineer well versed in hydraulic theory and in high-
way drainage practice. The open-channel flow charts of Hydraulic
Design Series No. 3 and hydraulic tables such as those of reference
28 will greatly reduce the work of computing channel eapacity.

This reprint is identical with the 1963 edition of Iydraulic Design
Series No. 4 with the exception of a redesigned cover, revised preface,
and updated references.
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Symbel Units
A acres
A sq. ft
B ft.

b ft.

(o

D ft.

d ft.

d, ft.

de ft.

d, ft.

F

'] ft./sec.?
H ft.

H,

H, ft.

h ft.

hy ft.

i in./hr,
K

k ft.

kc

ke ft.

L ft.

LETTER SYMBOLS AND UNITS

Description
Drainage area of a stream at & specified
location
Area of croas section of flow
Width of rectangular channel or conduit
Bottom width of a irapezoidal channel
Runoff coefficient in the rational formula
Height of conduit or diameter of circular
conduit
Depth of flow at any section
Critical depth of flow in channel

Mean depth of flow (%)

Normal depth of flow in uniform

channel for steady flow

Froude number=

Vode

Acceleration of gravity =32.2

Total head

Specific head at minimum energy
=d. 4V 32

Specific head =d 4+ V3¥/2g

Vertical drop in ditch check

Cumulative losses in a channel reach

Average rainfall intensity during the
time of concentration

Channel conveyance——-l—:jA R

Stone diameter for bank protection
(165 1b./ft.3 stone)

Entrance loss coefficient

Stone diameter for bank protection for
stone weighing other than 165 1b./ft.3

Length of channel reach

ta:x:c:i

S,

S,

<‘€:i*]

-

<
s

Vl

wp

Units

c.f.s8.
ft.
ft./ft.

fe./1t.

ft./1¢.

ft./ft.
ft./1t.
ft.
min.
fps.
f.p.s.
f.p.s.
f.ps.
Ib./ft3

ft.

ft.

PRINCIPAL EQUATIONS

Rational formula (p. 7):

Q=CiA Y

Manning equation (p. 12):

V=242 pagin @

Q=122 4 e gin ®)
Vn ?

S'(l.wm) a3

Description
Manning roughness coefficient
Rate of discharge
. . A

Hydraulic radius = WP

Slope of the energy grade line (total
head line). When the Manning
equation applies, §=8,

Slope that produces the allowable
velocity for a given discharge

That particular slope of a uniform
channel at which normal depth equals
critical depth for a given discharge

Minimum slope required to overcome
friction

Slope of the flow line of a channe} (bed
slope)

Top width of water surface in a channel

Time of concentration of a watershed

Mean velocity of flow

Mean velocity of flow in a channel when
flow is at ecritical depth (critical
velocity)

Mean velocity of flow in a channel when
flow is at normal depth

Mean velocity of low against stone in a
rocklined channel

Unit weight of stone used for channel
linings

Wetted perimeter—length of line of
contact between the flowing water
and the channel

Elevation of bed of channel above a
datum

Slope of sides of a channel (ratio of
horizontal to vertical)

Critical depth (p. 17):

Rectangular section:

d,=0.315 {/@)’ a5

Trapezoidal channel:

d 4zHy—3b+ V1620 HA - 162 Hob - 90
‘==

Triangular channel:

Froude number (p. 20):

10z (16)

d.=-o.574\°/ (g)' an
v

Pz (26)
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Chapter 1.—INTRODUCTION

1.1 General. Roadside drainage channels perform
the vital function of diverting or removing surface water
from the highway right-of-way. They should provide the
most efficient disposal system consistent with cost, impor-
tance of the road, economy of maintenance, and legal re-
quirements, One standard channel will rarely provide the
most satisfactory drainage for all sections of a highway,
although it might be adequate for most locations. Thus,
the design engineer needs procedures for designing various
types of channels. This publication discusses flow in
roadside drainage channels, estimation of peak discharges
from small areas, prevention of channel erosion, and pre-
sents methods for the design of drainage channels required
to remove runoff from the area immediately adjacent to
the highway.

Drainage channel design requires, first, the determina-
tion of where surface or ground water will occur, in what
quantity, and with what frequency. This is a hydrologic
problem. Then structures of appropriate capacity must
be designed to divert water from the highway roadway, to
remove water that reaches the roadway, and to pass col-
lected water under the roadway. This is a hydraulic
problem. This publication will discuss only the part of
the problem that deals with roadside drainage channels;
however, many of the principles discussed also apply to
natural streams.

Erosion control (1)1 is a necessary part of good drainage
design. Unless the side slopes and the drainage channels
themselvea are protected from erosion, unsightly gullies
appear, maintenance costs increase, and sections of the
highway may be damaged or even destroyed.

Drainage design begins with the road location. Loca-
tions that avoid poorly drained areas, unstable soil,
frequently flooded areas, and unnecessary stream crossings
greatly reduce the drainage problem. Data gathered in
the field permit solution of the drainage problems that
cannot be avoided when locating the highway., Adequate
notes on farm drainage, terraces, and manmade channels
are particularly important, as these channels are seldom
shown on topographic maps.

The design of roadside drainage channels has been
discussed by Izzard (£), and criteria for drainage channel
design appears in the publication, “A Policy on Geometric
Design of Rural Highways"” (1). Subsurface drainage of
highways is discussed in Highway Research Board Bul-
letin 209 (3) and the function of highway shoulders in
surface drainage is discussed by Ackroyd (4).

In this publication, types and sections of drainage chan-

1 Ttalte numbers in parentheses refer to the references on p. 51.

nels are first discussed, followed by a discussion of channel
alinement, grade, and protection from erosion. Hydro-
logic and hydraulic principles are discussed briefly and
design procedures are presented with typical charts for
determining channel gsize. Finally, the methods described
are applied in the design of the channels illustrated in
figure 2. For convenience of the user, all tables are
placed in appendix A.

The design procedures discussed in this publication are
only tools to aid in solving the surface drainage problem—
there is no standard solution. The drainage problem of
each section of highway is individual and for solution
requires adequate field data and an engineer experienced
in highway drainage.

1.2 Factors in design. The primary purpose of
roadside drainage channels is to prevent surface runoff
from reaching the roadway and to effiziently remove the
rainfall or surface water that reaches the roadway. To
achieve this purpose, the drainage channels should have
adequate capacity for the peak rates of runoff that recur
with a frequency depending upon the class of road and the
risk involved. On less important roads where little damage
would result from overtopping of the drainage channel
and where traffic would suffer only minor inconvenience,
a peak runoff that recurs frequently might be satisfactory.
On major highways or on minor highways where serious
erosion damage would result from overtopping the drainage
channels, a less frequent peak runoff might be used as
the design runoff.

The frequency used depends somewhat upon the climate,
the topography of the area, and the cost of the drainage
system. Water standing on the edge of the traveled way
for a few minutes during an intense storm might not
interfere with traffic movement any more than the storm
itself, but should water remain for a long time or collect
in pavement sags or in underpass depressions, a traffic
hazard will result. At locations where shoulder gutters
protect high fills highly susceptible to erosion, the peak
discharge for which the channels are designed might be
greater than the class of the road would otherwise warrant.,

Bureau of Public Roads policy requires that on Inter-
state System projects, all drainage facilities other than
culverts and bridges be designed to keep the traveled
ways usable during storms at least as great as that for a
10-year frequency, except that a 50-year frequency shall
be used for underpass or other depressed roadways where
ponded water can be removed only through the storm-
drain system.
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INTERCEPTING CHANNELS

ROADWAY CHANNELS

TOE-OF-SLOPE
CHANNEL

WATER SPREAD
OVER HILLSIDE

TOE-OF-SLOPE
CHANNEL

Figure 2.~Types of roadside drainage channels.

The capacity of a drainage channel carrying uniform
flow depends upon its shape, size, slope, and roughness.
For a given channel, the capacity becomes greater when
the grade or the depth of flow is increased. The channel
capacity decreases as tne channel surface becomes rougher,
For example, a rubble or stone gutter has only about half
the capacity of a concrete gutter of the same size, shape,
and slope because of the differences in channel roughness.
A rough channel is sometimes an sdvantage on steep
siopes where it is desirable to keep velocities from be-
coming too high.

The most efficient shape of channel is that of & semi-
circle, but hydraulic efficiency is not the sole criterion.
In addition o pertorming its hydraulic function, the
drainage channel should be economical to construct, and
require little maintenance during the life of the roadway.
Channels should also be safe for vehicles accidentally
leaving the traveled way, pleasing in appearance, and
dispose of collected water without damage to the abutting
property. Most of these additional requirements for
drainage channels reduce the bydraulic capacity of the
channel. Thus, the best design for a particular section

of highway is a compromise among the various require-
ments, sometimes with each requirement baving a dif-
ferent influence on the design from that of another section.

1.3 Types of drainage channels. Highway drainage
channels may be classified according to function as:
gutters, chutes, roadway channels, toe-of-slope channels,
intercepting channels, median swales, and channel changes.
Figure 2 shows a typical divided highway in & humid
region where several types of drainage channels are needed
to drain the highway. Starting at the outer edge of the
right-of-way are the intercepting channels on the natural
ground outside the cut or fill slope, or on benches breaking
the cut slope. Next are the roadway channels between
the cut slope and the shoulder of the road and the toe-of-
slope channels which take the water discharged from the
roadway channels and convey it along or near the edge of
the roadway embankment to a point of disposal. A
shallow depression or swale drains the median. The
types of drainage channels are defined and discussed in
subsequent sections of this chapter.

1.4 Guiters. Gutters are the channels at the edges
of the pavement or the shoulder formed by a curb or by a
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shallow depression. Gutters are invariably paved with
concrete, brick, stone blocks, or some other structural
material.

Gutters are generally used in lieu of other type channels
for urban highway drainage and are sometimes used in
rural areas, particularly on parkways, in mountainous
regions, in sections with limited right-of-way, in areas of
poor soil stability, and for special drainage problems such
as traffic interchanges and inderpasses.

In areas where vegetutive cover cannot be used to
prevent erosion damage to high fills, shoulders are designed
to serve as a gutter with a curb constructed at the outer
edge to confine the water to the shoulder. The water
collected in the gutter is discharged down the slope through
chutes. The curb may be made of earth, bituminous
material, portland cement concrete, or cut stone.

1.5 Chutes. Chutes, as used in this publication, are
steeply inclined open or closed channels, which convey the
collected water to a lower level. Chutes are also called
flumes and spillways. The most common applications in
highway construction are the chutes used to convey water
down cut or fill slopes. Open chutes can be metal or be
paved with portland cement concrete, bituminous material,
stone, or sod, depending upon the volume and velocity of
the water to be removed. On long slopes, closed (pipe)
chutes are generally preferable to open chutes because in
an open chute the high velocity water is likely to jump
out of the channel, erode the slope, and destroy the chute.
Also, open chutes may interfere with machine-mowing
operations on the roadway stopes. The inlet of all chutes
must be adequately designed to prevent water bypassing
the chute and eroding the slope. Frequently energy dis-
sipators or other types of erosion protection are needed at
the chute outlet.

1.6 Roadway channels. Roadway channels are the
channels provided in the cut section to remove the runoff
from rain falling on the roadway and on the cut slopes.
These channels are sometimes called gutters when paved;
however, in this publication paved channels separated
from the traveled way will be called roadway channels.

A well-designed roadway channel removes storm water
from the cut areas with the lowest overall cost, including
cost of maintenance, and with the least hazard to traffic.
The channel should also be pleasing in appearance. To
meet these requirements, the AASHO (f) “Policy on
Geometric Design of Rural Highways" recommends that
where terrain permits, roadside drainage channels built-in
earth should have side slopes not steeper than 4 horizontal
to 1 vertical, and a rounded bottom at least 4 feet wide.
Flatter side slopes are desirable on channels beside low
fills. The depth of channel should be sufficient to remove
the water without saturating the pavement subgrade.

It is unnecessary to standardize the design of roadside
drainage channels for any length of highway. Not only
can the depth and breadth of the channel be varied with
variation in the amounts of runoff, rate of channel grade,
and distance between lateral outfall culverts, but the
dimensions can be varied by the use of different types of
channel lining. Nor is it necessary to standardize the
lateral distance between the channel and the edge of pave-

ment, Often liberal offsets can be obtained where cuts
are slight and where cuts end and fills begin.

Automobile proving ground tests reported by Stonex
(6) show that the most important element in controlling
the shock of impact when driving into a flat-sloped channel
is the length of vertical curve between the side slopes and
the channel bottom. (See fig. 3.) For a speed of 65
miles per hour and a striking angle of 15° with the channel
centerline, on a channel with a 6:1 side slope, a vertical
curve 614 feet long i3 recommended and a vertical curve
about 10 feet long is recommended for a channel with a
4:1 side slope.

L7 Toe-of-slope channels. Toe-of-slope channels are
located at or near the toe of & fill when it is necessary to
convey water collected by the roadway channel to the
point of disposal. On the downhill side of 'the highway,
this channel can often be laid on a mild slope and the lower
end flared to spread the water over the hillside. Where
this practice would cause erosion or permit water to drain
into the highway embankment, the toe-of-slope channel
must convey the storm water to a natural watercourse.

In arid and semiarid regions, the water draining out of
the roadway cut should be diverted away from the fill far
enough 8o that it does not come back to the highway.
The landowner will seldom object to receiving storm water
from the highway, provided it is delivered without causing
erosion.

1.8 Intercepting channels. Intercepting channels are
located on the natural ground near the top edge of a cut
slope or along the edge of the right-of-way, to intercept the
runoff from a hillside before it reaches the roadway.
Intercepting the surface flow reduces erosion of cut slopes,
lessens silt deposition and infiltration in the roadbed area,
and decreases the likelihood of flooding the highway in
severe storms.

Intercepting surface water is particularly important in
arid and semiarid’ regions. Intercepting dikes may be
built well back from the top of the cut slope and generally
on a flat grade until the water can be spread or emptied
into a natural watercourse. In most cases, the owners of
rangeland will permit highway departments to construct a
series of contour furrows beyond the right-of-way in order
to recover the water.

An intercepting channel constructed by forming a dike
with borrow material is superior to an excavated channel
because the latter destroys the natural ground cover and
is more likely to erode. Care should be taken to avoid
ponding water at the tops of slopes subject to sliding, In
slide areas, storm water should be intercepted and removed
as rapidly as practicable and sections of the channel cross-
ing highly permeable soil might require lining with im-
permeable material,

4 VERTICAL CURVE
SIDE SLOPE

LeuanneL soTTOM

Figure 3.—Location of vertical curves in channel
cross gsection.
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1.9 Median swales. Median swales are the shallow
depressed areas at or near the center of medians used to
drain the median area and portions of the roadway. The
depressed area or swale is sloped longitudinally for drain.
age, and at intervals the water is intercepted by inlets and
discharged from the roadway. It is not necessary that the
longitudinal slope of the swale conform to the pavement
grade, particularly on flat grades. (See sec. 4.3.)

Generally, curbs are not provided on the edge of the
pavement and the median swale drains part or all of the
pavement area in addition to the median area. Even
where curbs are provided, it is preferable to slope medians
wider than 15 feet to a swale. This keeps water in the
median off the pavement and prevents snowmelt water
from running onto the pavement and becoming s hazard
after a quick freeze. Medians less than 15 feet wide are
generally crowned for drainage, and if under 6 feet in width
the median is usually paved. Six feet is about the mini-
mum width that can be mowed with mechanical equipment
(see 1).

1.10 Channel changes. Channel changes alter the
alinement or cross sections of natural watercourses.
Replacing a long sinuous natural channel by a shorter
improved channel will increase the channel slope and
usually decrease the channel roughness. DBoth of these
changes cause an increase in the velocity of the flowing
water, sometimes enough to cause damage to the highway
embankment near the stream or excessive scour around
footings of structures. At other times damage occurs
because the stream continues to use the old channel rather
than the new because adequate training works are not
provided to divert the stream into the new channel. In
addition to possible damage to the highway, a major
channel change may be detrimental to fish and other
aquatic life because of increased velocities, decreased
depth of flow, and the removal of boulders and irregulari-
ties in the channel. Placing boulders at random in the
new channel will aid in restoring the fish habitat.

Occasionally, small watercourses crossing the highway
can be diverted into an adjacent watercourse at a lower
cost than by providing separate cross drains. Channel
changes in the vicinity of a highway or at a highway
crossing are sometimes made to secure borrow material for
the roadway embankment with the thought of incidental
improvement in the channel cross section or alinement.
Such a practice on a stabilized stream channel almost
always results in future maintenance problems. Channel
changes also incur a legal liability for damage to private
property that might be brought about by the changed
channel. Thus, channel changes should always be studied
for their value and effect rather than made to secure
borrow material or to save the cost of a cross drain.

Borrow ditches should not be placed near the toe of
embankments adjacent to natural streams which overflow
their banks. A ditch so located will often carry flow at
high velocities with attendant damage to the embankment
section during flood periods. In some locations borrow
ditches on the upstream side of the fill will direct the
high-velocity water back into the main channel in a manner
that induces scour at bridge piers and abutments.

1.1t Alinement and grade. The width of the right.
of-way usually allows little choice in the alinement or in
the grade of the channel, but insofar as practieable abrupt
changes in alinement or in grade should be avoided. A
sharp change in alinement presents s point of attack for
the flowing water, and abrupt changes in grade cause
deposition of transported material when the grade is
flattened or scour when grade is steepened.

A drainage channel should have a grade that produces
velocities that neither erode nor cause deposition in the
channel. This optimum velocity also depends upon the
size and shape of channel, the quantity of water flowing,
the material used to line the channel, and upon the nature
of the soil and the type of sediment being transported by
the stream.

Ordinarily the highway drainage channel must be located
where it will best serve its intended purpose, using the
grade and alinement obtainable at the location. The
capacity of the channel and the degree of protection given
the channel are then determined as explained in chapter 4.

The point of discharge of a drainage channel into the
natural watercourse requires particular attention. The
alinement of the drainage channel should not cause eddies
with attendant scour in the natural watercourse or nesar
drainage structures. In erodible soils, if the flow line of
the drainage channel is appreciably higher than that of
the watercourse at the point of entry, a spillway or chute
should be provided to discharge the water into the water-
course in order to prevent erosion in the drainage chanuel.
The chute should be designed to prevent being undermined
and destroyed.

1.12 Protection from erosion. The need for erosion
prevention is pot limited to the highway drainage channels;
it extends throughout the right-of-way and is an essential
feature of adequate drainage design. FErosion and main-
tenance are minimized largely by the use of: flat side
slopes, rounded and blended with natural terrain; drainage
channels designed with due regard to location, width,
depth, slobes, alinement, and protective treatment; proper
facilities for ground water interception; dikes, berms, and
other protective devices; and protective ground covers
and planting (I).

The discussion in this publication is limited to providing
erosion control in drainage channels by proper design,
including the selection of an economical channel lining.
Lining as applied to drainage channels includes vegetative
coverings. The type of lining should be consistent with
the degree of protection required, overall cost, safety
requirements, and esthetic considerations. Control of
erosion caused by overland or sheet flow is not discussed.

In general, when a lining is nceded, the lowest cost
lining that affords satisfactory protection should be used.
This is often sod in humid regions, used alone or in com-
bination with other types of linings. Thus, a channel
might be grass lined on the flatter slopes and lined with
more resigtant material on the steeper slopes. In cross
section, the channel might be lined with & highly resistant
material within the depth required to carry floods occurring
frequently and lined with grass above that depth for pro-
tection from the rare floods,

Ditch checks were once used extensively to prevent erogion
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in roadway channels. In recent years they have become
unpopular in humid areas as grade-control structures in
channels because théy are often a hazard to vehicles
driving off the highway, they are difficult to maintain,
they sre often ungightly, and in most locations, their job
can be done better and more cheaply with a vegetative
lining. Figure 4 shows what happened to a channel
protected by poorly designed ditch checks.

In semiarid and arid regions, some erosion of cut and
fill slopes is inevitable. Occurring infrequently at any
one location, the damage can be repaired without excessive
average annual cost. The roadbed is generally protected
by paving or treating the road shoulders. Channels in
cut sections can be protected by rubble or by paving.
Channels off the roadway can best be protected by laying
them on grades which will not produce velocities in excess
of those permissible (see table 3) for the goil of that locality

and by spreading the collected water over the hillside as
soon as it can be released without reaching the roadway.
When steeper channel grades cannot be avoided, vertical
drops or properly designed ditch checks can be used to
maintajn noneroding grades between drops.  If the spacing
of the drops is close, their cost should be compared with
the cost of paving the entire channel and providing an
adequate outlet structure. High drop structures require
carefu} design (6, 7, and 8) and though hazardous to
traffic and at times unsightly, they are to be preferred to
& deep gully.

Systematic maintenance is essential to any drainage
channel. Without proper maintenance,'a well-designed
channel becomes an unsightly gully. Maintenance meth-
ods should be considered in the design of drainage channels
so that the channel sections will be suitable for the methods
and equipment that will be used for their maintenance.

Figure 4.— Poorly designed ditch checka.
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Chapter HI.—ESTIMATING STORM RUNOFF FROM SMALL AREAS

2.1 General. The first step in designing a channel is
to determine the quantity of water the channel is to CarTY.
This is a far more difficult problem thap computing the
size of channel needed to carry the design flow and deter-
mining what protection is required to prevent channel
erosion.

Many formulas have been developed (9) for estimating
peak storm runoff, but most of the formulas were devel-
oped from data collected from a limited area and can be
considered applicable only to the area and under the con-
ditions for which the data were collected. Runoff from
developed surfaces, drainage areas of comparatively uni-
form slope and surface characteristics, can be determined
by the method described by Izzard (10) if there is sufficient
regularity in surface to justify the work required.

Some of the storm-runoff formulas used in the past give
the size of structure directly, but modern practice (11,
p. 90) is to first calculate the anticipated discharge and
then design the waterway or channel to accommodate the
discharge. A formula which gives only a required water-
way area ignores the great difference in capacity of strue-
tures which have the same waterway area but have
different hyvdraulic characteristics.

In the design of storm sewers, more than 90 percent
(12, p. 31) of the engineering offices in the United States
use the rational method which has been in use since 1889.
Application of this method to channel design is described
in this chapter. The method is recommended for use in
determining the design discharge for roadside drainage
channels draining less than about 200 acres. For larger
areas, the methods described by Potter (13), by Dalrymple
(14), or by the Soil Conservation Service (I5) are more
applicable. There is no clearly defined line where one
method should end and another method be used. The
methods sometimes give results for the same area that
agree quite well, and in other instances they may disagree
by 50 or more percent. Discrepancies between methods
approaching 50 percent may be expected because of the
small sample (length and number of streamflow records)
available for estimating magnitude and frequency of
storm runoff by any method. However, when estimated
runoff rates obtained by two methods differ by ratios of
2 to 1 or more, the relative accuracy of the methods be-
comes important, and must be judged by the quantity
and quality of the data upon which the method is based,

The expected frequency of occurrence of the design
discharge (sec. 1.2) is of concern because economy is
always a factor in the design. Overdesign and under-
design both involve excessive costs on a longtime basis.
A channel designed to carry a l-year flood would have a
low first cost, but the maintenance cost wopld be high
because the channel would be damaged by storm runoff
almost every year. On the other hand, a channel de-
signed to carry the 100-year flood would be high in first

cost but low in maintenance cost. Somewhere between
these limits lies the design which will produce the lowest
annual cost.

2.2 Storm runoff. Runoff comes from precipitation
failing on the land and water surfaces of the watershed.
A small part of the precipitation evaporates as it falls and
some is intercepted by vegetation. Of the precipitation
that reaches the ground, a part infiltrates the ground, a
part fills the depressions in the ground surface, and the
remainder flows over the surface (overland flow) to reach
defined watercourses. The surface runoff is sometimes
augmented by subsurface flow that flows just beneath
the ground surface and reaches the watercourse in time to
be a part of the storm runoff.

The precipitation infiltrating the ground replenishes the
s0il moisture and adds to the ground-water storage. Some
of this undergrouna water reaches the stream long after
the storm runoff has passed and some is withdrawn by the
life processes of vegetation or by man for his use.

The storm runoff which must be carried by the roadside
drainage channels is thus the residual of the precipitation
after losses (the extractions for interception, infiltration,
and depression storage). The rate of water loss depends
upon the amount of the precipitation and the rate at
which it falls (intensity), upon temperature, and upon the
characteristies of the land surface.

Not only does the rate of runoff vary with the permea-
bility of the land surface and the vegetal cover, but it varies
from time to time for the same surface depending upon the
antecedent conditions. It would be impracticable, even
if the data were available, to determine for each channel
drainage area the frequency of recurrence of the numerous
factors which affect the rainfall-runoff relation and thus
compute the magnitude of the runoff for a given frequency
rainfall.

If & long-period record of storm runoff existed for every
site for which we wish to design a drainage channel, we
could determine the frequency of various magnitudes of
storm runoff. However, runoff records for areas of less
than 200 acres are practically nonexistent and we are
forced to estimate runoff frequency from frequency of
rainfall by assuming the rainfall to have the same frequency
as runofl when the design storm occurs. (See sec. 2.4-1.)

2.3 Rainfall infensity—duration—{frequency anslysis.
The intensity of rainfall is the rate at which the rain falls.
Intensity is usually stated in inches per hour regardiess
of the duration of the rainfall, although it may be stated
as total rainfall in a particular period. Frequency can
be expressed as the probability of a given intensity of
rainfall being equaled or cxceeded or it can be expressed
in terms of the average interval (recurrence interval) be-
tween rainfall intensities of a given or greater amount.
The frequency of rainfall intensity cannot be stated without

13
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specifying the duration of the rainfall because the rainfall
intensity varies with the duration of rainfall. (See fig. 6.)
Frequency analysis of rainfall intensity is discussed
by Chow (16) and others (17, 18). Two methods are in
general use for selecting the rainfall data used in frequency
analyses. These methods are the annual series and the
partial-duration series. The annual-series analysis con«
siders only the maximum rainfall of each year (usually
calendar year) and ignores the other rainfalls during the
year. These lesser rainfalls during the year sometimes
exceed the maximum rainfalls of other years. The
partial-duration series analvsis considers all of the high
rainfalls regardless of the number occurring withia a
particular year. In dusigning drainage channels for
return periods greater than 10 years, the difference be-
tween the two series is unimportant. When the return
period (design frequency) is less than 10 years, the partial-
duration series is believed to be more appropriate. To
change the frequency curves based on the annual series
to one based on the partial-duration series, multiply the
annual series values by the following factors (19, p. 1):

2-year return period. . .. _._.___ 113
S-year return period..._..._... 1. 04
10-year return period....._.... 101
20-year or more. ... ._._..... 1. 00

The Weather Bureau has prepared a Rainfall-Frequency
Atlas of the United States (26). This Atlas contains
maps of rainfall frequency for 30-minute, 1-, 2-, 3,- 6-, 12-,
and 24-hour durations in each of the return periods I-,
2-, 5-, 10, 25-, 50-, and 100-vear. The rainfall lines on
the maps in the Atlas are based on a partial-duration
series analysis and represent total rainfall, in inches, for
the stated duration.

Algo of value to the designer of roadside drainage
channels is Weather Bureau Technical Paper 25 (19)
which contains rainfall intensity-duration-frequency
curves for selected stations in the United States, Alaska,
Hawaiian Islands, and Puerto Rico. The curves in this
publication are based on the annual series and the pre-
ceding corrections should be used for return periods less
than 10 years.

2.4 The rational method. Rainfall intensity is con-
verted into rate of storm runoff by the rational formula:

Q=Cid (1)
Where

@ =peak rate of runoff, in cubic feet per second.

C=weighted runoff coefficient (average of the coef-
ficients assigned to the different types of
contributing areas).

1=gaverage rainfall intensity, in inches per hour, for
the selected frequency and for duration equal
to the time of concentration.

A=drainage area, in acres, tributary to the point
under design.

The formula is not dimensionally correct; however, a
1-inch depth of rainfall applied at a uniform rate in 1
hour to an area of 1 acre will produce 1.008 cubic feet per
second of runoff if there are no losses. This makes the

numerical value of Q very nearly equal to the product
of ¢+ and A. The coefficient C accounts for the losses
(sec. 2.4-1).

The rational formula is based on the thesis that if a
uniform rainfall of intensity ¢ were falling on an impervious
area of size A, the maximum rate of runoff at the outlet
to the drainage area would be reached when all portions
of the drainage arca were contributing; the runoff rate
would then become constant. The time required for
runoff from the most remote point (point from which
the time of flow is greatest) of the drainage area to arrive
at the outlet is called the time of concentration.

Actual runoff is far more complicated than the rational
formula indicates., Rainfall intensity is seldom the same
over an area of appreciable size or for any substantial
length of time during the same storm. If a uniform
intensity of rainfall of duration equal to the time of con-
centration were to occur on all parts of the drainage area,
the rate of runoff would vary in different parts of the area
because of differences in the characteristics of the land
surface and the nonuniformity of antecedent conditions,
Under some conditions maximum rate of runoff occurs
before all of the drainage area is contributing. (See sece.
2.4-6.) The temporary storage of storm water en route
toward defined channels and within the channels them-
selves accounts for a considerable reduction in the peak
rate of flow except on very small areas. The error in the
runoff estimate increases as the size of the drainage area
increases. For these reasons, the rational method should
not be used to determine the rate of runoff from large
drainage areas. For the design of highway drainage
structures, the use of the rational method should be
restricted to drainage areas less than 200 acres unless no
other method is available to estimate the design discharge.

Many refinements have been suggested in the applica-
tion of the rational method. A few of the discussions of the
method are listed in the references (12, 21, 22, and 23,
app. A). The suggested refinements in the method
probably improve the runoff @stimate, but the collection
of additional data required and the increased work involved
do not appear warranted in the design of drainage channels.

2.4-1 Runeff coefficient. The runoff coefficient C in
the rational formula is the ratio of the rate of runoff to
the rate of rainfall at an average intensity ¢ when all the
drainage area is contributing. The coefficient C varies
widely from storm to storm, but Horner and Flynt (24)
state that when rainfall intensity and runoff (based on a
20-year record) were considered separately it was found
that the ratio,

_ Peak runoff rate of a given frequency
- Average rainfall intensity of the same frequency
remained reasonably constant for the various frequencies.

The range in values of C listed in table 1, appendix A,
permit some allowance for land slope and differences in
permeability for the same type cover. For flat slopes and
permeable goil, use the lower values.

Where the drainage area is composed of several types of
ground cover, the runoff coefficient is weighted (see example
1) according to the ares of each type of cover present.
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Example 1

Given: An area tributary to a roadway channel, The
area has a fairly uniform cross section as follows: 12 ft. of
concrete pavement; 26 ft. gravel shoulder, channel, and
backslope; 200 ft. of grassed pasture. The length of the
area is 400 ft.

Find: Runoff coefficient, C

Solution:
Area Type of surface C CA
(2q. ft.) (table 1) | (sq. ft.)
4,800 | Concyete pavement 0.9 4,320
10,400 { Shoulder, channel and backs: .5 5, 200
80,000 | Pasture 3 24, 000
08, 200 Total 33, 520

33, 520
95, 200

Weighted C =

For use in the rational formula, the CA product (33,520)
can be converted to acres and multiplied by ¢ without
computing the weighted C.

2.4-2 Time of concentration. The time of concentra-
tion (defined in sec. 2.4) varies with the size and shape of
the drainage area, the land slope, the type of surface, the
intensity of rainfall, whether flow is overland or channelized
and many other factors. Extreme precision is not war-
ranted in determining time of concentration for the design
of drainage channels on rural highways. Time of concen-
tration can be obtained from figure 5 which is based on a
study by Kirpich (22, p. 309-318) of six watersheds which
varied in size from 1.25 to 112 acres. The watersheds
were all located on a single farm in Tennessee. Research
is badly needed on the time of concentration of other types
of watersheds. The values of T, from figure 5 are based
on meager data, and should only be used when better
information is not available. A minimum time of concen-
tration of 5 minutes is recommended for finding the in-
tensity used for estimating the design discharge.

Use of figure 5 requires the length (L) of the drainage
area measures along the principal drainage line to the most
remote (longest T} point' and the height of this point
above the outlet at which the flow is to be estimated.

2.4-3 Rainfall intensity. Rainfall intensity-frequency
data (sec. 2.3) are taken from Weather Bureau Atlas
Technical Paper 40 (20) or from Weather Bureau Technical
Paper 25 (19). A chart such as that of figure 6 ({9, p. 9)
is constructed for the project location, but the project
chart need contain only the curves for the frequencies to
be used for the project designs for the T, values likely to
be encountered. If the project is near a Weather Bureau
station for which a rainfalt intensity-duration-frequency
curve is given in Technical Paper 25 (19), the Weather
Bureau chart can be used directly or for frequencies less
than 10 years convert chart values to the partisl-duration
series. For other areas, the design chart should be con-
structed from the maps in the Rainfall-Frequency Atlas
of the United States (20).  For use in the rutional method,
the values of total rainfall are cornerted to rainfall intensity

by dividing the map value by the duration expressed
in hours,

When the Weather Bureau Atlas is not available,
approximate rainfall intensity-duration-frequency data can
be obtained from figure 7 by the use of coefficients.
Figure 7 is adapted from a map in the Weather Bureau
Atlas by converting total rainfall for 30 minutes to 30-
minute rainfall intensity (divide map value by 0.5) for
the 2-year recurrence interval. The 2-year rainfall
intensity for other durations is obtained by multiplying
the 30-minute rainfall intensity for the project location
from figure 7 by the following factors:

Duration (minutes) ‘ Factor ‘ Duration (minutes) Factor
2.22 { 40... 0.8
L7111 50 0.7
1.44 || 60. 0.8
1.25 1] 90.. 0.5
1.0 120 0.4
1

To convert 2-year recurrence interval rainfall for a
given duration to other recurrence intervals, multiplying
by the following factors gives acceptable results in much
of the country. The use of these factors should be
checked against the Weather Bureau Atlas before extensive
use in a particular locality. More accurate results can be
obtained by using the maps or the method given in refer-
ence 20 (using the relation of 2-year and 100-year rainfall),

Recurrence interval (vears): Factor
b el 0.75
e n 1.0
B e 1.3
10 e 1.6
2 T 1.9
B0 e 2.2

2.4-4 Drainage area. The drainage area, in acres,
contributing to the point for which channel capacity is to
be determined, can be measured on a topographic map
or determined in the field by estimation, pacing, or a
survey comparable in accuracy to the stadia-compass
traverse. The data required to determine time of con-
centration (sec. 2.4-2) and the runoff coefficient (sec.
2.4-1) should be noted at the time of the preliminary
field survey.

2.4-5 Computing the design discharge. The design
discharge is computed by the formula, Q@=CiA (sec. 2.4)
as explained in example 2.

Example 2

Given: The contributing area as described in example 1
(sec. 2.4-1). The weighted C is 0.35; the channel grade
is 0.5 percent; and the outer edge of the contributing
area at the crest of the hill is 4 ft. above the bottom of
the channel. The location is near Washington, D.C.

Find: The discharge for a 10-year frequency rainfall
at the outlet of a grassed roadside channel 400 ft. from
the crest of a hill.

Nolution* The time of concentration is obtained from
figure 5. The distance from the channel to the ridge of
the area is 210 ft. (200 ft. of grassed pasture and 10 ft.

9
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Figure 7.—Map of the contiguous United States showing 2-year, 30-minute rainfall intensity.

of ditch bank slope) and that of the channel is 400 ft.,
making L=610 ft. The height of the most remote point
above the outlet=4 ft.4(0.005X400)=6 ft. From
figure 5, T.=7 min.

The rainfall intensity for a 7-minute duration and
10-year return period is 6.8 in./hr. (fig. 6).

The drainage agea=238X400=95,200 8q. ft. or

95,200

m—éﬁ =2.2 acres

Then Q=0.35X6.8%X2.2=5.2 c.fs.

2.4-6 Computing the design discharge for complex
draminage areas. Example 2 explains the rational method
for a simple drainage area. For other points along the
channel, the design discharge is computed using the
longest time of travel to the point for which the discharge
in to be determined. Generally, less work is required to
compute the runoff from the separate areas as is done for
point 5B in section 8.5 rather than obtain a weighted C
for the whole area.

On some combinations of drainage areas, the maximum
rate of runoff will be reached from the higher intensity
rainfall for periods less than the time of concentration for
the whole area, even though only a part of the drainage
area is contributing. One example of such an occurrence
is the discharge for point 5C, section 8.5. In this example

the longest time of concentration is 14 minutes, but 20.0
acres of the total of 21.4 acres has a time of concentration
of only 5 minutes. The 20 acres with a 5-minute intensity
produces a higher peak discharge than the total area with
a 14-minute intensity. Another combination of drainage
areas that might produce the maximum rate of runoff
from a partial contribution of the total area iz a down-
stream impervious area with a high runoff coefficient and
a short time of concentration. This could produce the
same effect as the unbalanced area combination just
described.

Extreme precision is not warranted in determining the
combination of contributing areas (C.4) and rainfall
intensity (i) that would produce the greatest peak runoff.
Unless the areas or times of concentration are consider-
ably out of balance, as the example in the preceding para-
graph, it is unnecessary to check the peak from part of
the area.

The discharges in the illustrative problems of chapter 8
were glso computed by the rational method, using com-
binations and assumptions other than those explained in
this publication in order to check the sensitivity of the
method. It was found that the method was stable for any
reasonable assumption and that the results by different
assumptions were well within the range of, accuracy of
the method.

11
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Chapter HL.—HYDRAULICS OF DRAINAGE CHANNELS

3.1 General. Most highway drainage channels ean
be designed by using the open-channel charts in Hydraulic
Design Series No. 3 (25) or the tables and formulas pre-
sented in this publication. The tables contained in
references 26 through 28 are helpful in designing channels
not included in reference 25. These aids reduce the work
required to design drainage channels, but they cannot
replace engineering judgment and a knowledge of the
hydraulics of open-channel flow., Open-channel flow also
includes flow through conduits with a free water surface.
The discussion of hydraulics in this chapter does not pro-
vide the knowledge of open-channel flow needed for the
more difficult design problems; nevertheless, a brief review
of some of the hydraulic principles governing open-channel
flow should be helpful to the designer of highway drainage
channels. A movie, “Introduction to Highway Hydrau-
lics,”” illustrates many of the principles of open-channel
flow. The movie is available on loan from the Bureau of
Public Roads.

Flow in open channels is classified as steady or unsteady.
Unsteady flow results from variations in the supply and
will not be covered in this publication. Although the fiow
in most channels during the storm period is an excellent
example of unsteady flow, we are usually interested in
designing a channel to carry a peak flow that recurs with
a selected frequency. Considering the peak flow as steady
flow greatly simplifies the design of drainage channels.

Steady flow occurs when the quantity of water passing
any section of the stream is constant. Steady flow is
further classified as uniform if velocity and depth of flow
are constant, and nonuniform or varied if velocity and
depth of flow changes from section to section. Although
most drainage channels are designed on the assumption of
uniform flow, a knowledge of varied flow is needed to solve
the more complex flow problems. Another classification
of flow, subcritical (tranquil) or supercritical (rapid or
shooting), will be discussed in section 3.3-2.

3.2 Uniform flow. To have uniform flow, the grade
must be constant and all cross sections of flow must be
identical in form, roughness, and area, necessitating &
constant mean velocity. Under uniform flow conditions,
the depth (d,) and the mean velocity (V) for a particular
discharge are said to be normal. Under these conditions,
the water surface is parallel to the streambed (fig. 11).
Normal depth is also defined as the depth at which uniform
flow will occur when a given quantity of water flows
through a long channel of uniform dimensions, roughness
(n), and slope (S,).

Uniform flow conditions are rarely attained in drainage
channels, but the error in assuming uniform flow in a
channel of fairly constant slope and cross section is small
in comparison to the error in determining the design dis-

12

charge. If the channel cross section, roughness, and
slope are fairly constant over a sufficient distance to
establish essentially uniform flow, equations such as that
of Manning give reliable results.

3.2-1 The Manning equation. Water flows in a
sloping drainage channel because of the force of gravity.
The flow is resisted by the friction between the water
and the wetted surface of the channel. The quantity of
water flowing (Q), the depth of flow.(d), and the velocity
of flow (I") depend upon the channel shape, roughness,
and slope (S,). Various equations have been devised
to express the flow of water in open channels. A useful
equation for channel design s that named for Robert
Manning, an Irish engineer. The Manning equation for
velocity of flow in open channels is:

V== .l.'_‘?_g.Rmsm (2)
n
Where

V ==mean velocity in feet per gecond (f.p.s.).

n == Manning coefficient of channel roughness.

R =hydraulic radius, in feet.

S=slope, in feet per foot. When the Manning
equation applies, 8= 8.

The value of the Manning coefficient n is determined
by experiment. Some n values for various types of
channels are given in table 2, appendix A.

R, the hydraulic radius, is a shape factor that depends
only upon the channel dimensions and the depth of the
flow. It is computed by the equation,

A
R=-—-I-, (3)

Where

A ==cross-sectional area of the flowing water in square
feet taken at right angles to the direction of
flow.

WP=wetted perimeter or the length, in feet, of the

wetted contact between a stream of water

and its containing channel, measured in a

plane at right angles to the direction of flow.
Another basic equation in hydraulics is

Q=AV 4

or discharge (Q) is the product of the cross-sectional area
(A) and the mean velocity (V).

By combining equations (2) and (4), the Manning
equation can be used to compute discharge directly or

Q=‘—':—9A Rngin (5)
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[n many computations it is convenient to group the
properties peculiar to the cross section, in one term,
called conveyance (K) or

K= L:—?A R ()

then
Q=K8n (M

When a channel cross section is irregular in shape such
as one with a relatively narrow deep main channel and a
wide shallow overbank channel, the cross section must
be subdivided and the flow computed separately for the
main channel and for the overbank channel. (See 29,
sec. 8.5) The same procedure is used when different
parts of the cross section have different roughness coeffici-
ents. In computing the hydraulic radius of the subsec-
tions, the water depth common to two adjacent subsections
is not counted as wetted perimeter.

Conveyance can be computed and a curve drawn for any
channel cross section. The area and hydraulic radius are
computed for various assumed depths and the correspond-
ing value of K is computed from equation (6). The values
of conveyance are plotted against the depths of flow and a
smooth curve connecting the plotted points is the con-
veyance curve. If the section was subdivided, the con-
veyance of each subsection (ka, ks, . . . ka) is computed
and the total conveyance of the channel is the sum of the
conveyances of the subsections or K=2IZF,+ky .*. . +k,.
Discharge can be computed using equation (7). The
discharge in each subsection can also be computed with
equation (7), using the conveyance of the subsection.

The concept of channel conveyance is useful when com-
puting the distribution of overbank flood flows in the
stream cross section and the distribution through the
openings in a proposed stream crossing (29). The dis-
charge through each opening can be assumed to have the
same ratio to the total discharge as the ratio of conveyance
of the opening bears to the total conveyance of the channel.

Discharges computed by the Manning equation do not
have the accuracy to which the computation can be carried.
Results of the discharge computations are generally
rounded off to avoid an inference of great accuracy.

3.2-2  Aids in solution of the Manning equation. The
examples in this scction show the solution of the Manning
equation and the use of the computation aids mentioned
in section 3.1, Figure 9, used in example 4, is typical of
the open-channel charts in reference 25. Nomographs
such as that in appendix B provide a graphical solution of

the Manning equation (sce example 3). Tables in ref-
erences 26-28 contain the channel properties (A, R) of
many channel sections and tables of velocity for various
combinations of slope and hydraulic radius. Their use is
explained in example 3. In addition to tables of channel
properties, reference 28 contains tables for the direct
solution of the Manning equation. (See sec. 4.6-2.)
Charts in reference 30 can be used to compute flow in
rectangular and trapezoidal sections and circular sections
with free water surface,

The Manning equation can be readily solved for a given
channel when the normal depth (d.) is known. The
nomograph, appendix B, can be used to solve the equation
graphically as explained in example 3.

Example 3

Given: A trapezoidal chanrel, of straight alinement and
uniform cross section in earth, bottom width 2 ft., side
slopes 1 to 1, slope 0.003, and normal depth 1 ft.

Find: Velocity and discharge.

Solution:

1. In table 2, appendix A, for a weathered earth channel
in fair econdition, n is 0.020.

2. The cross-scctional area (A) of the channel is 3.0
sq. ft. and the hydraulic radius (R) is 0.6 ft. (4 and R
can be computed or obtained from tables such as that on
p. 121 of reference 26.)

3. Using the nomograph of appendix B, lay a straight-
edge between the outer lines at the values of $=0.003
and n=0,02. Mark the point where the straightedge
intersects the turning line,

4. Then place the straightedge so as to line up the
point on the turning line and the hydraulic radius of 0.6
ft.

5. Read the velocity, 2.9 f.p.s. on the velocity line.

6. The discharge, @Q=4AV, is 3.0 sq. ft. times 2.9 f.p.s.
or 8.7 c.f.s. The velocity can also be obtained from the
table on page 388 of reference 26.

The preceding example showed the solution of the Man-
ning equation for the velocity and discharge in a channel
of given dimensions when the normal depth is known.
The more common problem in channel design is to find
the size of channel required to carry the design discharge
on the available slope and to compute the velocity in the
channel in order to determine what protection is needed to
prevent channel erosion. Unless channel charts (26) or
special tables (28) are available, this problem requires a
trial-and-error procedure illustrated by example 4.

'y
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g

Figure 8.— Trapezotdal channel.
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EBxample &4
Given: A trapezoidal channel (fig. 8) in stiff clay,
bottom width 4 ft., side slopes 2:1, n=0.03, slope 0.005,
and discharge 100 ¢.f.8., water carries fine silt.
Find: Depth, d, and velocity, V.
Solution:
1. General solution of area and hydraulic radius.
A=(4+42d)d
WP=4+2dy5=4+4.47d

Rn_A_u:—————(4+2d)d
WP 4+447d

2. Try: d==3 ft.
A=(4+46) 3=30 sq. ft.
WP=4+13.4=17.4 ft.

R=1.72 ft.

From the nomograph of appendix B, V=5.1
f.p.s.

Q=30 (5.1) =153 c.f.8. too high

3. Try: d=2.5 ft.
A=(445) (2.5)=22.5 sq. ft.
WP=4+ (4.47) (2.5) =15.2 ft.
R=1.48 ft.
From the nomograph, V=4.6 f.p.s.
Q=225 (4.6) =104 c.f.5. too high

4, Try: d=2.41t.

A=(4+4.8) 2.4=21.1 sq. ft.

WP=4+4.47 (2.4) =14.7 ft.

R=1.441t.

From the nomograph, V=4.5f.p.s.,

Q=4.5 (21.1) =95 c.f.8. too low

The last two trials (d==2.5 and 2.4 ft.) are

about equally high and low, thus, the solution is
d=2.45ft., V=4.6 {.p.s.

Where design charts are available, the problem ia
greatly simplified; for example, see figure 9 taken from
reference 25. For Q=100 c.f.3. and S§=0.005, the value
of d ia about 2.45 ft. and V=4.6 f.p.s. See also section
4.6-2 for a direct solution using King's table.

Table 3, appendix A, shows a velocity of 5.0 f.p.s. can be
permitted in a channel in stiff clay. Thus the natural

material will withstand erosion.
17
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Figure 10.=Irregular-channel section.

The discharge in an irregular section is computed by
dividing the channel into subsections, each approximately
regular in shape. See cxample 5 for a two-subsection
channel.

Example 5§
Given: The channel in figure 10, n=0.02, and slops

-0.008.

Find: Discharge, Q. The average velocity has little
meaning in a channel of this shape.

Solution:

1. Subsection A:
A =10 (50) =500 8q. ft.
WP=10450+8=68 ft.

500
R= 68—7.35
The velocity by formuls (2) is:

1.49
V= —— (7.35)2% (0. 11=19.9 f.p.s.
0.020 (7.35)*7 (0.005) 9f.ps

The velocity could have been obtained from
the nomograph, appendix B, or page 388 of
reference 26.

Q=19.9 (500) =9,950 c.f.5.

2. Subsection B:
A=2 (50) =100 &q. ft.
WP=5042=52 {t.

100
=—==1.92 ft.
R 2 1.9

V=8.1fpas.
Q=100 (8.1) =810 c.f.s.

3. For the entire channel:
A =500+100==600 8q. ft.
Q@=9,950+810=10,800 c.f.8.

If the channel had been considered as a whole
without subdividing, the following results would
have been obtained.

A =600 aq. ft.
WP=52+468=120 ft.

600
Rzlzo-—S.O() ft.

Ve=15.4 f.p.s.
Q=15.4 (600) =9,240 c.f.5.

18
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The discharge (9,240 c.f.s.) computed for channel con-
sidered as a whole is less than the discharge computed
separately for subsection A (9,950 c¢f.s). This paradox
is brought about by the effect of the hydraulic radius on
the computations, It also illustrates the necessity of sub-
dividing highly irregular sections whether irregular in shape
or in roughness and shows the difference in mean velocities
in a shallow section as compared with the mean velocity
of the main channel. The true discharge of this channel
is perhaps less than 10,800 c.fs., but it is much closer to
10,800 than to 9,240 c.f.8

3.3 Nonuniform or varied flow. Varied steady flow
occurs when the guantity of water remains constant, but
the depth of flow, velocity, or cross section changes from
section to section The relation of all cross sections will
be:

Q=A\Vi=4,V, =4,V (8)

Equation 8 is sometimes called the equation of con-
tinuity.

Velocity of uniform flow in open channels can be com-
puted by the Manning equation, using the slope of the
channel bed as the slope of the energy line but nonuniform
steady flow computations require other methods.

The hydraulic design engineer needs a knowledge of
varied flow in order to determine the behavior of the
flowing water when changes in channe} resistance, size,
shape, or slope occur. A discussion of varied flow properly
begins with a discussion of energy of the flowing water.

3.3-1 Energy of fiow. Water flowing in an open
channel possesses energy of two kinds—potential energy
and kinetic energy. The potential energy is due to the
position of the water above some datum, and kinetic energy
is. due to the velocity of the flowing water. In channel
problems, energy is conveniently expressed in terms of
head. Thus, a column of water 20 feet high has a poten-
tial (static) bead of 20 feet with respect to the bottom of

A useful bydraulic concept of the energy of the fiowing
water within one vertical cross section of the channel is
that of specific head (also called specific energy)

Specific head (H,) =d+g—; (9)

If the potential head is related to some datum (fig. 11),
at or below the bed of the channel at the outlet, energy
can be expressed in terms of total head. If Z is the eleva-
tion of the channel bottom, total head at any section is:

Total head (H)=d+;—%+z (10)

The energy losses due to friction, channel contractions,
changes in alinement, sand other factors are termed head
losses (hy). The law of conservation of energy (Bernoulli's
theorem) states that the total head at any section is equal
to the total head at any section downstream, plus inter-
vening head losses or for the channel in figure 11, is equal
to the total head at section 2, plus head loss between
sections 1 and 2, or

Ve V4t
d1+"2‘;'+21=d:+'§;—+za+hL (1

In figure 11, the head loss, in a channel of uniform cross
section, equals the change in Z or (Z,—2;). Thus, the
water surface is parallel to the streambed, and

Ve . Vs
di+ ﬁ_dﬂ.'Z_g

The flow is uniform and can be computed by the Manning
equation. The head loss

the column. Flowing water has both potential head and (Zy~2Z3)=LS (12)
velocity head, the velocity head being equal to
Where
g
20 =horizontal distance between section 1 and sec-
2 L 1 di b ion 1 and
Where tion 2
V=the mesan velocity in feet per second.
g=acceleration of gravity or 32.2 feet per second per So==channel slope or Zi—2,
second. L
, * Y2 4
o v TOTAL HEAD LINE hi
L1g 29 —
al © —— ve
2| blY V=== WATER SURFacE % o o
wi o q, === 29 w 25
L s =77 g
= T EAMBED d, b3 Gl
o) Z i s
- 1 !Z o
[
‘ | DATUM PLANEy fe w
L o
SECTION SECTION 2

Figure 11, Water-surface profile of channel with uniform flow.
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Figure 12.—Water-surface profile of channel with nonuniform flow.

3§, in uniform flow is sometimes called the friction slope.
For uniform flow, the Manning equation (sec. 3.2-1) can
be computed for S{=S,)

Vn 2
S=(1.493M> 1

When the head loss does not equal the change in Z,
nonuniform flow occurs and the depth of flow either in-
creases or decreases in a uniform channel. In figure 12,
flow takes place with decreasing depth.

Between sections 1 and 2, the velocity is increasing and
the rate of losing energy is, therefore, not constant. This
condition could be caused by a channel slope steeper than
that needed to overcome frictional resistance or by a
change in channel cross section. Thus, the total head line
(also called the energy line or energy gradient) is not a
straight line. The water surface line in an open channel
is sometimes called the hydraulic grade line.

3.3-2 Critical Flow. With a constant discharge passing
a cross section, changing the depth of flow causes a different
specific head for each depth. If specific head is plotted
against depth of flow, the result is a specific-head (energy)
diagram. (See fig. 13.)

The specific-head curve is asymptotic to the line repre-
senting the energy due to depth and the vertical line of
zero depth. Examination of figure 13 reveals several im-
portant facts. Starting at the upper right of the curve
with a large depth and small velocity, the specific head
decreases with decrease in depth, reaching & minimum
value at depth d., known as critical depth, sometimes
called the depth of the minimum energy content. Further
decrease in depth results in rapid increase in specific head.
For any value of specific head except that corresponding
to critical depth, there are alternate depths at which the
flow could occur. These alternate depths are sometimes
referred to as equal energy depths.

When the flow occurs at depths greater than critical
depth (velocity less than critical), the flow is called sub-
critical or tranguil. When the flow occurs at depths less
than critical depth (velocities greater than critical), the
flow is called supercritical, rapid, or shooting. The change
from supercritical to subcritical flow is often very abrupt,
resulting in the phenomenon known as Aydraulic jump.

Flow at the critical depth is called critical flow and the
velocity at critical depth is the critical velocity. The
channel slope which produces critical depth and critical
velocity for given discharge is the critical slope.

Critical depth for a particular discharge is dependent
on channel size and shape only and is independent of
channel slope and roughness.  Critical slope depends upon
the channel roughness, the channel geometry and the
discharge. For a given critical depth and critical velocity,
the critical slope for a particular roughness can be com-
puted by the Manning equation (sec. 3.2-1).

Supercritical flow is difficult to control because abrupt
changes in alinement or in cross section produce waves
which travel downstream, alternating from side to side,
and sometimes cause the water to overtop the channel
sides. Changes in channel shape, slope, or roughness
cannot be reflected upstream except for very short dis-
tances (upstream control). Supercritical flow is common
in steep flumes, and in mountain streams. Pulsating fow
(30) can occur at depths as great as 8 feet.

Suberitical flow is relatively easy to control. Changes
in channel shape, slope, and roughness affect the flow for
some distances upstream (downstream control). Sub-
critical flow is characteristic of the streams located in the
plains and valleys regions where stream slopes are relatively
flat.

Critical depth is important in hydraulic analyses because
it is always s hydraulic control. The flow must pass
through critical depth in going from one type of flow to
the other. Typical locations of critical depth are:

(1) At abrupt changes in slope when a flat (subcritical)
slope is sharply increased to a steep (supercritical) slope.

(2) At a channel constriction such as a culvert entrance
under some conditions.

(3) At the unsubmerged outlet of a culvert or flume
on & subcritical slope, discharging into a wide channel or
with a free fall at the outlet.

(4) At the crest of an overflow dam or weir.

Distinguishing between the types is important in channel
design, thus the location of critical depth and the deter-
mination of critical slope for & cross section of given shape,
size, and roughness becomes necessary. When flow occurs
at critical depth

(14)

el
=|Q
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Figure 13.—Specific head diagram for constant Q.

Critical depth (d.) can be found from the design charts
in reference 25 or computed for various channel cross
sections (see £8, p. 8-7) by the following equations:

Rectangular sections

d.=0.315\3/(%)’ (15)

Trapezoidal sections

_4zHo—3b+ V162 Hi+16:Hob+ 0%
102

de (16)

The tables in King’s Handbook (£8) provide a much
easier solution for critical depth than equation (16).
Triangular sections

d==0.574‘5/ (g)’ an

18

Circular sections, approximate solution (81)

d.=0.325 (%)“‘ +0.083D (18)

Accurate only when % lies between 0.3 and 0.9.
Where

A=area of cross section of low, in square feet.
B=the width of a rectangular channel, in feet.
b=bottom width of a trapezoidal channel, in feet.
D=diameter of circular conduit, in feet.
g=acceleration of gravity, 32.2 feet per second?.
H,=specific head in section, in feet (equation 9).
Q=rate of discharge, in cubic feet per second.
T=top width of water surface, in feet.
V==mean velocity of flow, in feet per second.

z=slope of sides of & channel (horizontal to vertical).
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For irregular sections, critical depth may be found by a
trial-and-error solution using equation (14). An expression
for the critical velocity (V,) in channels of any cross section
is:

Ve=vgd, 19)

whese de=the mean depth of flow (%)

3
In & given channel when the velocity head (;—g) is less

than one-half the mean depth, the flow is subcritical; if the
velocity head is equal to one-half (}3) the mean depth, the
flow is critical; and if the velocity head is greater than
one-half (34) the mean depth, the flow is supercritical.

Uniform flow within about 10 percent of critical depth
(30) is unstable and should be avoided in design. The
reason for the unstable flow can be seen by referring to
figure 13. As the flow approaches the critical depth from
either limb of the curve, a very small change in energy is
required for the depth to abruptly change to the alternate
depth on the opposite limb of the specific-head curve, If
the unstable flow region cannot be avoided in design, the
least favorable type of flow should be assumed for the
design.

3.3-3 Problems in nonuniform flow. Problems in
nonuniform flow include computing the water surface
profile, design of channel transitions, and dissipation of
energy of the flowing water. All of these problems are
beyund the scope of this publication; however, two cases of
nonuniform flow are discussed briefly, suberitical flow
around bends and a case that must be considered in the
design of chutes. (See sec. 4.15) The latter is & case of
a sudden change in channel grade from one less than
critical to one greater than critical. (See fig. 14.)

SECTION SECTION 2
| DATUM |

The depth of low at section 1 can be computed using the
Manning equation. The flow at section 2 (which for
practical purposes can be assumed to occur at the change
in grade) passes through critical depth (d.). If the
channel grade downstream from section 2 is equal to the
critical slope, the flow will become uniform at a depth
equal tod.. However, when a drainage channel discharges
into a chute, the chute grade ia steeper than critical slope
and the flow is nonuniform and accelerating. Section 2
becomes the control section for both the flow in the channel
(downstream control) and the flow ip the chute (upstream
control).

Knowing the specific head (H,) in the approach channel,
the capacity of the chute entrance, such as section 2 (fig.
14), for a rectangular channel can be computed by a weir
formula:

Q=3.09 k. BH}"? (20)

For a trapezoidal channel the capacity can be computed
by the formula (23, p. 79):

Q==8.03ks(Hy—d)'(d.) (b-+2d.) @n
Where

d.=critical depth at section 2.

Hy=specific head at section 1.
ko=coefficient which represents the entrance losg—
varies from 1.0 for perfect entrance of smooth
curves and gradual transitions to 0.82 for rec-
tangular shaped structure with square corners.
z=glope of sides of & channel (horizontal to vertical).

The critical depth, d., is computed by equations (15-19)
of section 3.3-2.

PLANE SECTI?N 3 v

Figure 14.— Water-surface profile of channel with sudden change in grade.
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The usual problem is to determine the size of chute
channel required to carry a given discharge. The bottom
width at the chute entrance (sec. 2) can be computed by
equation (22) for a rectangular channel,

0.3240

B= F.Hpn

(22)

and approximately by equation (23) for a trapezoidal
channel (£3, p. 84).
b_0.324Q

=Egrn— 072 (23)

where the symbols are the same as those in equations (20)
and (21) from which equations (22) and (23) were derived.

The flow through the chute must satisfy equation (11),
If the head loss (h,) through the chute is solely from fric-
tion, it can be expressed in terms of the hydraulic prop-
erties at each end of the chute, the roughness coefficient
(n), and the length of chute (L) or

e HICORICON

If the flow is accelerating (h,<<LS,), the cross section
of a large chute can be gradually reduced in order to
provide a more economical section, by the method de-
seribed on page 8.41 of reference 28,

3.3-4 Subcritical flow around -eurves. When the
flow is subcritical, the water surface is elevated on the
outside of the curve and lowered on the inside of the
curve. The approximate difference in elevation (AE) be-
tween the water surface along the sides of the curved
channel can be found by the equation

a8 (25)
9

Where

B=width, in feet, of a rectangular channel.

g=sacceleration of gravity, 32.2 feet per second per
second.

r=mean radius, in feet, of curvature.

V=mean velocity, in feet per second.

The equation gives values of AE somewhat lower than
will occur in the natural channel because of assumption
of uniform velocity and uniform curvature but the com-

20

puted value will be generally less than twenty percent in
error (22, p. 523).

Other problems introduced by curved alinement of
channels with subcritical low include spiral flow, changes
in velocity distribution, and increased friction losses
within the curved channel a8 contrasted with the straight
channel. Flow around bends is discussed by Chow (3#)
and others. (See references in ch. 16 of reference §2).

3.3-5 Supercritical flow around curves. Changes in
alinement of supereritical flow are difficult to make. The
water traveling at supercritical velocities around bends
of smooth channels builds up waves which may climb out
of che channel and set up wave action continuing for some
distance downstream. Changes in alinement, whenever
possible, should be made near the upper end of the sec-
tion—before the supercritical velocity has developed. If
a change in alinement is necessary in a channel carrying
supercritical flow, the channel should be rectangular in
cross section, preferably enclosed and satisfy equation 31.
Changes in alinement of open channels should be designed
to reduce the wave action, yesulting from changing the
direction of flow. (Seech. 8, reference £¢ and reference 33
and 34.) Many designs involving supercritical flow should
be model tested to develop the best design.

3.4 The Froude number. A useful parameter of flow
is the Froude number, one form of which is

Vv |4

Where

d,=mean depth of flow in feet. In the general ex-
pression any characteristic dimension of flow
might be used.
g=acceleration of gravity =32.2 f.p.s.?
V =mean velocity in feet per second.
V. =critical velocity for the channel and discharge.

The Froude number uniquely describes the flow pattern
when gravity and inertia forces are the dominant factor
in the flow. For example, in figure 13 each point on the
specific-head curve has 8 single value of the Froude
number, although two values on the curve can be found
for a particular value of specific head. The Froude
number of critical flow is one; values greater than one
indicate supercritical flow and values leas than one indi-
cate subcritical flow.

27
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Chapter IV.—DESIGN PROCEDURE

4.1 General. Highway drainage channels provide
surface drainage for the highway right-of-way. They
must be placed where they will adequately perform their
drainage function. The principles are simple, but the
actual layout and design of the drainage system requires
an experienced hydraulic engineer who is familiar with
both the construction and the maintenance problems
involved.

After the highway has been located, the topography
and other factors largely fix the location, alinement, and
grade of the channels and determine the quantity of
surface water entering the channels. Design of the
channel then consists of determining a suitable channel
section and specifying the type of channel lining needed
to protect the channel from erosion.

4.2 Layout of the drainage system. The layout of
the drainage system should preferably be made on a
topographic map which contains the location of the
highway, the location of all drainage structures, and the
accentuated ridge and drainage lines. (See fig. 25.) The
edges of the right-of-way and of the roadway are drawn
on the map. Then the drainage channels necessary to
intercept the water before it reaches the roadbed are
sketched in, followed by the chanunels required to remove
the water that cannot be intercepted before reaching the
roadway. The quantities of water which must be removed
when the design storm occurs are estimated for a few
points along the drainage channels using the method
explained in chapter II for areas smaller than 200 acres.
It is rarely necessary to compute the incremental additions
to the flow along the channels.

When the highway location cuts across tilled farmland,
the highway drainage plan should be coordinated with
the farmer's drainage systeth. Some farms are terraced
and plowed on contour lines. Thus, the overiand flow is
collected and concentrated at points where the highway
intersects the farm drainage channels, rather than occurring
in a more or less uniform sheet over the hillside. Adequate
notes by the locating party deseribing the farm drainage
channels in the vicinity of the location center line are
essentisl to the design of facilities for handling the storm
runoff.

4.3 Channel grade. The approximate grade of the
channel is computed from the topographic map. To
prevent deposition of sediment, the minimum gradient

for earth and grass-lined channels should be about 0.5.

percent. The channel grade should be kept constant
or increasing in the downstream direction, insofar as
practicable, to avoid deposition. The grade affects both
the size of the channel required to carry a given flow and
the velocity at which the flow oceurs, The flow should

be subcritical whenever possible in order to avoid the
adverse characteristics of supercritical flow.

4.4 Channel alinement. Changesin channel alinement
should be as gradual as the width of right-of-way and
terrain permits. Whenever practicable, changes in
alinement should be made in the reaches of the channel
which have the flatter slopes, particularly if the flow
becomes supercritical on the steeper slopes.

4.5 Channel section. In general, open channels
adjacent to the roadway should have a section with side
slopes not steeper than 4:1 (horizontal to vertical) and
a rounded bottom at least 4 feet wide (/). The rounding
(vertical curves) at the junctions of the side slopes and
the bottom do not appreciably affect the capacity, but
they do add greatlv to the safetv and appearance of the
channel,

Stonex (5, p. 26) states that for roads designed for speeds
above 65 miles per hour, the minimum channel section
required for safety should have side slopes 6:1, a bottom
width of 6.5 feet, and vertical curves 6.5 feet long con-
necting sides and bottom. The depth of the channel need
onlv be deep enough to carry the flow with a freeboard of
from 0.3 to 0.5 ft. on flat slopes (2), except where sub-
drainage requires a deeper channel.

Safety considerations are not as important for drainage
channels inaccessible to highway traffic; however, shallow,
wide channels disturb the natural surface least and are
much easier to maintain. Intercepting channels formed
by dikes of borrow material do not disturb the existing
topsoil and thus are less susceptible to erosion than are
excavated channels. In most soils, the channel side slope
should be no steeper than 1:1; but the limit will vary
with the tvpe of material, from vertical in rock and 1/2:1
in stiff clay to 2:1 or flatter in loam and sandy soils. Side
slopes of vegetative-lined channels should be flat enough
for easy maintenance and have suitable slopes for growing
grass in the particular soil type and climnate.

On some highways, storm water is removed through
inlets and underground storm drains.  The design of these
facilities is beyond the scope of this publication.

4.6 Channel capacity, Determination of channel ca-
pacity was explained in section 3.2-2. Generally, the
discharge to be carried is estimated for several points along
the channel. The points selected should include a section
immediately above sharp breaks in grade and the points
of entry of concentrated flow. Channel charts (25) or
King's tables (28) provide a direct solution of the size of
channel needed to carry the flow. Without these aids
a trial size of channel must be selected and the depth of
channel required to carry the tlow computed. The trial
size {8 adjusted until a size i3 found that will carry the
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design discharge and the need for protection is determined
(sec. 4.7).  Freeboard is added to the required depth.

Where a standard channel section has been adopted as
a minimum gection, a capacity table for various grades
and types of lining could be prepared as a guide to the
adequacy of the standard channel section for a particular
site.

The capacity of the trial channel can be increased by
increasing the grade, the bottom width, the depth, or by
decreasing the resistarce of the channel through the use
of a smoother lining. Increasing the bottom width has
the least effect on the velocity of the flow and is generally
the desirable way to increase capacity for a given depth
and type of channel when the velocity is near the
permissible limit.

4.6-1 Use of channel charts. Charts such as that in
figure 9, taken from reference 25, greatly facilitate the
design of drainage channels. Construction of the chart
is explained in appendix B of reference 25. Each chart
provides a direct solution to the Manning equation for a
channel of given shape and roughness, but auxiliary
scales make the charts applicable to other values of n.
The abscissa scale is discharge, in cubic feet per second,
and the ordinate seale is velocity, in feet per second.
The chart contains a series of heavy solid lines for depths
of flow (normal depth, d,) and another series of lighter
dashed lines for channel slope. Given any two of the
conditions for flow, the other two elements of the flow can
be read from the chart. A heavy dashed line shows the
position of the critical curve. For channels having the
same value of n as that for which the chart was constructed,
values above the critical curve indicate supercritical fiow
and steep slopes, while values below the line indicate sub-
critical flow and mild slopes. Use of the channel charts
for channels having the same value of n as that for which
the charts were constructed is explained by example 6.
Use of the charts with values of n other than that for which
the chart was constructed is explained by example 7.

Example 6

Given: A trapezoidal channel in erosion-resistant soil;
bottom width 4 ft.; side slopes 2:1; grade 0.5 percent;
n=20.030; and discharge 30 c.f.s. The channel is to be
lined with a mixed grass sod.

Find: Depth, velocity, critical slope, and adequacy of
the channe] lining.

Solution:

1. On figure 9 at the point of intersection of Q=30 c.f.a.
and the slope line 0.005, the depth (without freeboard) is
1.4 ft. and the velocity is 3.2 f.p.s. Flow is subecritical,
since the point of intersection is below the dashed critical
curve. The maximum permissible velocity from table 4
is about § f.p.s.

2. Critical slope is read or interpolated from the slope
line at the intersection of the design @ and the critical
curve, 0.017 in this example.

The channel charts can be used for values of n other than
that for which the chart was constructed by using the
Q. and V. scales. The design discharge is first multiplied

by the design value of n. Next the chart is entered with
the value of @, on the Q, scale and at the intersection of
the Q. value with the slope line read the value of V,. V°
is then the V', value divided by n. The value of the
critical depth is read at the intersection of the Q line
(not Q,) and the eritical curve and the critical velocity is
the V wvalue for this point. Critical slope varies with
channel roughness and when the value of n is other than
that for which the chart was constructed, proceed as
shown in example 7.

Example 7

Given: The same cross section and design discharge
(30 c.f.8.) as in example 6, but with a concrete lining
(n is 0.015).

Find: Depth, velocity, and critical depth, velocity and
slope.

Solution:

1. Qn=230(0.015)=0.45, and from the chart (fig. 9),
Vn is 0.08 and d=0.9 ft. Then ¥V =0.08/0.015=5.3 f.p.s.

2. Critical depth is 1.0 ft. and critical velocity is 5 f.p.s.
(both read at intersection of @ and critical curve). Fiow
is in the supercritical range, since V is greater than V. and
d is less than d..

3. The critical slope is found by first finding the critical
depth (1.0 ft.). The critical slope is then read or inter-
polated from the intersection of this depth line and the
@n value on the Qn scale. In this example the critical
slope is 0.004, a lesser slope than in example 6 because of
the reduced roughness of the channel.

4.6-2 Use of King's tables. “Handbook of Hy-
draulics’’ (£8) contains tables for the direct solution of
open-channel flow problems. The use of these tables to
find the depth of channel required for a given discharge ia
explained by examples 8 and 15. The references to
King's Handbook applies to section 7 of the 4th edition,
but the corresponding references to chapter 7 of the 3d
edition follows, in parentheses.

King's solution for depth of flow requires the computa-
tion of a discharge factor, K’, by his equation 37 (40), which
is

Where
Q=discharge, in cubic feet per second.
n==Manning coefficient of channel roughness.

b=bottom width of a trapezoidal channel, in feet.
S=sglope of channel, in feet per foot.

King's table 95 (111) contains values of numbers to the
8/3 power which facilitate the preceding computation.
Then in table 97 (113), for a trapezoidal channel, find

the value of%’-‘ (King’s Handbook uses D for d,) for the

computed value of K’ and the given channel side slopes.
Theg depth of flow is then b multiplied by the tabular

value of %’-‘
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Bxample 8

Given: A trapezoidal channel; bottom width 4 ft.; side
glopes 2:1; grade 1 percent; n=0.03; discharge 100 c.f.a.
Find: Depth and mean velocity.

Solution:
1. Compute:
K= On 100(0.03) 3 o4

FHAsAT §(0.01)17  (40.3)(0.1)

2. In King’s table 97 (113) for K'=0.74 and side slopes

2:1,%’3=0.52. Then d.=0.52(4) =2.1 ft.
3. The mean velocity is found from equation (4),
Q==AV, after computing the area which is

A=d(b+:d)=2.1{442(2.1)}]=17.2 8q. ft.

4.6-3 Significance of the roughness coefficient (Man-
ning n). Table 2 (app. A) lists n values for channels with
various degrees of roughness. A value about midway in
the range of values is ordinarily used for design. When
new, the carrying capacity of the channel will be greater
than that for which the channel is designed. This is
ordinarily good, but when the design velocities are near
the permissible velocity for the lining of the channel,
damage might occur before the channel reaches the design
condition. This is illustrated in example 9.

Example 8

Given: A trapezoidal channel in easily eroded soil;
bottom width 4 ft.; side slopes 4:1; d=1.0 ft.; grade 2
percent; to be lined with Bermuda grass, kept mowed to
2in.; n=0.035 (table 2).

Find: Adequacy of channel lining if seeding is used tc
egtablish the grass.

Solution: As designed, the channel would carry 36 c.f.s.
at a velocity of 4.5 f.p.s. If the channel received the
design flow (36 c.f.8.) before the grass had taken hold
(when n==0.02), the velocity would be 6.7 f.p.s. The
channel would probably be damaged. (Sec table 4.)
If the risk of a damaging discharge occurring before the
grass is established is great, sod or temporary protection
should probably be used. (See sec. 5.4.)

Another type of problem is the determination of the
more economical of two suitable linings of different
roughness.

Bxample 10

Given: A trapezoidal channel in easily eroded soil;
bottom width 3 ft.; side slopes 3:1; grade 2 percent; and
design discharge 40 c.f.5.

Find: Which is the more cconomical lining for the
channel—concrete (n=0.015) or stone (n=0.030)?

Solution: Using the tables of reference 26 or King's
tablea (see 4.6-2), the comparative channel characteristics

(without freeboard) are:

Conerdls Stone
A(ared). ... 432 7. 00
d (depth) .8 11
Q (discharge=VA)_......... 40. 0 38. 5
V (velocity) e e cueennneaonnn 9.3 55

With the required cross sections for the two linings com-
puted, allowance for freeboard is added and the cost of
excavation and lining is computed for each type, thus
determining the more economical channel lining.

A third type of problem (example 11) involves using a
rougher channel lining to decrease the velocity from super-
critical to subcritical.

Example 11

Given: A trapewoidal channel paralleling the highway;
bottom width 4 ft.; side slopes 3:1; discharge 225 c.fs.,
and grade 1.0 percent. At the lower end of the channel,
the flow must be turned and passed under the roadway.

Pind: A suitable type of channel lining.

Solution:

1. For a concrete-lined channel (n=0.015) the required
data from p. 201 of reference 26 are:

A=20.0 8q. ft.
d=2.0 ft.
R=1.2 ft.
T=16.0 ft.

and from p. 370 of reference 26, the velocity for a hydraulic
radius of 1.2 ft. and slope 0.01 is 11.2 f.p.s. The discharge
is computed to be 224 c.f.s. which checks the design dis-
charge. However, water flowing at 11.2 f.p.s. is super-
critical, since from equation (19) V¢=\/ (32.2) %.g;g=s,3

f.p.s. Supercritical flow will be difficult to tum.

2. If the channpel 18 lined with grass (n=0.040), the
required data from reference 26 are:

A=41.3 sq. ft.
d=3.1 ft.
Q=223 c.fs.
R=1.75ft.
T==22.6 ft.
V=54fps

The grass-lined channel requires a much larger cross
section, but the water flowing at 5.4 f.p.s. is subecritical
(V.=7.7 f.ps.) and will be much easier to handle than
the same quantity of water flowing at supercritical velocity
of over 11 f.p.s. in the concrete-lined channel.

4.7 Channel protection. Maximum permissible veloe-
ities for channels in various soil types are given in table
3, appendix A. If the mean velocity at the design flow
exceeds the permissible velocity for the particular soil
type, the channel should be protected from erosion.
Channel protection can be provided by linings of grass,
concrete, bituminous material, stone, fiber glass, or a
preformed material such as metal or wood fiber impreg-
nated with pitch. Generally, the lowest cost (including
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mamtenance cost) lining that provides adequate protection
should be used. The type of channel lining might vary
along the length of the channel, using a low-cost hning
such as grass on the flatter slopes and & high-cost lining
such as concrete on the steeper slopes. The capacity of
the channel varies with the roughness (n wvalue) of the
lining, thus the channel dimensions must often be changed
when the channel lining is changed.

Research on vegetative linings (85, $6) by the Soil
Conservation Service and others has demonstrated the
value of grass linings for drainage channels in regions
where grass can be grown. Minor erosion damage to
grass linings often “‘heals” itself where rigid-type linings
progressively deteriorate unless repaired. Maximum per-
missible velocities for channels lined with various vegetal
covers are given in table 4, appendix A.

Grass linings are particularly suitable for use in com-
bination with other types of paving. Figure 15shows one

Figure 15.—Approximate distribution of velocities
in a straight trapezoidal channel.

o}
0
0
o

reason why this is true. Velocities in a straight, uniform
channel are generally greatest in the upper part of the
middle portion. Velocities decrease toward the channel
sides and bottom approximating the distribution shown
in figure 15. Although the mean velocity might exceed
the permissible value for a grass lining and thus require
a higher cost lining, the mean velocity in the triangular
section embracing the upper edge of the bank slope might
be low enough for grass. The most economical solution
would probably be the combination of a rigid-type lining
in the lowest part of the channel and grass lining on the
upper bank slopes.

Combination linings are also used where the channel
bottom requires protection which could be furnished by
a grass lining, but low flows of long duration, from snow
melt or seepage, retard the growth of grass. In such &
situation, the channel could be paved with a rigid-type
lining to carry the low flow and with grass above the
elevation of the continued low flow.

If grass is to be sceded, a strip of grass sodding should
be placed along the edge of rigid-type linings (at the time
of construction) to prevent undermining of the grass
lining.

4.8 Grass-lined channels. The method presented in
this publication for the design of grass-lined channels is
based principally upon the experiments of the Soil Con-
servation Service (86, 386). The Manning equation
can be used to determine the capacity of a grass-lined
channel, but the value of n varies with the type of grass,
the development of the grass cover, the depth of flow,
and the velocity of flow.

The permisaible velocity in a grass-lined channel
depends upon the type of grass, the condition of the grass
cover, the texture of the soil comprising the channel bed,
the channel slope, and to sume extent upon the size and
and shape of the drainage channel. To guard against
overtopping, the channel capacity should be computed
for taller grass than is expected to be maintained, while
the veloeity used to check the adequacy of the protection
should be computed assuming & lower grass height which
will likely be maintained.

The variable value of n complicates the solution of the
Manning equation. The depth and velocity of fiow must
be estimated and the Manning equation solved using the
n value (table 2, app. A) which corresponds to the esti-
mated depth and velocity. The trial solution provides
better estimates of the depth and velocity for a new value
of n and the equation is again solved. The procedure is
repeated until a depth is found that carries the design
discharge.

Three methods will be explained for designing & grass-
lined channel. The first method (example 12) uses table
2 to obtain a trial value of n for solving the Manning
equation. The second method (example 13) follows
more closely the method used by the Soil Conservation
Service (36) and can be used for values outside the range of
table. The third method (example 14) provides a direct
solution through the use of channel charts (25). The
third method is preferred if a chart is available for the
type of channel to be used. Construction of channel
charts for grass-lined channels is explained in appendix
B of reference 25.

Example 12

Given: A trapezoidal channel; bottom width 4 ft.;
side slopes of 4:1; grade 1 percent; lined with Bermuda
grass kept mowed to a height of 2 to 4 inches; in easily
erodible soil.

Find: Depth required to carry the design flow of 100
c.f.5. and the adequacy of the grass lining.

Solution:

1. Assume a depth of 2 ft. and a velocity of 4 {.p.s.

2. From section IV of table 2, appendix A, the value
of n for tall grass is about 0.04. The increased depth
(2 as compared with 1.5 ft.) compensates for the lesser
velocity of flow (5 as compared with 6 ft. per sec.). For
2-inch grass, the value of n is about 0.035. The solution
of the Manning equation is the same as for an unlined
ditch.

3. The following data are taken from p. 241 of reference
26 (King's tables, sec. 4.6-2 could be used):

n=0,04
A=24.08q. ft.
d=2.0 ft.
R=1.17 ft.
T=20.0 ft.
and from p. 450 of reference 26
V=41 fp.s.

Then @=98 c.f.s. which nearly equals the design discharge.
4. For computing the adequacy of the lining (n=0.035),
the velocity is 4.6 f.p.s. and d is 1.9 ft.
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Table 4, appendix A, gives the allowable velocity as
6 f.p.s. which exceeds the computed value. The Bermuda
grass will provide adequate protection,

A more general solution for example 12 for values that
lie outside the range of table 2 is: First classify the retard-
ance of the grass cover from the informstion given in
table 5, appendix A. Then from the product of the esti-
mated velocity and the estimated hydraulic radius obtain
the estimated values and repeat the procedure until a
depth is found that carries the design discharge. See
example 13.

Example 13

Given: The same data as in example 12.
Find: Depth and adequacy of grass lining.
Solution:

1. In the example, the retardance in Class C (table 5),
using slightly taller grass than 4 inches, and the hydraulic
radius is 1.17 ft. for an assumed depth of 2 ft. The
assumed velocity is § f.p.s.

2. From figure 16, the Manning n for a VR product of
5.85 is about 0.04 (.035 for Class D, 2.5-inch grass). It
will be noted that the value of n could have been read to
greater refinement, but this is sufficiently accurate for
practical problems.

3. The problem now becomes the same as that illustrated
in example 12 and the 2-ft. depth (before allowing for
freeboard) is satisfactory. The Bermuda grass provides
adequate protection.

Example 14

Given: The same data as in example 12.
Find: Depth and adequacy of grass lining.
Solution:

1. Channel charts (Nos. 30 to 33, ref. £5) have been
prepared for trapezoidal channels with bottom width 4
feet and various side slopes, having retardance classifica-
tions, C and D. Charts for median swales are also
supplied (No. 34, ref. £5).

2. To use the channel charts, first find the retardance
classification in table 5, appendix A, or table 5, appendix A,
of reference 25, and select the appropriate chart in refer-
ence 25 for the bottom width, side slope, and retardance
classification. Enter the chart with the design discharge
and channel slopes and read the depth and velocity from
the graph.

3. In this example, the retardance classification for
capacity is C (table 5); and the appropriate chart is
No. 31 (fig. 17). Entering the bottom graph of figure 17
with =100 c.f.s. and §=0.01, the dcpth is 2 ft. and the
velocity is 4.1 f.p.s. For allowable velocity (retardance
D), the depth is 1.9 ft. and the velocity is 4.6 f.p.s.

4.9 Concrete-lined channels. Concrete linings are
generally used for protection against erosion on stecp
slopes; however, they are sometimes used on very flat
slopes to increase the velocity of flow to s nonsilting
velocity, to more efficiently remove water from ponded
arcas, or to reduce the size of channel needed to carry the
design discharge. The capacity of concrete-lined channels
can be computed as described for channels in sections

26

3.2-2 and 4.6. Values of the Manning coefficient for
concrete linings are given in table 2, appendix A.

For economy of construction, the side slopes of concrete-
hined trapezoidal sections should not be so steep (no
stecper than 1h::1 and preferably no stecper than 2:1)
that surface forms would be needed. Other construction
details are discussed in section 5.5.

Velocities in concrete-lined channels on the steeper
longitudinal grades are usually supercritical. At high
velocities air entrainment occurs.  This produces a bulking
effect which increases the depth of flow. Air entrainment
also causes a reduction in channel friction with a resulting
increase in velocity over that computed using the Manning
n from table 2.  An n of about 0.008 is recommended (87,
p. 289) for computing veloeity” and specific energy in
concrete-lined chanuels carrying supercritical flow.

To allow for the bulking effect of ‘the entrained air, the
depth of channel required to carry the air-water mixture
must be greater than that computed by Manning's
equation using the n value from table 2. One method
(37, p. 289) is to use an n of 0.018 for computing normal
depth.  Another method for computing the depth of the
air-water mixture in a rectangular channel is adapted
from a formula given on page 547 of reference 22 in which:

- d=0.11(Q/B)*? (28)

Both methods of allowing for air entrainment sre rough
approximations and do not include an allowance for
freeboard.

The effect of the high velocity flow at the channel exit
must be considered and some provigion made to dissipate
the excess energy. Otherwise, erosion might oceur at the
chaonel outlet, resulting in damage to embankment slopes
or in undermining of the channel outlet. Design of
stilling basins and energy dissipators is discussed in refer-
ences 38 and 39. o

High-velocity flow can damage the lining itself if pro-
jections of the lining occur as a result of faulty design or
constiruction or through unequal settlement of the sup-
porting soil. Offsets at construction or expansion jointa
cause negative pressures beneath the joint and loss of the
supporting soil. To avoid offsets, transverse joints should
be made 8o that the upstream edge of the lower slab cannot
heave without moving the downstream edge of the upper
slab a like amount. The edge of the lower slab should be
constructed about one-half inch lower than the edge of the
upper slab. Keyed joints are unsatisfactory because the
abutting slabs are subject to differential movement which
might result in high stresses on the keys or keyways and
cause them to spall. An unkeyed joint with glip dowels
is the preferred type for large concrete channels (37, p.
340).

Concrete-lined channels built on steep slopes should be
anchored to the subgrade by cutoff walls at both the upper
and lower ends of the channel. On channels longer than
about 50 feet, intermediate anchor walls may be necessary.
The cutoff wall also minimizes erosion underneath the
lining. The absgence of a cutoff wall at the outlet often
results in the Joss of part of the concrete lining. The cutoff
wall at the outlet is particularly necessary where a hy-
draulic jump occurs. Cutofls on pipe chutes usually take

,the form of collars bolted to the pipe.
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Another frequent cause of failure of concrete-lined chan-
nels is overtopping of the chanuel when the freeboard is
insufficient to contain the waves generated by disturbance
of the high-velocity flow. (See sec. 4.15.)

4.9-1 'Buoyancy of empty channels. Insaturated
soils, empty channels with rigid linings may float or break
up because of the uplift water pressure. The total upward
force is equal to the weight of the water displaced by the
channel or 62.4 times the volume in cubic feet of the portion
of channel cross section which lies below the water table.

The uplift pressure is resisted by the total weight of the
lining. When the weight of the lining is less than the
uplift pressure, the channel is unstable in saturated soils.
The lining should then be increased in thicknese to add
additional weight or if the flow is subcritical, weep holes
may be placed at intervals in the channel bottom to relieve
the upward water pressure in the channel. The diameter
of weep holes varies from 2 inches to 4 inches and the
spacing depends upon soil conditions., When flow is
supercritical, subdrainage should be used rather than weep
holes w reduce uplift pressure.

A companion problem in northern regions is frost heave
which is probably the greatest factor in the destruction of
concrete linings in regions with subfreezing temperatures.
Unless the subgrade is free draining, subdrainage might be
required. All rigid linings require a firm, well-compacted
subgrade. (See sec. 5.5.)

4.10 Channels with combination linings. At some
locations grass alone does not provide sufficient protection
to the channel because of high-velocity flow or the inability
of grass to become established in the bottom of the channel.
The best solution for some of these locations might be a
combination channel where the lower part of the channel
cross section i8 lined with stone or a rigid type of lining
and the upper part of the channel cross section is grassed.

Another application of combination channels might be on
slight slopes where a smooth rigid lining is used to maintain
nonsilting velocities at low flows and grass provides
protection to the upper part of the channel.

The top of a rigid lining should be protected by a strip
of pod at the time of construction and the edge of the
lining finished as described in section 5.5. The design of
channels with combination linings is illustrated by ex-
ample 15.

Example 15

Given: A trapezoidal channel; bottom width 4 ft.;
side slopes 3:1; grade 0.5 percent; in sandy loam; carrying
flood water containing fine silts and a spring flow which
reaches 30 c.fs.

Find: A suitable design for the design flood of 170 c.f.s.
(including spring flow).

Solution:

A. Unlined Channel

1. Table 3 gives a permissible velocity of 2.5 f.p.s. for an
unprotected channel. The n value of the unprotected
channel (table 2) is 0.020. The channel will be designed
using King's tables. (Sce sec. 4.6-3.) The tables referred
to in the computations following are from section 7,
reference 28, but the corresponding table in chapter 7 of the

28

3d edition of King's Handbook i8 given in parentheses.
Compute K’ from equation (27), section 4.6-2.

_On_ 10020, g
TBEASIAT (4)83(0,005)1A T

-t

King's table 95 (111) contains 8/3 power of numbers and
his table 92 (108) contains 1/2 power of decimal numbers.
2. In King's table 97 (113), for K’=1.19 and side slopes

3:1, 92050, Then du=0.59(4) =2.4 f.

3. The velocity is computed from formula (4), @=4V
where A for a trapezoidal channel=d(b+z2d)=24[(4+3
(2.4)}=26.9 8q. ft. Then

170

V=353

=6.3 f.p.8.

A channel 2.4 ft. deep (2.7 ft. with freeboard) will carry the
design discharge, but the velocity of 6.3 f.p.s. exceeds that
allowable. Therefore the channel should be protected.

B. Concrete-Lined Channel

1. For a concrete-lined channe} (n==0.015). The coms=
putations are similar to part A of this example.

. 170(0.015)
2. K'= gy 089 or

K B g (0015)
Ky=Kj a-«l.lg 10.030) =(.89

0~

3. ~—b~-——-0.52 and dy=(4)(0.52)=2.1 ft.

4. A=2.1{443(2.1)}=21.6 8q. ft.

170
Ve m—— 7.9 f‘p.s.

5. The Froude number (sec. 3.4) of the flow is 0.96,
which indicates that the flow is in the unstable range just
below critical fiow. The flow should be considered as
aupercritical in allowing for freeboard or in attempting
to change the channel alinement.

C. Combination Lining

1. A more economical lining than that of part B might
be & combination lining with a concrete-lined channel
designed to carry the spring flow of 30 c.f.s. and with the
channel slopes above the concrete lined with Bermuda
grass mowed to 2 inches. This design will have the cross
section shown in figure 18. The depth (without free-
board) of the concrete-lined channel is first determined.

30(0.015)

= (4)5/:(0_005)1/:= 0.16

2. K’

D022 dy=(4)(0.22)=09 ft.

3.—E~
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Figure 18.—Trapezoidal channel with combination lining.

4. Area=0.9{4+3(0.9)}=6.0 sq. ft.

30

V=53

=5.0f.p.s.

Top width =b+2zd=4+ (2)(3)(0.9) =9.4 ft.

A concrete-lined channel 0.9 ft. deep will satisfactorily
carry the design flow of 30 c.f.s.

The next step is to estimate the total depth of the
channel. As a guide, a rectangular channel of top width
9.4 ft. can be estimated to carry the flow. The velocity
will be somewhat higher than the 5.0 f.p.s. velocity in the
0.9 ft. depth of the concrete-lined section, say 9 f.p.s.
The discharge per foot of depth is 9X9.4 or 85 c.f.s. The
trial depth is then 170/85 or 2 ft. (1.1 ft. above concrete
lining).

For a trial depth of 2 ft. the computation for the section
above the concrete lining is:

A=6.0+(9.4X1.1)=16.4 sq. ft.

WP=9.7 ft.
A 164
R-—-—W-i-,z-gf.-i—— 1.69

V=10.0 f.p.s. (from nomograph, app. B for §=0.005,
n=0.015, and R=1.69)
Q=16.4(10.0) =164 c.f.s.

The water carried in one of the triangular sections above
the grass would be computed as follows:

A =%(3.3X 1.1) =181 sq. ft.

WP=v(3.3)1+(1.1)*=3.5 ft.

_ 131
R= *ﬁ =(,52

The value of » from table 2 is 0.050 for a depth of between
0.7 and 1.5 ft. and estimated velocity of 2 f.p.s. Then
V==1.25 fps. (app. B) and Q=1.25(1.81)=2.3 c.fs

The water carried by the two triangular grassed sections
will be 4.6 c.f.8. and the total capacity of the combination

ditch (without freeboard) is 1644-4.6, or 169 c.f.s., which
nearly equals the design discharge.

The small quantity of water (4.6 c.f.s. in this example)
and low mean velocities carried in the few feet of channel
near each bank is a powerful argument for using com-
bination ditches rather than lining the entire channel
section with a rigid lining. In this example concrete
paving throughout the slope would have increased the
discharge by only 12.5 c.f.8., but would have required
an additional 7.0 8q. ft. of concrete lining per linear foot
of channel.

4.11 Bituminous linings. Capacity of channels lined
with bituminous material can be computed as described
in sections 3.2-2 and 4.6. The Manning roughness
coefficient (table 2, app. A) for bituminous linings is
about the same as that of portland cement concrete
linings, thus the channel size and the velocities developed
in the channel are about equal for the two types of lining,
Channel side slopes for asphalt concrete-lined channels
less than 10 feet deep should be no steeper than 1%:1.

Bituminous linings are more flexible than portland
cement linings and can more readily adjust to minor
subgrade settlement, but the bituminous lining has less
strength and weight to resist uplift from frost action or
hydrostatic pressure. (See sec. 4.9-1.)

Weeds and other plants are a potential hazard to
bituminous linings when conditions are favorable to their
growth., Soil sterilization of the lining subgrade is some-
times required.

Additional information on bituminous linings for
channels is contained in The Asphalt Institute’s Manual
No. 12 (40).

4.12 Channels lined with stone. Stone channel
linings can be constructed (sec. 5.7) of dumped stone,
hand-placed stone, or grouted stone. The channel bed
and slopes can be lined throughout the area that will be
in contact with the design flood or stone can be used in a
combination channel with grass or concrete. The size
of stone used ranges from gravel size to large stone several
feet in diameter. The size of stone needed to protect a
particular channel from erosion may be calculated as
explained in sections 4.12-1 to 4.12-3. Bank and shore
protection ig discussed in section 4.16.

A dumped stone lining is the most flexible of the three
types and will more readily adjust itself to uneven bank
settlement (sec. 7.5). In areas where stone is plentiful,
dumped stone is generally the least costly type.
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Figure 13.—Relation of Manning n to size of stone.

Hand-placed stone linings require less material than
dumped stone linings and might be used where the cost
of stone is exceptionally high. Hand placement is gen-
erally restricted to larger size stone and includes both
manually and machine placed stone. (See sec. 5.7.)
The finished appearance of the hand-placed lining is
somewhat more uniform than dumped stone but its per-
formance is less satisfactory. (See sec. 4.12-2.)

Grouted stone is seldom used except in small channels
carrying high-velocity flow or where the available stone
is not large enough to withstand the expected velocities.
Even here the use of wire mesh baskets (43) filled with
stone might be preferable to grouted stone.

All types of stone linings should be laid on a filter blanket
of gravel or crushed stone unless the gradation of the
natural soil is such that it will not filter up through the
stone lining. The design of the filter blanket is discussed
in scction 4.12-4.

The procedures for selection of stone size which follow
are based largely upon the report of the Subcommittee on
Slope Protection of the Committee on Earth Dams of the
Soil Mechanics and Foundations Division, American
Society of Civil Engineers (41). The size of stone needed
for slope protection (see fig. 21) is based on the Ishbash
formula. This formuls is compared with all available
(through 1958) experimental data on Corps of Engineers
Chart 7121, reference 42.
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The California Diwvision of Highways discusses the
design of stone slope protection (43, pp. 110~126) in their
bulletin on Bank and Shore Protection. The use of stone
sausages for highway fill protection is discussed by Posey
(44). Reference 39 (p. 209) gives a curve showing the
maximum stone size recommended by the Bureau of
Reclamation for protection downstream from stilling
basins. This curve would lie slightly to the left of the
curve for a 1:1 slope in figure 21.

When the cost of stone linings is great, alternate means
of channel protection by reducing the velocity should be
investigated.

4.12-1 Dumped-stone linings. The resistance of stone
to displacement by moving water depends upon—

1. Weight, size, and shape of the individual stones.

2. The gradation of the stone.

3. Depth of water over stone lining.

4. The steepness of the protected slope.

5. The stability and efficiency of the filter blanket and
the embankment on which the stone is placed.

6. The velocity of the flowing water against the stone.

The size of stone required is determined by first comput-
ing the mean velocity of the water and the size of the
channel required to carry the design discharge. Next, a
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size of stone (k) is selected that will withstand the expected
velocity. A direct solution of the problem is impracti-
cable, unless charts similar to the charts (Nos. 30-34) for
graseed channels in reference 25 are constructed, because
the value of the Manning n increases with increase in the
size of stone used; this requires a trial and error procedure.
(See example 16.) The steps in the procedure are as
follows.

1. Select a trial value of n from figure 19 corresponding
to the estimated size of stone to be used. Figure 19
applies to a stone lining on both sides and bottom of
channel; when only the chanuel sides are lined, the n value
might require weighting when the bottom width exceeds
4 times the depth of flow. The value of the Manuing n

" also varies with the ratio of stone size to the hydraulic

radius (48). The effect of this variation is generally
minor in the determination of stone size.

2. Compute a size of channel, using the Manning equa-
tion, that will carry the design discharge.

3. Divide the assumed stone diameter (k), in feet, by the
computed depth of flow in the channel (d) to obtain the
S—ratio.

4. Enter figure 20 with this ratio to obtain the V,/V
ratio.

5. Multiply the computed mean value of V by the
V/V ratio from figure 20 obtain the value of V,.

6. Enter figure 21 with the value of the V, and read the
stone size, in feet at the intersection of the V, and the
curve corresponding to the channel side slope.

7. If the estimated stone size (step 1) is smaller or
much greater than the required size (step 6), select a
different size stone and repeat steps 1 through 6, until
the estimated size agrees with the required size.

31




Compendium 5 Text

STONE WEIGHT, IN POUNDS
20 60 600 1000 1500 3000 5000
26 } ?1}01 4r01| 190 2(')01490 I| 8(‘)O£ !QQOO | 40005

T

121 or
bottom

41
3

24

N /
) Wz
S

pd

2.1

W

NARNN

y/ /78
7

/4

Z

/

®

NN

o

FOR STONE WEIGHING
165 LBS. PER CU.FT

VELOCITY (Vs) IN FEET PER SECOND
o o Y
sx\\
N \\\\&

N

&
ADAPTED FROM REPORT OF
SUBCOMMITTE ON SLOPE
PROTECTION, AM. SOC. CIVIL

4 / ENGINEERS PROC. JUNE (948

2

0

0 ! 2 3 4

EQUIVALENT SPHERICAL DIAMETER OF STONE, IN FEET

Figure 21.—Size of stone that will resist displacement for various velocities and side slopes.




48

Compendium 5

Text

1

Determining the size of stone placed within about 50 B
of the downstream end of a chute or culvert carrying high-
velocity flow requires a modification of steps-4 and 5 of
the foregoing procedure. The average velocity at the
end of the chute should be used to enter figure 21 rather
than V, from figure 20 which applies to fully developed
boundary flow.

The size of stone required to resist displacement from
direct impingement of the current as might occur with a
sharp change in alinement is probably greater than the
value obtained from figure 21, although research data are
lacking on just how much larger the stone should be. The
California Division of Highways (43) recommends doubling
the velocity against the stone as determined for straight
alinement (step 5) before entering figure 21 for stone size.
Lane (45) recommends reducing the allowable velocity by
22 percent for very sinuous channels, or for determining
stone size the velocity is increased. The factor applied
to the velocity V, for increasing the stone size at the point
of impingement would vary from 1 to 2 depending upon
the severity of the attack by the current, The area where
the larger stone is placed should be determined by the
conditions at each site. It is obvious that protection is
not required on a bank where deposition occurs.

The size of stone (k) taken from figure 21 is for stone
with 8 unit weight of 165 pounds per cubic foot. The
stone size (k) for stone of other weights can be computed
from Creager's equation (discussion of reference 41):

1025k

ko= w—62.5

(29)

The American Society of Civil Engineers Subcommitiee
(41) recommends the following rules as to the gradation
of the stone:

1. Stone equal to or larger than the theoretical
gize from figure 21 with a few larger stones, up to
about twice the weight of the theoretical size tolerated
for reasons of economy in the utilization of the
quarried rock, should make up 50 percent of the
rock by weight.

2. The gradation of the lower 50 percent should
be selected to satisfy the filter requirements (see.
4-12-4) between the stone and the upper layer of the
filter blanket,

3. The depth of the stone should accommodate
the theoretically sized stone with a tolerance in surface
elevations designed to permit the oversized stones
mentioned in rule 1. (This requires a tolerance of
about 30 percent of the thickness of the stone.)

4. Within the preceding limitations, the gradation
from largest to smallest sizes should be quarry run.
(See fig. 24 for good gradation curve.)

Tests made at the U.S. Army Engineer Waterways
Experiment Station (46) show the importance of gradation
as compared with maximum size of stone. Two gradations
failed under the same conditions although one gradation
had meaximum pieces 36 inches in equivalent diameter
(2,300 pounds), as opposed to 24 inches (700 pounds) for
the other gradation. The 50-percent size of each grada-
tion was 16 inches (200 pounds). Two other graditions
failed under the same conditions, one with maximum

pieces 24 inches (700 pounds) in equivalent diameter and
the ather 16 inches (200 pounds) in equivalent diameter.
However, 75 percent of each of these gradations consisted
of stone 10 inches (57 pounds) in equivalent diameter or
smaller. In the model tests, the large pieces were dis-
lodged by undercutting resulting from the removal of the
smaller pieces. Murphy and Grace (46) concluded that
pieces of stone larger than those which represented some
critical size (the 60- to 65-percent size in these tests) do
not increase the effectiveness of the particular gradation.

Example 16 shows a sample calculation of stone size
for a roadside channel. Bank protection of stream
channels is briefly discussed in section 4.16 and placing
of riprap is discussed in section 5.7.

Example 16

Given: A trapezoidal channel in easily eroded soil;
bottom width 4 ft.; side slopes 3:1; grade 2 percent; and
design discharge 75 c.f.s.

Find: Depth of channel and design a dumped stone
lining.

Solution:
1. The channel without lining (n=0.020) would have a
depth of 1.15 ft. and V=8.8 f.p.s. With rougher stone

lining, the velocity will be reduced to approximately g—g—g—

(8.8)==6 f.p.s. The velocity against the stone (fig. 20)
would be about 0.8 (estimating k= 0.5 ft.) of this, or 5 f.p.s.
This velocity (fig. 21} would require stone of about 0.25-f¢,
diameter. The trial value of n (for k=0.25) from figure
19 is 0.028.

2. From p. 201, reference 28, for a trial depth of 1.35 ft.,
A=10.9 sq. ft., R=0.86 ft.

On p. 430 for n=0.030, V=6.3 {.p.s., and for n=10.028,
v=3033 (63)=68 Lps. Then Q=109 (6.8)=74 o,
which checks the design Q.

k025

4. ZV' ratio from figure 20 is 0.58.

5. V,=0.58V, V=0.58 (6.8) =3.9 f.p.s.

6. In figure 21 for V,=3.9 and slope 31, the size of stone
is about 0.1 ft. which checks the assumed size of 0.25 ft.
(step 1). Use 2-inch stone.

The depth of the channel after lining is 1.35 ft. (without
freeboard allowance). The minimum thickness of the
linings is 2 inches with a tolerance of about 1 inch in
surface clevation. Stone of equivalent spherical diameter,
equal to or larger than 2 inches with a few larger stone
not exceeding 3 inches, should make up 50 percent of the
rock by weight.

4.12-2 Hand-placed stone linings. Hand-placed stone
linings consist of stones placed by hand following a more
or less definite pattern with the voids in the larger stones
filled' with smaller stones and the surface kept relatively
even. The stone should be placed on a filter blanket of
graded gravel or crushed stone. (Nee sec. 4.12-4))
Enough voids should be left in the surface of the stone
lining to properly vent the subsurface. The depth and
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size of the stone required to resist displacement is generally
specified as one-hall (%) of that required for dumped
stone (41, p. 857), but the experience of the Corps of
Engineers (47) is that a half thickness of hand-placed
stone is not satisfactory as a substitute for dumped stone.
(See se¢. 7.5.)  Although data are lacking for a definite
conclusion, it is probable that hand-placed stone is inferior
to an equal thickness of dumped stone because it is not
ag flexible as dumped stone and does not have the struc-
tural strength to bridge over local bank failures.

4.12-3 Grouted-stone linings. Grouted-stone linings
are either hand-placed or dumped-stone linings with the
voids filled with portland cement mortar. The stone is
placed on a gravel or crushed stone filter blanket and the
grout is broomed and rodded into the voids. Some of the
holes or joints are left ungrouted in order to avoid uplift
from hydrostatic pressure, but care should be exercised to
avoid openings that permit escape of the bank or filter
material. Grouted stone is seldom used except for
lining high-velocity channels, although its use might be
justifiable where stones large enough for dumped stone
linings are not available or when the stone available is
a0t adaptable to hand placing.

4.12-4 Filter blankets. A filter blanket is often needed
beneath the stone lining to prevent the bank material
from passing through the voids in the stone blanket and
escaping. The loss of bank material leaves cavities
behind the stone blanket and a failure of the blanket
might result. Whether a filter blanket is8 needed will
depend upon the gradation of the bank material and the
openings or voids in the riprap cover. In general, a
filter ratio of 5 or less between successive layers will
resuit in « stable condition. The filter ratio (48) is defined
a8 the ratio of the 15-percent particle size (D) of the
coarser layer to the 85-percent particle size (Dg) of
the finer layer. An additional requirement for stability
is that the ratio of the 15-percent particle size of the
coarse material to the 15-percent particle size of the fine
material should exceed & and be less than 40. These
requirements can be stated as follows:

Dy (of coarser layer)
Dy (of finer layer)

Dy (of coarser layer)

D (of finer layer) <40

<5<

If a single Iayer of filter material will not satisfy the
filter requirements, one or more additional layers of
filter material should be used. The filter requirement
applies between the bank material and the fiter blanket;
between successive layers of filter blanket material, if
more than one layer is used; and between the filter blanket
and the stone lining. In addition to the filter require-
ments, the grain size curves for the various layers should
be approximately parallel to minimize the infiltration of
the fine material into the coarse material. The filter
material should contain not more than 5 percent of ma-
terial passing the No. 200 sieve.

The thickness of the filter blanket ranges from 6 inches
to 15 inches for & single layer, or from 4 inches to 8 inches
for individual layers of a muitiple layer blanket. The
thicker layer is used where the gradation curves of adiacent
layers are not approximately parallel.
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An example of filter design follows:

Example 17
Givren:
Particle size {(mm)
Material
Dy Dys
Riprap (“B" curve, fig. 34) 90 308
Streambank........ . 008 .10
Sand 4 2.4
Qravel. ... 4.0 50
Find: Design filter, if needed.
Solutson:
1. Is filter required?
Dys (riprap) 90
Des (streambank)*0.1039m>5 Yes
2. Can a single layer of gravel be used?
Dy (riprap) =90_
D (gravel) 50=18<5 OX
D (gravel) 4.0
Dgs (streambank) =0.10=‘m>5 No

3. Can a layer of sand and a layer of gravel be used?
18t requirement:

Dy (sand) _0.14
Dy (streambank) 0. 0_1'4<5 OX
Dy (gravel) 4.0
Da (sand) ~ 2.4~ 1 7<8 oK
Dys (riprap) 90 .
Dy (Kravel)~50~1'8<5 OK
2d requarement.
Dy; (sand) _0.14 -
Dy (streambank) 0.006 2340 OK
Dy (gravel) 4.0
Dys (sand) 0. 4~29<40 OK
Dy, (riprap) _90 _ g5 <40 ox

Dy, (gravel) 4.0

if the gradation of the sand and the gravel is satisfac-
tory and adequate placing methods are to be used, two
minimum thickness layers (4 or 5 inches) can be used,
one of sand and one of gravel.

4.13 Ditch checks. In humid areas ditch checks
(grade-control structures) are seldom used in the roadway
and toe-of-slope channels because they are a hazard to
vehicles driving off the road, they are often unsightly,
they hamper the use of power mowing equipment, and in
most locations their jobs can be done better with protec-
tive cover. (See example 18.) In channels not accessible
to vehicles or in arid and semiarid regions, ditch checks or
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drop structures may be used to maintain noneroding
velocities in the channel section. Their use, however,
should be limited because of cost and vulnerability to
damage at times of unusual flooding.

The purpose of ditch checks is to reduce the channel
grade to a series of parallel grades which will keep the
velocity within allowable limits (table 3) for the material
of the channel or for the channel lining. The difference
between the allowable grade and the existing grade is
taken up in the drop at the ditch checks. The drop at
each check in a roadway channel is preferably from 7 to
12 inches. Ditch checks may be constructed of local
stone, concrete, timber, or other suitable material. The
ditch check should be well anchored in the channel side
slopes, have a cutoff wall, and have an apron with a sill
or lip at the lower end forming a shallow pool to dissipate
the energy of the falling water. The crest of the check is
ordinarily built as a trapezoidal weir, the same cross
section as the channel, and with the weir crest on level
with the bottom of the upper channel. The weir capacity
(sec. 3.3-3) should be sufficient to prevent overtopping of
the wings which should extend above the design depth of
flow by the amount of the freeboard.

The spacing of ditch checks, in feet, is computed from
the equation,

spacing = g—i'o—; (30)

Where

h==vertical drop, in feet.

S=slope of channel without checks, in percent.

Se==slope of channel, in percent, for allowable ve-
locity.

The size of the channel is computed for the design
discharge and slope of channel as described in section
3.2-2. If the velocity exceeds that allowed (table 3)
for the soil type or channel lining, ditech checks may be
considered. Reducing the velocity also reduces the
channel capacity and thus requires an increase in channel
ize. (See example 18.)

Example 18

Given: A trapezoidal channel; bottom width 4 ft.:
side slopes 3:1; grade 0.3 percent; and discharge 65 c.f.s.
The channel is in firm lonm and carries clear water.

Find: Dimensions of a channel to carry the discharge
using ditch checks if needed.

Solution:

A. Unprotected Channel

. In appendix A from table 2, n==0.020, and from table
3, the allowable velocity (V)=2.5 f.pas.
2. From reference 26, p. 201 and 378:

d=1.7 ft. R=1.05 ft.
T=14.2 It. V=42 f.ps.
A=15.5sq. 1. Q=65 c.is.

3. The channel selected has adequate capacity, but the
velocity (4.2 f.p.s.) exceeds the allowable velocity (2.5
{.ps.)

B. Ditch Checks

If 6-inch (0.5 ft.) ditch checks are to be used to reduce
the velocity to a nouneroding velocity, what is the spacing
of checks and what channe! section will be required with -
the checks?

1. On p. 387 of reference 26, a velocity of 2.5 f.p.s.
requires 8 slope of 0.10 percent, with n of 0.020 and R
of 1.1 ft.

The spacing by equation (30) is:

Lo 100 (0.5)
Spacing, in feetwo——'s_u———o.lo—%o ft.

2. The new channel on a slope of 0.10 percent and a
velocity of 2.5 f.p.s. will require about 65 c.£3./2.5 f.p.s.
=26 8q. ft. of cross-sectional area, provided B is kept at
about 1.1 ft. From p. 243 and 387 of reference 26: for
a bottom width of 14 ft. and side slopes 4:1:

Trisl ¥ Trial 2 Trial 3 Units
dwl. 4 del.§ d=al, 45 ft.
T=282 T=28.0 Te25.6 1t.
A=2.4 A=30.0 A=28.7 5? Ie.
Ral 07 Rl 14 Rw=).10 i,
V2.2 Vw23 T =225 f.ps.
Q=80 Q=69 Q=83 [REN

The data for d=1.45 ft. are interpolated, but are suf-
ficiently accurate to show that this depth channel meets
the requirements. Various other combinations of channel
section and check spacing could be used.

C. Grass-Lined Channel

The larger channel required with ditch checks often
eliminates their use particularly in a humid section when
any sod-forming grass would adequately protect the
channel (table 3). Changing the drop at the check changes
the spacing of the checks but does not affect the size of
channel required to carry a stated discharge.

For example, the channel dimensions with a sod-forming
grass lining are depth, 2.35 ft.; bottom width, 6 ft.; side
slopes 3:1. This channel has about same capacity as the
channel with 6-inch checks; depth, 1.45 ft.; bottom width,
14 ft.; and side slopes 4:1. The same freeboard allowance
would be added to either design.

4.14 Drop structures. Drop structures are sometimes
used to convey water from a higher to a lower elevation.
One application of drop structures is conveying water from
a drainage channel into a watercourse that is at a lower
elevation. The design of drop structures is beyond the
scope of this publication but information on their design
may be found in references 6, 7, 8, and 49.

4.15 Chutes. Chutes (sce sec. 1.5) are characterized
by their steep grade and short length. They carry water
at supercritical velocity (see sec. 4,9) and unless excavated
in rock, they will require lining to prevent channel erosion,
Concrete linings are frequently used, oftep without
providing for the high velocities at the outlet. When the
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Figure 22.—Chute with sharp change in alinement. Note erosion due to sharp curvature.

quantity of water to be carried is small, sodded flumes
may be used; however, the sod must generally be held in
place by stakes and chicken wire until the sod has time to
become established. Stone linings (sec. 4.12) not only
furnish protection from erosion but they also reduce the
velocity of flow, For long cut or embankment slopes,
pipes are generally preferred to open channels because the
flow is confined and the water cannot spill out to cause
erosion under the sides. The design of pipe drains and
outlets for shoulder drains will be discussed in a later
publication.

The channel section after lining must be of sufficient
size to carry the design flow, but a section far larger than
needed to carry the design flow or required for easy
maintenance is wasteful. A common design is a grass-
lined channel on a flat slope discharging into a concrete-
lined chute of the same cross section. The carrying
capacities of the two sections are often in a ratio of more
than 10 to 1. In such cases the channel section should be
tapered to a section of equivalent capacity when changing
type of lining,

The freeboard allowance on an open chute is greater
than that used for channels on mild slopes because of the
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wave action in chute channels and the greater damage
caused by the high-velocity water. Freeboard allowances
vary, depending upon the amount of wave action and
turbulence expected in the chute, but the minimum
freeboard should be about 1 foot for small chutes.

Changes in channel alinement or in section must be
made smoothly in arder to avoid violent wave action and
resultant overtopping of the channel sides. Figure 22
shows the effect of too sharp a change in alinement.
Large chutes require careful hydraulic design. (See 22,
ch. 8 and 37, ch. 8.) On small chutes, experiments have
shown (87, p. 290) that an angular variation of the flow
boundaries should not exceed that produced by the
equation:

1 .
tan a=z% (31)

where F is the Froude number (sec. 3.4) and « i8 the
angular variation.

The chute outlet is always a problem. The energy of
the high-velocity flow must be dissipated to prevent
erosion. Often this requires an apron or a stilling basin
at the chute outlet. Design of stilling basins and energy
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dissipators suitable for this purpose is discussed in reference
39 and inan ASCE symposium by Bradley and Peterka and
others (38). A bibliography containing other references
to spillway design is included with paper 1406 (38).

When the velocity in the chute is supereritical, the chute
capacity is determined by the cross section and conditions
at the inlet (upstream control). If the chute is long, its
cross section can often be reduced to maintain economic
proportions. (See sec. 3.3-3.)

Equations are given in section 3.3-3 for computing the
discharge of chutes with inlet channel in line with the
chute. The design of chutes discharging flow from a chan-
nel perpendicular to the chute axis is discussed on pages
283-288 of reference 37. The application of these equa-
tions to the design of a small concrete chute is explained
by example 19.

Example 19

Given: The channel in example 4 (sec. 3.2-2) discharging
into a concrete chute, 120 ft. long (horizontally) on a 50-
percent grade.

Find: The chute dimensions for a trapezoidal section
with side slopes 2:1 (2=2) and entrance loss coefficient==1.

Solution:

A. Entrance

1. From example 4, at section 1 (see fig. 14),
Q=100 c.fs.
=2.45 ft.
=4.6 f.p.s.
2. The specific head (H,) (sec. 3.3-1, equation 9) just
(4.6)?

3329
2.78 ft. Substituting in equation 23 (see. 3.3-3):

_0.323(100)
Sy —07(2:0)(2.78) =3.09 ft., use 3.0 ft.

3. The depth at the entrance will be critical, or by

upstream from entrance of the chute is 2.45+4-

equation 16 (sec. 3.3-2).

4(2)(2.78) —3(3) ]
+4 16 (2277 16(2) (2.78)(3) +9(3)?
10(2)

de=

4. The mean velocity (17.) at the entrance section is the
discharge, 100 c.fs. divided by the flow area of the en-
trance section (b=3 ft., and d==2.12 ft.), 15.4 sq. ft. or
V.=6.5f{.ps., R=1.123 ft. (26, p. 161).

The value of d. and V', could have been read directly
from chart 16, reference 25 by noting the coordinates of
the intersection of the critical flow line and the discharge,
100 c.f.8.

B. Chute
The minimum depth at which the flow in the chute will

oceur can be computed by the Manning equation, using
King's tables (sec. 4.6-2), or following the method in

example 4 (sec. 3.2-2), the final trial is as follows (£6,
p. 161):

d=07 ft. §=0.5

A=3.10 5q. ft. §1A=0.707

R=0.50 ft. n=0.018 (sce. 4.9)
R}=0.63 ft.
Ve mnSM—lﬂ(o 63)(0.707) =36.9 f.p.s.

Q =3.10(36.9) =114 ¢c.f.s.

This checks the design discharge 100 c.f.s. A freeboard
of at least 1 foot should be provided and a stilling basin
or energy dissipator will be needed in most situations to
dissipate the energy of the high velocity flow.

C. Check of Fall in Chute

Had the n value (0.015) from table 2 been used, the
calculated depth would have been 0.6 ft.,, R=0.44 and
V=40.5. These values are used to determine if the fall
in chute (60 ft. in this example) is sufficient to develop
the specific head required at normal depth plus the friction
loss. Specific head is computed by equation (9).

(40.5)?

644 =26.0 ft.

Ho—d+——"0 6+

The friction loss (ki) is computed by equation (24).

he=731 41 [(R 213 R 2/3) ]

hi= (040415 ): [((1 23)iR +((o%£i)52/3>,] 120

hy=30.3 ft.

Total head required is 26.0-+30.3=56.3 ft. The
available head (60 ft.) is sufficient to develop the specific
head plus the friction loss.

Fully developed air-entrained flow on a slope of 0.5
would have developed a velocity of over 80 f.p.s. (using
n=0.008, sec. 4.9) and would require a head in excess of
100 ft.

Reducing the cross sectic « of this chute will provide
little saving. For larger chutes, see section 3.3-3.

4.16 Bank and shore protection. The discussion in
sections 4.12 to 4.12-4 on stone channel linings is intended
to apply to roadside channels where both banks and
streambed are protected by a blanket of stone. At times,
however, highways encroach on rivers or are built along
the seacoast or beside large bodies of water, thus exposing
roadway embankments to attack by current velocity or
wave action. Stream crossings are unavoidable, but most
crossings expose highway embankments to attack by the
stream,  Wave action can be a more severe form of attack
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than water flowing parallel to the embankment. Pro-
tection from wave action is discussed in references 37,
41, 43, and 50.

Problems involving scour of streambanks vary for many
reasons and standard solutions eannot be speciticd even
for types of problems. Sometimes the best solution is to
relocate the highway and avoid the hazard or to move the
attacking water away from the embankment by a channel
change (sec. 1.10).

Usually the severity of the attack and the availability
and cost of materials dictate the type and the extent of
protection. Where vegetal cover will grow and velocities
of flood waters are moderate, grass (sec. 4.8), shrubs, and
vines are low in cost and give adequate protection after
they become established. Where high velocities and wave
action are encountered, stone provides suitable protection
(secs. 4.12 to 4.12~4).

The method given in section 4.12-1 for computing stone
size might require mc lification for deep swift streams

k
When the depth, @, is great the g ratio becomes small and

figure 20 shows a low velocity sgainst the sto-o. This
results in a size of stone (fg. 21) which while adequate at
the total depth, may not provide sufficient protection for
the bank near the water surface. The depth used in
figure 20 should be the depth of most severe attack rather
than the total depth.

The most common cause of failure in protective covers
is the undermining of the toe or the termini of the protec-
tion.  All protective covers of structural materials should

be firmly anchored in the protected bank at the upstream
and downstream termini, and at the toe of the embankment
(sec. §.7). If the protective cover is long, intermediate
anchorages might be required to reduce the hazard of
complete fuilure.  The upper vertieal hmit of the protec-
tive cover should extend to an elevation that provides
protection from floods and waves having a recurrence
interval consistent with the importance of the highway,
initial investment, and replacement costs. Sod placed
above more rigid protection will provide considerable
protection from unusua} floods.

The beginning of the protection should extend above
and below the point of reverse curvature on the outside
of a curved channel. Bank protection is usually not
required on the inside of the curve unless return of over-
bank flow creates a scour problem. Ona straight channel,
bank protection should begin and end at a stable feature
in the bank if practicable. Such features might be
outcroppings of erosion-resistant materials, trees, vegetu-
tion, or other evidence of stability.

4.17 Drainage structures in channel. Where drive-
WaYS Or access roads cross a drainage channel, culverts or
other structures are placed in the channel to carry the
flow underneath the crossing. These structures affect the
capacity of the drdinage channel and at some locations
create problems. Silt and debris may be deposited in the
channel upstream from structure and scour may occur at
the culvert outlet. The design of the culvert (61) and
the channel should be coordinated to insure the proper
functioning of both.
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Chapter V.-CONSTRUCTION

8.1 General. Construction methods depend upon the
equipment used and the experience of the contractor
and are outside the scope of this publication. This chapter
will discuss a few of the procedures that should be followed
to construct satisfactory highway drainage channels.

Drainage channels should be constructed early in the
grading operations and the necessary channel protection
should be provided before erosion damage occurs. Effec-
tive drainage during construction frequently eliminates
costly delays as well as later failures that might result
from a saturated subgrade. Slopes should be protected
from erosion as early as practicable in order to minimize
damage and lessen the discharge of eroded soil into existing
and newly constructed channels or into drainage structures.

Elements of farm drainage systems, such as terrace
outlets and tile drains, that are cut by the highway should
be properly drained to avoid ponding or erosion on adja-
cent property or on the nighway.

5.2 Supervision. Proper design of drainage channels
will not produce an adequate drainage system without
careful supervision during construction. Supervision of
drainage structure construction means no’ only seeing that
the construction complies with the plans and specifications
but that any omissions in the plans are corrected. The
channel drainage work should be shown on the construction
plans together with sufficient hydraulic design data, such
as drainage area and design discharge, so that the con-
struction engineer has the necessary information to solve
unforeseen drainage problems. Some guides for showing
drainage information on project plans are given in refer-
ence 52.

5.3 Ezxcavation. Channels are usually dug from the
outlet toward the higher end so that the channel will drain
during construction. Dikes for intercepting channels are
preferably built from material excavated from the adjacent
cuts without disturbing the natural soil at the channel
location.

5.4 Grass-lined channels. Grass lining can best be
attained by sodding. The upper parts of the channel may
be sprigged or seeded if the cost of sod makes this neces-
sary, but the time of the year, and the likelithood of damag-
ing raing occurring before the seedlings become established,
should be considered. A type of grass should be selected
that is adapted to the locality and to the site conditions
(68). Sod grasses are preferred to bunch grasses because
of their superior performance in resisting erosion.

Seeding can be protected by mulch, temporary cover
grasses, jute or fiber bagging, and fiber glass. At some
locations, sod strips 18 inches by 10 feet or more can be
laid perpendicular to the channel centerline at 10-foot
intervals to protect the interveaing seeded area. These

strips have proved very effeotive in some locations. Their
use is restricted to channels designed for velocities between
2 feet and 4 feet per second.

Sod can be used alone or in combination with seeding.
Sod might be used in the channel bottom and up part of
the side slope for immediate protection with the remainder
of channel slope seeded. In some States sod chutes have
been used successfully at the downhill end of bridges to
conduct the runoff from the end of the bridge to natural
ground level. The sod is held in place by chicken wire
and staked to the embankment.

A strip of sod shouid be placed along the edges of all
concrete, riprap, and similar linings, and along the edges
of open chutes to prevent erosion and undermining the
linings. If sod cannot be maintained as in semiarid or
arid regions, adequate freeboard should be provided in
the lined channel.

5.5 Concrete-lined channels and chutes. Concrete
channel linings can be cast-in-place, shotcrete, or precast.
Soil-cement linings have been successful at some locations.
The construction of concrete channel linings as applied to
irrigation canals is discussed in reference 54. State
highway specifications usually give requirements for
constructing concrete drainage channels.

Concrete lining must be placed on a firm well-drained
foundation to prevent cracking or failure of the lining.
Soils of low density should be thoroughly compacted or
removed and replaced with suitable material. Where
the soil is deep loess, concrete or other type rigid linings
might not be suitable. Expansive clays are extremely
hazardous to rigid-type linings because their movement
buckles the linings as well as producing an unstable support.
Reference 54, page 30, discusses methods of controlling or
reducing damage to linings which must be placed on
expansive clays.

The Bureau of Reclamation found (387, p. 535) that
when placing an unformed slab on a slope, a tendency
exists to use a stiff concrete mix that will not slough.  Drill
cores showed that placement of such low-slump concrete
without thorough vibration usually results in considerable
honeycombing on the underside. To avoid such results
the concrete should not be stiffer than a 2%-inch slump.
Concrete of this consistency will barely stay on a steep
slope. After spreading, the concrete should be thoroughly
vibrated. Reference 37 (p. 536) shows the use of a steel-
faced slipform screed.

The linings of channels that carry high-velocity flow
should be poured as nearly monolithic as possible, without
expansion joints or weepholes, and using as few construc-
tion joints as possible. Construction joints should be
made watertight. Longitudinal and transverse reinforcing
steel should be used throughout to control cracking with
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Figure 23.—Section of concrete-lined channel showing treatment of edges.

the longitudinal steel carried through the construction
joints. The lining should be anchored to the slape as
necessary by reinforced cutoff walls to prevent sliding.

Proper curing of the concrete lining is important,
particularly in warm, dry, windy weather, to prevent the
early drying of corners, edges, and surfaces. A well-
moistened subgrade and wet burlap in contact with the
exposed concrete surfaces is excellent for curing purposes.

The edges of newly constructed channels should be
protected by a strip of sod at the time of construction.
The design of the lining edges should allow enough depth
of soil to permit the growth of grass, and the channel side
corners of the top edge should be beveled as shown in
figure 23.

5.6 Bituminous-lined channels. The construction of
bituminous-lined channels is described in reference 40.
A well-drained subgrade is necessary beneath a bituminous
lining because the strength and weight of the lining is
not sufficient to withstand high hydrostatic uplift pressure.
Weed control (40, p. 12) measures are sometimes necessary
before the lining is placed. These measures consist of
careful grubbing of the subgrade followed by the applica-
tion of & soil sterilant (40, p. 13).

5.7 Stone-lined channels. All stone used for channel
linings or bank protection should be hard, dense, and
durable. Most of the igneous and metamorphic rocks,
many of the limestones, and some of the sandstones make
excellent linings. Shale is not suitable and limestones and
sandstones that have shale seams are undesirable. Quar-
ried stones, angular in shape, are preferred to rounder
boulders or cobbles. If rounded stones are used, the size
of stone and thickness of the blanket, determined by the
methods of section 4.12-1, should be increased, particu-
larly if the rounded stones are relatively uniform in size
(87, p. 207). Neither breadth or thickness of a single
stone should be less than one-third of its length. Figure
24 shows two sample gradation curves which were found
to be very satisfactory in tests at the U.S. Army Engineer
Waterways Experiment Station (46). Curves approxi-
mately parallel to these curves and passing through the
theoretical size (sec. 4.12-1) at the 50-percent point should
make &n acceptable gradation.

The stone lining or bank protection should be placed on
a filter blanket of gravel or crushed stone meeting the
requirements of section 4.12-4 unless the natural soil
meets the requirements of a filter blanket.

40

The stones should be placed on the filter blanket or
prepared natural slope in & manner which will produce a
reasonably well-graded mass of stone with the minimum
practicable percentage of voids. Stone protection should
be placed to its full course thickness at onc operation and
in such & manner as to avoid displacing the underlying
material. Placing of stone protection in layers or by
dumping into chutes ¢r by similar methods likely to cause
segregation should not be permitted. The larger stones
should be well distributed and the entire mass of stones
should roughly conform to the gradation specified. The
stone protection should be s0 placed and distributed as to
avoid large accumulations or areas composed largely, of
either the larger or smaller sizes of stone. The mass
should be fairly compact, with all sizes of material placed
in their proper proportions. Hand placing or rearranging
of individual stones by mechanical equipment may be
required to the cxtent necessary to sccure the results
specified above. The desired distribution of the various
sizes of stone throughout the mass might be obtained by
selective loading at the quarry, by controlled dumping
of successive loads during placing, or by a combination of
these methods. Ordinarily the stone protection should be
placed in conjunction with the construction of the embank-
ment, with only sufficient delay in construction of the
stone protection as may be necessary to prevent mixture
of embankment and stone.

Bank protection, where the channel is composed of sand
or silt, should extend a minimum vertical distance of §
feet below the streambed on a continuous slope with the
embankment. Where the streambed is of material other
than sand or silt, the bank protection should be termi-
nated in a rock toe at the level of the streambed to prevent
undermining the bank protection. The toe should have a
minimum base width of 6 feet and a minimum thickness
of 3 feet with 1 on 1Y% side slopes. On large rivers, or
tidal estuaries, having a considerable depth of flow at
low water stages, the stone protection need be carried
down only 5 feet vertically below mean low water and the
toe can be omitted.

Hand-placed stone should be carefully laid to produce a
more or less definite pattern with a minimum of voids
and with the top surface relatively smooth. Joints
should be staggered between courses. The stone used
for hand-placed protection should be of better quality
than the minimum quality suitable for dumped stone
protection (87, p. 208). Stones that are roughly square
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and of fairly uniform thickness are much easier to place
than irregular stones. Stones of a flat stratified nature
should be placed with the principal bedding planes normal
to the slope. Openings to the subsurface should be filled
with rock fragments; however, enough voids or openings
should be left to vent the subsurface properly.

5.8 Ditch checks. Ditch checks must be firmly
anchored into the banks of the drainage channels. The
choice of material determines the methods used, but all

checks should have a suitable apron at the toe of the drop
and a cutoff wall at the downstream end of the apron.
The apron should have a depression or a sill at the down-
stream edge so that a pool will be created to dissipate the
energy of the falling water. If clay is available, local
stone can be laid up in a rich clay mortar. This makes
the check almost watertight and results in less maintenance
than if the stones are laid up loose with the expectation
that the check will become impermeable in time.
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Figure 24.—Gradation curres for dumped-stone protection.

41




Compendium 5

Text 1

Chapter VI.—MAINTENANCE

6.1 General. Drainage channels rapidiy lose thetr
effectiveness unless they are adequately maintained.
Thus, a good maintenance program is of equal importance
with the proper design and construction of the channels.
In fact, & knowledge of the equipment to be used in main-
tenance and the methods to be employed is & prerequisite
of proper design.

Maintenance of vegetative cover on slopes and in
drainage channels requires continued attention. The
original treatment applied during construction will not
last forever. Repeated applications of fertilizer, lime, or
organic material at intervals are as necessary on the high-
way roadside as on the home lawn. Areas often need
reseeding or resodding to restore the vegetative cover.
This should be done before serious erosion occurs.

Minor erosion damage within the highway right-of-way
should be repaired immediately after it occurs and action
taken to prevent a reeurrence of the damage. The damage
caused by light storms reveals the points of weakness in
the drainage system. If these weaknesses are corrected
when repairing the damage itself, the drainage system will
likely carry the design discharge without damage. Defi-
ciencies that are found in the drainage systems and the
corrective action taken should be reported to the hydraulic
or design engineer so that similar troubles will not oceur on
future construction. Reports on drainage works that

42

function well during severe storms are equally valuable
to the designer.

6.2 Effect of maintenance on channel capacity. Main-
tenance of highway channels includes repairing erosion
damage, mowing grass, and removing any sediment or
debris deposited in the channel. All these measures keep
the capacity of the channel at the design level. If the
channel cross section contains brush, sediment, or debrig,
the channel cannot carry the flow for which it was designed.
In addition, the sediment and debris may kill the vege-
tative lining with subsequent erosion damage during higher
flood flows. In some situations, sediment traps and debris
barriers might be constructed in the channel in order to
collect the objectionable material for easy removal.

The effect of weed growth in the channel can be seen
by reference to table 2, appendix A. For example, if a
channel section 1.5 feet deep is designed for a velocity of
6 feet per second with a grass lining, mowed to a length
of 2 inches, the value of n is 0.035. If the channel is not
maintained and dense weeds 2 feet high are allowed to
grow, the value of n becomes 0.01. The effect of the weed

or about

growth is that the channecl will only carry %%315,
one-third the flow for which it was designed. 'The remain-
der of the design flow must overflow the channel and cause

flooding or possible erosion.
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Chapter VIL.—ECONOMICS OF DRAINAGE CHANNELS

7.1 General. Providing adequate drainage is essential
to the existence of the highway, Economical drainage
design is achieved through doing an adequate job at the
lowest cost.

The lowest cost adequate channel maintains proper
balance between first cost, flood damage, and maintenance
cost, and has the capacity and protection to carry the
runoff for which it was designed. Selection of the fre-
quency (see sec. 1.2) of the design runoff is a matter of
economics, while estimating the magnitude of the storm
runoff for a selected frequency belongs in the field of
hydrology. (See ch. II.)

In this chapter some of the factors to be considered in
the economic selection of highway drainage channels are
discussed.

7.2 Frequency of the design sterm. The average

annual cost of a drainage channel is the sum of (1) the

first cost divided by the expected life of the channel, plus
(2) the average annual maintenance cost, plus (3) theannual
charge for possible damage from runoff exceeding the
channel capacity. Computation of first cost is dicussed
briefly by Hewes and Oglesby (65, p. 59). The average
annual maintenance cost might also include the annual
charge for flood damage if a flood exceeding the channel
capacity has occurred. It is probably better to separate
these costs. The damage to a channel designed to carry
8 10-year runoff from a chance occurrence of, say, a 200-
year runoff in a few years’ record of maintenance expendi-
tures would distort the average annual maintenence cost.
The annual charge for possible flood damage should con-
sider the frequency of the design storm and equals the
cost of damage from runoff exceedir.g the channel capacity
divided by the return period, in years, of the design storm.
If these costs could be evaluated for various combi-
nations of the component costs, the most economicul
channel could be determined as the channel with the
lowest average annual cost. The optimum frequency of
the design storm would then be the frequency associated
with the storm runoff that, in combination with other
costs, produced the lowest average annual cost. The
three cost items are interrelated and are difficult to
evaluate, particularly the item of damage by runoff that
exceeds the design runoff. The cost of storm damage in-
cludes the cost of traffic interruption by floodwaters or
washed-out highway, as well as the cost of repairing the
damage to the highway and drainage channels and the
additional damage to the abutting property directly
attributable to the presence of the highway. A further
complication is the variation in damage due to the mag-
nitude by which the runoff exceeds the design runoff.
Individual analvsis for each small chanunel is impractieal
if not impossible. The best solution appears to be a

study of average conditions and selection of the frequency
of design runoff to be used for various drainage structures
according to the class of the highway. The designated
frequencies might vary from State to State or even within
a State composed of areas differing widely in topography
or population density.

Individual variations in the designated frequency of
the design storm might be needed at locations where
damage by flooding would be great and the cost of a
channel large enough to carry a less frequent storm is
moderate.

7.3 Effect of channel section. Roadway channels
built in earth (sec. 1.6) should have side slopes not steeper
than 4:1, and rounded bottoms at least 4 feet wide.
Table 6 gives a comparison of trapezoidal channels of the
same capacity by showing the ratios of area, wetted per-
imeter, and velocity for the various channels to those for
the 4-foot bottom, 4:1 side slope channel. The depth of
channel in table 6 is equal to the depth of flow. When
the side slope remains 4:1, changing the bottom width
from 2 to 5 feet changes excavation by 3 percent (com-
pare ratio A); changes amount of lining by about 10
percent (compére ratio WP); and changes the velocity by
3 percent (compare ratio V). The depth of flow changes
from 1.03 fect to 0.80 foot.

Table 6.—Properties of trapezoidal channels of the same
capacity, with n=0.03 and slope =0.01

{Denominator of ratlo is corregponding charactertstic of a 4-foot bottom channet
th side slopes 4:1}

Bottom widths
8ida slope Property

2 3 4 5
L 2 AU 1.63 0.94 0.87 0 %0
6.32 8.39 6. 54 6,50
60 5 .58 .87
3.52 3.48 3. 44 3.40
Q. cd 22.2 2.2 22.5 2.5
WP, 10. 5 10.8 1.2 116
Ratio A..... ....... 97 .8 1.00 1.0
Ratio WP__.. . .94 .96 1.00 1.04
Ratlo Vo.o.o... .o 1.02 1.01 1.00 .9
111 1.02 0.91 (.34
5.98 8.19 8.18 6.34
.68 .85 .63 .6t
3.75 3.71 3.83 3.5
2.4 2.9 2.3 22.6
9.0 9.5 9.8 10.3
91 .4 M .97
.80 .85 .88 .92
1.09 1.08 1.08 1.03

Changing the side slopes to 3:1 has a greater effect on
channel costs than changing the bottom width. Excava-
tion ranges from 91 to 97 percent of that of the recom-
mended channel; lining required ranges from 80 to 92
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percent of that of the recommended channel; and velocities
range from 3 to 9 percent greater.  Depth of flow ranges
from 0.04 to 0.08 foot deeper than that of the recommended
channel.

The comparison of channel area in table 6 is only the
area occupied by water without freeboard. In a cut
scttion, the quantity of excavations would increase with
increase in bottom width of the roadway channel because
of the added width of the cut section. The percentages
would change with change in channel slope. Change in
the value of n would change both @ and V, for the same
depth, but the velocity ratio would remain the same.

7.4 Effect of topography. In deep-cut sections the
added excavation necessary for a trapezoidal roadway
channel is oftentimes prohibitive in cost. A more eco-
nomical drainage system might be & gutter of small
capacity at the toe of the cut slope, with frequent inlets
connected to & storm sewer under the roadbed. A
similar system is sometimes used on parkways in combi-
nation with curbs and gutters; however, this choice is
often made for appearance rather than economy.

7.5 Eflect of channel lining. The choice in channel
lining is limited to linings which can withstand the expected
channel velocities. (See tables 3 and 4, app. A.) In
comparing the cost of channel linings, the effect of channel
roughness should be considered (sec. 4.6-3, example 10)
80 that the comparison is made among channels of equal
capacity rather than that of equal size.

In regions where grass grows readily, grass-lined channels
are generally the Jowest in cost. In some areas, however,
salt used for ice removal makes the maintenance of grass
linings difficult and such factors should be considered when
selecting the type of lining.

Where a choice must be made between concrete and
stone for lining, a survey by the U.S. Corps of Engineers
(87, p. 204) of the performance of materials in upstream
slope protection of earth dams is interesting although not
directly applicable to channel linings. The survey of
approximately 100 dams, from 5 to 50 years old, located
in various sections of the United States, with a wide variety
of climatic conditions and wave severity, showed that—

(1) dumped riprap failed in 5 percent of the cases
where used, failures being attributed to improper size
of stones;

(2) hand-placed riprap failed in 30 percent of the
cases where used;

(3) concrete pavement failed in 36 percent of the
cases where used.

This comparison of the performance of concrete and
stone suggests that when hand-placed riprap or concrete
pavement is used for channel linings, greater support is
needed from the subgrade than when dumped stone is used.
Perhaps more attention should be given to the drainage

and preparation of the subgrade for a rigid type of lining
than for a more flexible type of lining.

When hand-placed stone is used, a better quality of
stone is required than the minimum quality suitable for
dumped stone (37, p. 208).  Howcever, hand-placed stone
should not be used where settlement or heavy ice action
is anticipated. Settlement is also detrimental to concrete
linings.

In making 8 comparison of channel lining costs, the
designer should consider the velocity of the water in the
channel and include the cost of any measures required to
dissipate the energy of flow that would not be required with
an alternate type of lining,

7.6 Drop structures versus chutes. Either drop
structures or chutes are frequently needed to convey water
down steep slopes or into natural watercourses with ipcised
channels. An economic comparison of several types of
such structures for specific conditions indicated a wide
range in cost. The types studied were a sodded channel
on the maximum permissible grade; a corrugated metal
pipe culvert with flared inlet without stilling basin, a
reinforced concrete drop structure: and a gravel-lined
channel on the maximum permissible grade. The results
of this study for structures with drops of 4-, 6-, and 10-feet
designed for a discharge of 10 cubic feet per second are
given in table 7, following. The comparison is given by
the ratio of the cost of the structure to the cost of a sodded
channel with the same drop.

Table 7.—Cost comparison of drop structures

Cost ratio drop, in feet
Type of structure

4 * ] 10
Sodded channel._...................______.. 1.00 l 1.00 1.00
C.M. pipe culvert on a 5-percent grade.. ... 5.08 | 4.33 2.33
C.M. pipe culvert on a 20-percent grade. ... 2.03 ¢ 1.33 .66
Reinforeed concrete drop. ......._.... e 6.50 3.84 .17
Qravel-lined chanmel. . .........o ..o 10 343 i 344 3.3

The variation in cost of the sodded channel with the
fall, based on the 4-foot fall, are: 4-foot fall, 1.00; 6-foot
fall, 2.20; 10-foot fall, 7.12.

The ratios in table 7 apply only to the specific conditions
of this analysis and might vary locally with the availability
of materials. The costs used were the average of several
1660 bid prices in 10 widely dispersed states. Except for
the 10-foot drop, the sodded channel is the lowest cost
means of conveying 10 cubic feet per second of water down
steep slopes. The apparent advantage of the pipe culvert
on the steeper grades might be offset at some locations by
the added cost of dissipating the energy of water at the
outlet. On the other hand, the use of a sodded channel
requires that sufficient length be available to place the
channel on & noneroding grade.
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Chapter VIIL—ILLUSTRATIVE PROBLEM IN CHANNEL DESIGN

8.1 General. The procedures given in this publication
are used to design several of the drainage channels shown
in figures 2 and 25. The site of the highway is assumed
to be in the vicinity of Washington, D.C., and the runoff
from a 10-year storm has been selected for the design dis-
charge. Typical cross sections of the roadway are not
shown, but the maximum depths of cut and fill, at the
centerline, are 50 ft. and 26 ft., respectively.

The design of drainage channels is in three phases: (1)
laying out the drainage system (sec. 4.2), (2) estimating
storm runoff (ch. II), and (3) designing the channels (ch. IV).
For convenience, the design will be completed for each
drainage channel, combining the estimate of runoff and
the computation of size of channel before proceeding to
the next channel.

8.2 Layout of the drainage system. Figure 25 is a
plan view of figure 2. The roadbed and right-of-way lines
have been drawn and the drainage divides are shown by
heavy dashed lines, but other roadway details have been
omitted in this problem. The drainage channels are indi-
cated by short dashed lines with arrows to indicate direc-
tion of flow and are numbered as shown in figure 26. The
points for which channel sizes are computed are indicated
by letters, The numbers are for identification in this
problem; however, a similar system might be helpful in
an actual design problem. The channels are numbered
on the assumption that the road project began at Station
45 and the stream at Station 53 is the third drainage
channel in the project.

POINT SA
As | O AGRE
\ POINT 58 807 sl
:
o \0-59 CFS ™~

| \Pore //’

\ e \A-O 4 ACRE

\__‘,_/ \o 200Fs; /’@f
POINT 5C ! ~

As204 ACRES
CF

\\ Q:e3 . . \ /// //

. . e ,

\.r————f it \C(/ o .
. ,

w/ s

PANT 80 o

At 334 ACRES . //
TCF .
Q:96 5. o

e —

¢, PON
jA139 ACRES

//<cos

le:m1GcFs

6'x & R C. BOX CULVERT
Q1300 CFS,V1I23FPS

1460

//“_,/—“‘*140———“

U
20

er
wﬂ'l

Figure 25.~Layout of drainage system for illustrative problem.
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Figure 26.—Identification of drainage channels.

In figure 25, roadway channels (Nos. 5 and 7) and the
median swale (No. 6) drain the roadway cut. The water
from the roadway channels must be carried to the natural
watercourse through the toe-of-slope channels which con-
tinue to carry the channel number. Intereepting channels
(Nos. 4 and 8) are placed on the cut slopes to illustrate
their design. The depth of cut in this problem would
seldom require intercepting channels located on the side
slope. Note that the exit of channel 8 is flared and the
flow is spread over the hillside rather than brought into
channel 7, while the water in channel 4 is conducted to
channel 5. -

The intercepting channel (No. 9) at the top of the cut
on the right prevents storm water from running down the
cut slope; its flow is distributed over the hillside. This
type of disposal is preferable wherever the quantity of
water intercepted is small and the topography and land
use permit. On the left side of the cut, the natural ground
slopes away from the cut edge and an intercepting channel
is not required.

8.3 Channel 3. The grade of the small stream is 0.5
percent and the design Gischarge is 300 c.f.5. Using the
charts of Hydraulic Engineering Circular No. 5 (61) a
6-ft. by 6-ft. reinforced-concrete box culvert is selected.
The outlet velocity is 12f.p.s. and the depth of flow at the outlet
is 4.2 ft. when carrying the design discharge. The specific
head at the culvert outlet, computed by equation (9), is
6.4 ft. The channel downstream from the culvert outlet
is to be trapezoidal with bottom width 6 ft. and side slopes
2:1.

In going from the rectangular culvert section to the
larger open-channel section, the flow expands with some
loss in energy, accompanied by a decrease in depth and an

4

increase in velocity. The depth and velocity at the ex-
panded section can be approximated by assuming a loss in
the expansion of 20 percent of the velocity head. This
determination of expansion loss is somewhat arbitary and
is based on an analogy to pipe flow. See any text on
hvdraulics. In this problem the approximate loss is

(12)2
——l-=0.5A The specific head at the expanded section

64.4
isthen 6.4—0.5=5.9 ft.

The depth and velocity at the expanded section can be
computed by finding a combination of depth and velocity
which will produce the specific head at the section (5.9 ft.
in this problem). The computation is a trial-and-error
procedure which can be facilitated by the tables in refer-
ence 26 or the charts in reference 25. A good starting
depth for the trial computations is about one-half the
depth at the culvert outlet, or 2.0 ft. Using tabie 10 on
page 162 of referemce 26, the area of the trapezoidal
channel can be found. The discharge is divided bv the
area to obtain the velocity. The velocity is squared and
divided by 64.4 (2g) to obtain the velocity head, H,.
H, is added to the depth to obtain the specific head, Hp
The data for this problem are:

Qusntity Trial 1 Trial 2 Units
1.9 it.
18.6 5q. 1t
161 1.p.s,
4.0 1t.
5.9 OK | 1t

A velocity of 16.1 f.p.s. will require a reduction in velocity
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(stilling basin) or protection of the channel in most
materials, Dumped stone will be used in this problem.
When the stone size becomes too large, a stilling basin at
the culvert outlet might be considered. A concrete-lined
channel would only move the erosion problem downstream.

To compute the size of stone (see sec. 4.12~1), assume a
stonae size (k) =2.25 ft.

. v, =
i=1g=12 thusp'=l0andV,=16.11fps.

From figure 21, the required stone size is 2.25 ft., which
checks the assumed size.

The increased roughness of the stone lining will reduce
flow velocities and change the depth of flow from that at
the beginning of the channel. The new channel depth
will be 4.3 ft., computed as follows:

From figure 19, for 2.25-ft. stone, n=0.04, and from
page 162 and page 448, of reference 26:

d=4.3 ft.

A =62.8 8q. ft.

R =2.49 ft.

V =4.81.p.a. for n==0.04 and S=0.5 percent
Q=301 cfs.

The channel will be lined with 234 ft. equivalent diameter
stone (see sec. 5.7 for gradation) with a minimum lining
thickness of 3.0 ft. The lined channel will have a depth
of 6 ft. (including about 1% ft. of freeboard) at the culvert
outlet. The depth of the lined channel will be gradually
decreased to 4.7 ft. (0.4 ft. freeboard) at the edge of the
right-of-way. The stone will be dumped on a flter
blanket, designed after a soil analysis of the bank and bed
material. The side slope above the stone lining would be
grassed lined.

The freeboard allowance is somewhat arbitrary. The
larger freeboard at the culvert outlet is to allow for the
turbulence and the hydraulic jump in the reach in which
some of the energy is being dissipated. The velocity of
flow in the channel at a depth of 4.3 ft. is computed to be
4.8 f.ps. This is only an approximation because the
reach of channel is too short to develop the normal velocity.
Stone 21{ ft. in diameter would npt be required at such a
fow velocity. The depth after the hydraulic jump is
about 4.3 ft.

8.4 Channel 4. This channel is an intercepting
channel extending from Station 68 to Station 75 on the
left side of the highway. The design runoff need only be
estimated at the downstream end of the channel.

Estimating Runoff (See Ch. II)

The channel drains the grassed cut slope which ranges
in width {rom 0 to 50 {t. and is 700 ft. long.
The components of the formula Q=CiA are:

C=0.7 (table 1),
i read from fig. 6 after comaputing T..
Computation T, (sec, 2.4-2).

Cut slope | Channel Total Units of

reference
Mmoo vvianiaas 33 28 61 | ft,
L .. 50 700 750 | ft.

T.=3.3 min. (fig. 5). Use 5 min.
1 (fig. 8) far 10-year return period and T, of 5 min.
=7.1 in, per hr.
50 (700)
A= X 143,560

Then @=CiA=0.7X7.1X0.4=2.0 c.f.5.

=(.4 acre.

Computing Channel Section (See Sec. 4.8)

For a 2-ft. bottom, grass-lined channel, 2:1 side slopes,
Q=20 cfs, n=0.10 (table 2), $=0.04. Chart 15 ref-
erence 25 can be used to find d and V.

Qn=2.0 (0.10)=10.20.
d =0.5 and Vn=0.14.
0.14

14 =(m= 1.4 f.p.s.

Note that a high value of n (0.10) is used to compute
the size of channel because the grass might be allowed to
grow taller than anticipated. To check the adequacy of
the lining, a low n value (0.05), based on the channel being
maintained at design conditions, is used. If the lower
value of n is effective, the velocity in the channel from
chart 15 (@n==0.10, Vn=0.115) is 2.3 f.p.s. This velocity
would not endanger the grass lining of the channel. The
freeboard needed for this channel is negligible, as the
capacity was computed for the downstream point on the
channel and little damage would result from an over-
topping of the channel.

8.5 Channel 5. This channel is the left roadway
channel from Station 68 to Station 75 and a toe-of-slope
channel from Station 55 to Station 68. The design runoff
will be estimated (see fig. 26) just before (5A) and just
after (5B) the entrance of channel 4; and below the entry
of runoff from each of the two large areas on the hillside
to the left (5C and 5D).

Estimating Runoff (See ch. II)

Point 54 (Sta. 68) above junciion

The section is on a curve and the channel (Sta. 68 to
Sta. 73) must carry the runoff from the left lane (24 ft.X 700
ft.= 16,800 sq. ft., C=0.9), the shoulder and ditch section
and the runoff from the triangular section of cut slope not

intercepted by channe] 4 (g,)g ft. X 700 ft.=28,000 sq. ft.,
C=0.6>
The compoanents of the formula Q=Cid are:

Weighted C (see sec. 2.4-1). Sq. st [+
pavement= .. ... .....oo.. 18, 800X 0. 9=15, 120
shoulder ditch and slope=._.. 28, 000X0. 6= 16, 800

44, 800 . 31,920
Weighted C.__ . ... ... =0.7
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i is read from figure 6 after computing T.,.
Computation T, (sec. 2.4-2).

Cut slope ‘ Channs) Units or
| reference
21 10,8 1 ft.
32 700 ft.
1 (sppeoz.) [] min,

T. for pavement about 4 minutes (estimated).
Total T.=4+6=10 min.

Note that the 1 min. T, for the side slope is concurrent
with the 4 min. 7, for the pavement area and only the
longer time is used, 1 (fig. 6) for a 10-year return period and
T, of 10 min.=6.0 in. per hr.

A 44,800
"~ (43,560)
Then Qe=Cid=0.7X6.0X1.0==4.2 c.{.5.

=1.0 acre. (See calculation of C.)

Point 5B (Sta. 68) below junction

The discharge below the junction of channel 4 and the
channel above 5A is computed from the longer time of
concentration (10 min.) of the two areas. The intensity
(fig. 6) for & 10-year return period and T.= 10 min. is 6.0
in. per hr.  The discharge for point 5B is:

Q (above 5A)=0.7X6.0X1.0=4.2 c.f5.
Q (channel 4)=0.7X6.0X 0.4==1.7 ¢.f.5.

Total Q__ .. .. .._.._ 5.9 c.{5.

Point 6C (Sta. 61)

This channel must carry the runoff from above point
5B plus the contribution from the triangular srea to the
left of the channel (4 =19 acres, H=110 ft., L==1,200 ft.),
plus the runoff from the roadway area (4= 1 acre, weighted
C=0.66) between channel 5 and the center of the left lane.
The 7. for the roadway area is obviously much less than
that of the larger area to the left of the channel and need
not be computed as it runs off concurrently. T. for the
runoff above point 5B was computed as 10 minutes. This
runoff must flow down to point 5C in the toe~of-slope
channel (L=700 ft, H=245 ft.). This requires 4
minutes (fig. 5) or a total T, of 14 min. T. for the 19-acre
area is:

H=100 ft.
L=1,200 ft.
T.=5 min. (fig. 5)

The runoff from the two areas is concurrent and ordi-
narily the longer T. would be used. i (fig. 6)=5.1 in. per
hr. for & 10-year return period and T, =14 min.

The conventional computation is made by recomputing
the discharge of the scparate areas using an 1 correspond-
ing to a T, of 14 min. and adding the discharges rather
than computing a weighted C for the entire ares above
point 5C. This discharge is:

48

Above point 5B:
At point 4, Q=0.7X51X04=1.4¢fs
At point 5A, Q=0.7X5.1X1.0=3.6 c.{.a.
50 cts.
Between points 5B and 5C:
Q=04 X51X19.0=388c.f.s.
Q=0866X5.1X 1.0= 3.4 c.s.

42.2 ofa.
Total Q for point 5C=47.2 ¢.f.s.

The discharge estimated by the conventional method is
probably low because 19.0 acres of the total 21.4 acres has
a T, of 5 minutes and 4 minutes are required for the flow
to reach point 5C from point 5B (1.4 acres, T.=10 min-
utes). It appears likely that the peak at point 5C will be
reached before the total area is contributing because this
would take 14 minutes.

Extreme precision is not warranted in determining the
combination of contributing area (CA) and rainfall in-
tensity (1) that would produce the greatest peak runoff.
Neither the data available for a particular problem nor
the rational method are of sufficient accuracy to justify a
trial-and-error solution to the problem. In this problem
we will assume that the 5-minute time of concentration for
the 19-acre area will produce the greatest peak runoff,
In this 5 minutes (1=7.1 in. per hr.) runoff will arrive from
all of the 19-acre area and from the roadway area (1 acre)
between points 5C and 5B, plus that portion of the area
above point 5B that can arrive in 5 minutes. The con-
tributing portion of the area above point 5B can be esti-
mated closely enough in most problems by assuming that
the contributing area bears the same relation to the total
area as the times of concentration of the regpective areas.
In this problem after allowing 4 minutes for channel flow
time, only that portion of the area (total Te=10 min.)
that can reach point 5B in ! minute will contribute to the
peak discharge. This area is assumed to be one-tenth of
1.4 acres==0.1 acre.

The discharge at point 5C for part of the area contribut-
ing (T.=5 min.) is:

Q=04 X7.1X19.0=53.9 c.f.s.
Q=0.66X7.1X 1.0= 4.7 cfs.
0=0.7 X7.1X 0.1= 0.5cds.

Total Q...... 59.1 c.f.8.

The design discharge is 59.1 c.f.8.,, the peak from the
partial area because it is larger than the peak of 47.2 c.f.5.
from the total area.

Point 5D (Sta. 66)

The area to the left of the channel between point 5C and
5D is 17.0 acres (H =128, L= 1,600 ft., C=0.4) and that to
the right is 1.0 acre (weighted C=0.65).

T, for the 17-acre area is:

H=128 it.
L=1,600 ft.
T=6 min. {fig. 5).
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The T, for the area above point 5C is 5 minutes plus the
time required for the water to flow from point 5C to point
5D (L=600 ft., H=8.5 ft, T=5.5 min). The total
T,=5 min.+5.5 min.=10.5 min. and from figure 6, 1= 5.9
in. per hr. The design discharge is:

Between points 5C and 5D:

Q (left side) =0.4 X5.9X17.0=40.1 c.fs.
Q (right side) =0.65X5.9X 1.0= 3.8 c.fs.
43.9 cfs.

Above point 5C:

Q=04 X59X19.0=44.8 c.fs.
Q@=0.66X5.9X 1.0= 3.9 cfs.
Q=0.7 X59X 0.1= 4.1 cfs.

52.8 c.f.8.
Total Q=96.7 c.f.s.

It will be noted that computations of weighted C, and
area once determined are used in successive computations,
It is interesting to note that the size of the channel at point
5C is computed for a discharge (59.1 c.f.3.) different from
the discharge (52.8 c.f.3.) contributed by the same area to
the design discharge of point 5D.

Computing Channel Section (See Sec. 4.8)

The following computations are for depth of water area
and do not include freeboard. The channel section at
points 5B, 5C, and 5D can be designed with chart 17
(using the Qn scale), reference 25, with much less work
than the method used here.

Point 5A (Sta. 68) above junction

Q=42 cl.s., §=0.015, n=0.09, for grass-lined channel
(table 2). The channel section is trapezoidal with a 4-ft.
bottom and side slopes 4:1 on the pavement side and 1%:1
on the cut-slope side. Data from reference 26 for the final
trials are:

d =06 .. .. 0.8 ft.
A=339. .. 4. 96 sq. ft.
R+=0.46__ ... .. ..._.._. .57 fi.
V=118 .. .... 1.37 fps.
Q=40 ..o 6.8 cfs.

A channel with a depth of 0.7 ft. will have a capacity of
about 5.4 c.f.s. which will carry the design discharge. The
data listed cannot be found directly in reference 26 because
of the unequal side slopes and the absence of a table of
velocities for n=0.09. However, the values of 4 and R
for a particular value of d can be taken from the table for
a channel with a 4-ft. bottom and 1%4:1 side slopes, and
averaged with value of A and R for the some value of d
taken from table for a channel with a {-ft. bottom and 4:1
side slopes. The velocity was taken from the table for
n=:0.045 and divided by 2 to obtain the value for n=0.09.

Point 5B (Sta. 68) below junction

0=5.9cfs, $=0.065 n=0.08 (table 2).
The channel is at a fill section at point 5B and will have a
grass-lined trapezoidal section with 4-ft. bottom width and

side slopes 2:1. Data for the final trials from reference 28
are:

d =06 0 0.4 ft.
A=3 120 aiaao 192 sq. ft.
R=047 . i, .33 ft.
V=285 i 2.24 f.ps.
Q=89 - 4.3  cfs.

A channel with a depth of 0.5 ft. will have a capacity of
about 6.6 c.f.3., which will carry the design discharge at a
velocity which will not erode the grass lining (table 4).
Caution should be observed in selecting the value of n
for shallow depths in grass-lined channels. The value of
n changes with changes in either depth of flow or velocity.
It will be noted in table 2 that the worst condition (tall
grass) was used to compute the channel capacity. (See
sec. 4.8.) The best condition, mowed grass, should be used
to compute the velocity for checking the ability of the
lining to withstand the flow. The velocities in this channel
are well within the allowable velocity for grass and the
check is not necessary.

Point 5C (Sta. 61}

0=59.1 c.f.8., S=0.035, n==0.05, grass-lined trapezoidal
section with a 4-ft, bottom and side slopes 2:1. Data for
the final trials from reference 26 are:

d=1d. . oiiiiiiaa. 1.5 ft.

A=952 . . .... 10. 52 sq. ft.

R=093. ..o .98 ft.

V=530 et 5.5 fpas.

Q=5 . ... 57.8 efs. OK

For checking permissible velocity of the channel lining,
n=0,035 (table 2). The velocity with this n is approxi-
0.05
0.035
that permitted, 8 f.p.s., in erosion-resistant soil (table 4).
The 7.9-f.p.s. velocity is for the same depth of flow.
The velocity for the same discharge and an n=0.035 is
7.3 f.p.s.

Point 6D (Sta. 65)
Q=98.7 cfs., S=0.01, n=0.03, grass-lined trape-

zoidal section with 4-ft. bottom, and side slopes 2:1.
Data for the final trial from reference 26 are:

mately (5.5)=7.9 f.p.s. This velocity is less than

d= 2.1 ft.
A=17. 24 3q. ft.
R= 1.29 ft.
V=59 1fps.
Q==102 cfs.

For checking permissible velocity of the channel
lining, n=0.025 (table 2). The velocity with this n
0.03
is approximatelym (5.9)=7.1 f.ps. This velocity is
less than that permitted, 8 f.p.s.,, in erosion-resistant
soil (table 4).
Channel 6 from Sta. 68 to Sta. 656

The toe-of-slope channel can be kept at the same bottom
width (4 ft.) and side slopes (2:1) and the depth pro-
gressively increased between the points for whicl] compi-
tations were made. A frecboard of from 0.3 to 0.5 ft.
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should be sufficient and a Bermuda grass lining is satis-
factory throughout the length of the chanpel. The berm
between the edge of the channel and the toe of the fill
slope should be sloped to drain into the channpel.

8.6 Channel 6. The capacity of the median'swale and
the velocity of flow will be checked at Station 55 to
determine the feasibility of bringing the runoff from the
top of the hill (Sta. 754 30) to Station 55.

Estimating Runoff (See Ch. II)

The components of the formula Q=CiA4 are:
Weighted C (see seec. 2.4-1.) R C

pavement= ... .._...._... 24X09=21.6
shoulders=________.______.__ 12X0.6= 7.2
swale=_ ... ... .. .. 48X0.4=19.2
84 48.0

Weighted C.... ... ... ... =0.57

Note that the width rather than the area was used to
weight C, as the section was uniform throughout the
length. After computing T, 1 is read from figure 6.

Computation T, (sec. 2.4-2):

Cross slope | Channel Total Units or

reference
He . 3.3 30. 4 33.7 )1t
Lem . 54 2,030 2,084 1t.

T.=14 min. (fig. 5).
1 (fig. 6) for 10-yr. return period and 7. of 14 min.

=5.1 in. per hr.
(84)(2030)
="43,560 =3.91 acres.

Then Q=Ci4A=0.57X51X3.81=11.3 c.fs.

Computing Channel Section (See Sec. 4.8)

The median swale has a bottom width of 4 ft.; side
slopes, 6:1; grade, 1.5 percent; Bermuda grass lining; and
a depth of 3.3 ft. below the shoulder edge.

From table 2, for an estimated depth of 0.8 ft., and
estimated velocity of 2 f.p.s., n==0.05 for 2-in. grass, and
0.06 for 6-in. grass. The final trial is for an 0.8 ft. depth
(n=0.06).

A= 7.04 sq. ft.
WP=13.6 ft.

R=0.52 ft.

V= 1.9 (reference 26).

Q=13.4 c.fs.

The computed depth of flow, 0.8 ft., is less than the
available depth, 3.3 ft., and the approximate velocity,
2.3 f.p.8. (1.9X0.06/0.05), is below the permissible velocity
(table 4) for Bermuda grass. Thus, the design runoff
can be safely carried to an inlet at Station 55 and dropped
into the culvert at that location.

Note that this channel could have been designed by
chart 32 of reference 25 with much less work than was
required by the trial solution shown here, particularly
since the area, wetted perimeter, and hydraulic radius
had to be computed for each trial depth.

8.7 Channels 7, 8, and 9. Design of channels 7, 8, and
9 will not be shown because they do not introduce
additional design problems.
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Appendix A.—TABLES

Table 1. Values of Runoff Coeflicients (C) 1L Lined apen ckannels—Continued Manaing &
for Use in the Rational Method E. Asphalt: rm&om
. . . 0.9
Runofl (I-J‘ Wood, plslt_lega ean - 0,010,013
T of surinoe Rcient . Concrete-lined excavated rock:
e ofsur m(c)nm 0. 017-0. 020
0. 022-0. 027
oy Unllned open channels:
. Earth, uniform section:
Burel Arees }, 8]1ean. recently c?\mpleted ........................... 0. 016-0. 018
Concrete or sheet asphalt t . 8-0.9 ean, alter weathering.... 0. 018-0, 020
Asphalt mmd&ma;gvemg:t‘:amw A g‘ %.s 3. With short grass, few weeds. . 0. 022-0. 027
Qravel roadways or shoulders. . 0.4-0.6 4. In gravely, sofl, uniform section, clean . .. 0. 022-0. 025
Bareearth. . ..., ... ____ N 0.2-0.9 B. Earth, fairly uniform section:
Bteep grassed areas . 0.8-0.7 1. No' vegetation......
meadows. N 0. 1-0.4 2. Qrass, some weeds.
Forested areas N 0.1-0.3 3. Dense weeds or aquatic plants {n deep channels
Culuvu(ed felds.. 0.2-0.4 4. Sides, clean, gravel bottom....

8. Sides, cleau cobble bottom.
Urbag Areas ) C. Dragline exca\_mled or dredgs
1. No vegetation......__
2. Light brush on banks
Rock:

Flat residentlal, with about 30 percent of area impervious_.._..

Flat residential, with about 60 percent of ares impervious_..__.

Mggemu;ly steep residential, with about 50 percent of area

PEFVIOUS. L oo i

Modemtely stesp built up area, with about 70 percent of area
vio

1. Based on designsection..._..._.............. ..

2. Based on actual mesn sectio

&. Smooth and uniform

b. Jagged and irregular. ..

E. Channels not maintained, weeds and brush uncu

s o e
22 2 82

. Dense weeds, high us dow depth_ . 0.08-0.12
g g{ean ggttom hbrus;‘h on sdide i i - ogm(l)?
! For flat slopes or permeable sofl, use the lower values, For steap slopes or es bottom brush ou sides, highest stage of fow_ . 0.07-0.
tmpermeable soil, use the higher values. P siopes 4. Denso brush, high stage L 010014
3 See reference 12, pp. 4849 for more detatled data. IV. Highway chaanels and swales with maintained vegetation ¢ ¢
(values shown are for velocitles of 2 and 6 .p s.):
A, Degth of gow up Lo}\() 1 roolt( Bl buttal
o i : i ermuda grass, Kentucky bluegrass, buflalo grass:
Table 2.—Manning Roughness Coeflicients, n o ﬂ“e{]’ b zé'?Chl o.og‘g.m
ngth 4 tn 6 lache 0.08-0.05
Manning n 2, Good stand, any grass:

1. Closzd conduits: range 2 a. Length about 12 inches. . 0.18-0.09
A. Concrete pipe b. Length about 24 inches_ 0.30-0.15
B, Corrugated metal pipe or pipe arch: 3. Fair stand, any grass:

1. 234- by }4-in. corrugation (riveted pipe) 3 s. Length "about 12 Inches.. . 0.14-0.08
&. Plain or fully coated . 0.0%4 b. Length about 24 inches. . 0.25-0.13
b, Paved invert (range B. Depth of flow 0.7-1.5 feet:
cent of circumfersnce paved): . muda grass, i\em.ucky bluegrass, buffalo grass:
{1) Fiow full depth 0.021-0. 018 a. Mowed to 2 inches. 0.05-0. 035
(2) Flow 0.8 depth 0,021-0.016 b. Length 4 Lo 6 fnches.. 0.06~0.04
(3) Flow 0.8 depth 0.019-0. 013
2. 3 by 1-in. corrugation. . 0.027 0.12-0.07
3. 6- by 2-In. corrugstlon {fiel 0.032 b. Length about 24 inches. . 0.20-0. 10
C. Vlumad clay pipe......... 0.012-0.014 3. Falr stand, any grass:
D. Cast. lmn pipe, uncoated 0.013 a. Length ebout 12 inches.. 0. 10-0.06
E. Bteel plpe...... 0. 009-0. 011 b. Length sbout 24 iaches 0.17-0.09
F. Brick........... . 0.014-0.017 V. Street and expresaway guiters:
4. Monolithic concre A. Concrete gutter, troweled finisho... ... ... .. ... 0.012
L Wood forms, ruugh - 0.0150.017 B. Asphalt pavement
2. Wood forms, smooth.. 0.012-0. 014 1. Bmooth texture... 0.013
3. Steel forms. _._.... . 0.012-0.013 2. Rough testure. . 0,016
H. Cemented rubble masonry wal C.
1. Concrete floor and top. . 0.017-0. 022 0.013
2. Natura] floor. ... 0.019-0. 025 0.018
1. Laminated treated wood . 0.015-0. 017 D
J. Vitrified clay liner plates____ 0.015 0.014
. Lined open channels: 2. Broom finkh. 0.016
A. Concrete, with surfaces as indicated: E. For gutters with small siope, where sediment may ac-
1. Formed, no finish . 0.013-0.017 cumulate, increase all above valuesofnby.... .. .. 0.002
2. Trowel finfsh. 0.012-0. 014 V1. Nataral atream channels:?
3. Float finish._ . 0.013-0. 015 A. Minor streams® (suriace width at flood stage less than
4. Float finish, some gravel on bottom 0.015-0. 017 100 12.):
3. Gunite, good section.. 0.016-0. 019 1. Fairly regular sectlon:
8, Gumm wavy section . 0,018-0, (22 &. Some grass and weeds, little or no brush. 0 . 035
B. Concrete bottom ﬂoaLﬂnlshed sides as indicated b. growih of weeds, depth of flow mntexinlly
1. Dressed stone In mortar . . 0, 015-0. 017 greater than weed helg ......... . 035-0. 08
2. Random stone in mortar 0.017-0, 020 ¢. Some weeds, light brush on banks 0. 04-0. 05
3. Cement rubble masonry. . 0. U200, 025 d. Some wewds, heavy brush on ban] 0.05-0.07
4. Cement rubble m&sanry. plastered 0, 016-0. 020 e. Some weeds, dense willows on banks. 0.06-0.08
8. Dry rubble (ripeap). . ... . 0.020-0. 630 1. For trees within channel, with branch ed
C. Uravel bottom, sides us indleated st high stage, increase all above values by... ... 0.01-0. 10
1. Formed conerete ... . 0.017-0. 020 2. Irregular sections, with pools, slight channe! meander;
2. Random stone fn m - 0. 0200.023 ipercase values in ta-—eabout ... ... L 0.01-0.02
3. Dry rubble (riprap} L 0.023-0.033 3. Mountwn streams, po vegetation in channel, banks
Do Brick oo 0.01¢-0. 017 usually stevp, trees and brush along banks submerged
al bl ste
a. Bottow of gavel, cobbles, and fow boulders ... 0 440,08
Footnotas to Table 2 appear on p. 4 b. Bottom of cobldes, with large boulders A L S
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V1. Natural siream channels—Continued
1. Flood plains (adincent to natural streams):
1. Pasture, no brush:
8. Bhort grass_
b. High ar;m, .
. Cultivated areas:
a Noernp... .. .. R R 0 030 04
b. Mature row crops ROLHRUCE

Manning 6
range !

. 0.030-0.03%

. 0.0350.05

*»

¢ Muture field erops . @ 0441 (lf

i. Henvy weeds, smllrred'hrush 0 050 07
. Light brush and trees:

e.g\\'lnloru.v 0.05-0. 06

b, Summel',ci 0.06~0.08
5. Medium to dense

8. Winter.... 0.07-0.11

b. Summer 0.10-0.16
6. Dense willows, summer, not hent over by current.... 0.15-0.20
7. Cleared Jand with tree stumps, 100-150 per acre:

8. No sprouts 0.04-0.05

b. With heavy growth of sprouts 0.06-0.08

8. Heavy stand of timber, 8 few down trees, little under-

growth:

a. Flood depth below branches ... ... ... .

b. Flood depth reaches branches.....................
C. Major streams (surface width at flood stage more than
100 ft.}: Roughness cocflicient 1s usually less than for
minor streams of similar description on asccount of less
eflective resistance offered by frregular banks or vege-
tation on banks. Values of 7 may he samewhat reduced.
Follow recommendation of note 7 if {\o&ﬂhh‘. The value
of n for larger streams of mos! regular sections, with no

boulders or brush, may be in the range offrom... .. ..... 0 028-0.033

oo
&3

Footnotes Lo Table 2

1 Estimates arc by Bureau of Public Roads tnless atherwise noted and are
for straight alinemment. A smsll ificrease in value of n may be made for
channel alinement other than straight. .

3 Ranges for secs. 1 through 111 are for good to falr construction. For
poor quality construction, use larger values ofn.

Table 3.—Maximum permissible velocities in erodible
channels, based on uniform flow in continuousiy wet,
aged channels !

¥ Fyiclion Losaca in Corrugated Metal Pipe, by M. J. Webster and 1., R.
Metealf, Corps aof Frgineers, Departinent of the Army: published in Journal
of the Hydraubics Ihvizion, Proceedings of the Amenican Sociely of Civil
Eugineers, Val 85, No, HY 0, September 1059, Paper No. 2148, pp. 35-67.

¢ For important wark and where acenrate determination of water profites
{8 pecessary, the diesioner i8 urged to consult the fullawing references amd to
seleet 0 by compars noof the spectfie conditions wih the el testod
Fima of Waler 1 Iv snadar Cunide, by Seabey, U.R.
DPrepartinent of A nre, ! February 1034
Flow of Water tn [» gr (hanunels, by . U8, Department
of Apriculture, Tee Bulletin No. 129, November 1959,

¢ [andhook of Ch 1 Design for Noil and Water Conaereation, prepared by
the Stillwater Outdoor Hydraulic Laboratory in cooperation with the
OXlahoma Agricultural Experlment Ststion, published by the Boil Con-
servation Service, U.S. Department of Agriculture, Publ. No, 8C8-TP-81,
March 1957, rev. June 1054,

¢ Flow of Water in Channels Protecled by Vegetative Linings, by W. O. Res
and V. J. Palmer, Division of Drainage and Water Control, Research, 8ofl
Conservation Berviee, U.S, Department of Agriculture, Tech. Bull. No. 967,
February 1949,

7 For calculations of stage or discharge in natural stream channels, it is
recommended that the designer consult the local District Office of the
Burface Water Branch of the V.8, Qeoalogical Survey, to obtain dats regarding
values of » aprhcam» to streams of any specific locality. Whnere this pro-
cedure is not followed, the table may used as a guide. The values of
n tabuiated have heen derived from data reported by C. E. Ramser (see
{ootnote 4) and {rom other incomplete dsata.

+ The tentative values of a cited are principally derived from measurements
made on fairly short but strasght reaches of natural streams.  Where slopes
calculated from flood elevations along a considerable length of channel,
fnvolving meanders and bends, are to be used in velocity caleulations by the
Manning formuls, the value of n must be increased to provide for the addi-
tional 10ss of energy caused by bends. The increase may be in the range of
perhaps 3 to 15 percent.

* The presence of folinge on trees and brush under flood stage will materially
increase the value of n. Therefore, roughness coefficients for vegetation in
jeaf will be larger than for bare branches. For trees n channels or on banks,
and for brush on banks where submergence of branches increases with depth
of fiow, n will increase with rising stage.

Table 4.—Maximum permissible velocities in channels
lined with uniform stands of various grass covers, well
msintained ! *

Maximum permissible
velocities for—

Mauterial
Water | Water
Clear | carrying | carrying
water e |sand and
silts gravel

F.pa. F.opa

Fine sand (noncollotdal)..
8sndy loam (noncolioidal]
8ilt loam (noncolioidel)
Ordinary firm loam
Voleanic ash..
Fine gravel.
8tiff clay (ver -
QGraded, losm to cobbles (:

Graded, silt to cobbles (colloidal)..
Alluvisl siits (noncolloidal). ...
Alluvis! siits (colloidal)....
Coarse gravel (noncolioidal)
Cobbles and shingles...
Shales and hard pans..

P I W NN
QOO UOOIIUNO I
LR o TS
ONOOULODO RO
P I T I O RS e
R, COOOONONOD L

1 Asrecommended by Special Committee on Irrigation Research, American
Boelety of Civil Engineers, 1826, for channels with straight alinement, For
sinuous channels multiply allowable velocity by 0.95 for slightly sinuous, by
0.9 for xl::;ggll;amte\y sinuous channels, and by 0.8 for highly sinuous channels
45, p. .
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Maximum permis-
sible velocity on—

Cover 8lope range

Eroston- | Essily

resistant | eroded
solls soils

Percent fpa. DS,
o0t P4 Ip

A B B3
e Gomcn oA

Lespedeza sericea.. .
Weeping lovegrass

Yeilow bluestemn [T s 2.3

}o-s [ 3.5 2.5

' From Handbook of Channe Design for Soil and Water Conservalion. {Bee
footnote 5, table 2.)

1 Use velocities over 5 1.p.s. only where good covers snd proper maintensnoe
can be ohtained.

3 Do not use on slopes steeper than 10 percent.

+ Use on slopes steeper than 5 percent 13 not recommended.

+ Annusls, used on mild siopes of as temporary protection until permsnont
covers are established.

Common lespedezs
Budangrass ¢
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Teble 5.—Clasgification of vegetal covers as to degree of
retardance !

{Nork: Covers classified have been tested In experimental channels. Covers
wers green and generally uniform)

Reterdance Cover Condition
Weaping lovegrass..... ... Exoelrllnu)t stand, tall (average 30
taches).
L Yel.low bluestem Ischas- Etnceléent stand, tall (average 36
ches)
Kudzu [ Very dense growth, uncut.
Bermudagrass. Oc;gdhstand tall (uernge 12
ches)
Native grass mixture Good stand, unmowed.
(little bluedsterg b‘lue
grama, and other long
and short midwest
grasses).
B eeplng lovegrass. ... .. . Good sumd tall (average 24
........... es),
Lespedezn serices.. ... Oood stand, not woody, tall
(average 19 Inches).
Alfsits. ... ... Oood stand, uncut (average 11
es).
Weeping lovegrass. . _.._._ Ooodhsumd mowed (sverage 13
{inches)
Kudew..o....o.......... Dense growth, uncut.
Bluegrama.....______..__ Golx?d sL?ud uncut (average 13
ch:
Crabgrass_................ Fat.lnr ;C&I)ld uncut (10 to 48
ches.
Bermudagrass.. ... __._.. Ooodhsumd mowed (average 6
i
Common lespedeza_..__... O?odhstand uncut (average ii
nches)
Crass-legume mixture— Good stand, uncut (6 to 8
[ o S, summer (orchard grass, inches).
rediop, Itallan ryegrass,
and common lespe-
deza).
Centipedegrass......__.__. Veryr:iensa cover (average 6
es,
Kentucky bluegrass. . Ooodhslr;nd headed (8 to 12
Good stand, cut to 2.5-inch
height.
Excellent stand, uncut (average
4.5 inches),
tl)nodhstand uncut (3to0 6
ches)
Do Grass-legume mixture— Good stand uncut (4 to §
fall, spring (orchard. inches,
grass, redtop, [talian
ryegrass, and common
lespedeza).
Lespedeza serfcea... ... After cutting to 2-inch height.
Very good stand before
cutting.
B Bermudagrass..._._____.__ Ogod stand, cut to 1.5 inchos
i
Bermudagrass......._.._.. Bumed stubble

! From {{andhook of Channel Design for Soil and Water Conservation. (See
foatnote 5, table 2.)
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Typical roadside drainage channel constructed with labor-intensive methods, Oaxaca, Mexico.
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PREFACE

This publication, the third in a series on the hydraulic design of
highway drainage structures published by the Federal Highway
Administration, makes generally available a group of hydraulic
charts which facilitate the computation of uniform flow in open chan-
nels. Some of the charts are also useful in the design of storm drains.

The text is not intended to be a treatise on the design of open
channels, although a brief discussion of the principles of flow in open
channels 1s included. It is intended rather, as a working tool that
should be of consideruble service to the designer already familiar
with the subject.

This publication contains charts which provide direct solution of
the Manning equation for uniform flow in open prismatic channels
of various cross sections; instructions for using the charts; a table
of recommended values of n for use in the Manning equation; tables
of permissible velocities in earth and vegetated channels; instructions
for constructing charts similar to those presented; and a nomograph
for use in the solution of the Manning equation. Charts are included
for rectangular, trapezoidal, and triangular channels, grass-lined
channels, circular pipe channels (part-full flow), pipe-arch channels,
and oval concrete pipe channels.

Much of the material in this publication was developed by the
Region 3 Office of the Federal Highway Administration (then Region
2, Bureau of Public Roads), in cooperation with the Division of
Hydraulie Research (now Knvironmental Control Group), Office of
Research. The publication was assembled Ly the Hydraulies Branch,
Bridge Division, Office of Iingineering, and the Division of Hydraulic
Research, Office of Research. The only changes in this reprint of
the 1961 publication consist of a redesigned cover and revised
preface.
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Chapter 3.—RECTANGULAR, TRAPEZOIDAL, AND TRIANGULAR CHANNELS

3.1 Description of Charts. Charts 1-29 are designed
for use in the direct solution of the Manning equation for
various-sized open channels of rectangular, trapezoidal,
and triangular cross section. Each chart (except the
triangular cross-section channel chart, No. 29) is prepared
for a channel of given bottom width, and having a par-
ticular value of Manning’s n, but auxiliary scales make
the charts applicable to other values of n.

The rectangular cross-section channel charts, Nos. 1-14,
are prepared for an n of 0.015 (average value for concrete).
A separate chart is provided for each foot of width from 2
feet to 10 feet and for each even foot of width from 10 feet
to 20 feet.

The trapezoidal cross-section channel charts, Nos.
15-28, are prepared for an n of 0.03 and side slopes of 2:1
(horizontal to vertical). A separate chart is provided for
each foot of bottom width from 2 feet to 10 feet and for
each even foot of width from 10 feet to 20 feet. Charts for
other side slopes may be constructed according to the
method explained in appendix B. Charts for grass-lined
channels, where n varies with both depth and type of
grass, are given in chapter 4.

The charts for rectangular and trapezoidal cross-section
channels are similar in design and method of use. The
abscissa scale is discharge, in cubic feet per second (e.f.s.)
and the ordinate scale is velocity, in feet per second (f.p.s.).
Both scales are logarithmic. Superimposed on the loga-
rithmic grid are steeply inclined lines representing depth
(in feet), and slightly inclined lines representing channel
slope (in feet per foot). A heavy dashed line on each chart
shows the position of critical flow. Auxiliary abscissa and
ordinate scales are provided for use with values of n other
than those values used in preparing the chart.

In these charts, and subsequent ones similarly designed,
interpolations may be made with confidence, not only on
the ordinate and abscissa scales, but between the inclined
lines representing depth and slope.

The triangular cross-section channel chart, No. 29, is
prepared in nomograph form. It may be used for street
sections with a vertical (or nearly vertical) curb face.
(The curbed street section is a triangular section with
one leg vertical.) The equation given on the chart ignores
the resistance of the curb face, but this resistance is
negligible from a practical viewpoint, provided the width
of flow is at least 10 times the depth of the curb face;
that is, if Z>>10. The equation gives a discharge about
19 percent greater than will be obtained by the common
procedure of computing discharge from the hydraulic
radius of the entire section. The latter procedure is not
recommended for shallow flow with continuously varying
depth. The nomograph may also be used for shallow
V-shaped sections by following the instructions on the
chart,

3.2 General instructions for use of charts 1-28.
Charts 1-28 provide a solution of the Manning equation
for flow in open channels of uniform 'slope, cross section,
and roughness, provided the flow is not affected by back-
water and the channel has a length sufficient to establish
uniform flow. The charts provide accuracy sufficient for
the design of highway drainage channels of fairly uniform
cross section and slope. Rounding of the intersection of
the side slopes with the bottom of the channel does not
appreciably affect the channel capacity.

The charts may also be used to obtain rough approxima-
tions for depths and velocities in natural channels of
nearly the nominal cross section. For such channels, a
straight line drawn through irregularities in the bed profile
may be used to define the slope. The rectangular cross-
sectivn charts can be used for closed rectangular conduits
flowing full, by following the procedure described in
section 3.2-3.

The use of charts 1-28 is described, with examples, in
the following subsections. Instructions and example for
chart 29 are given on the chart itself.

3.2~1 Use of charts 1-28 with basic chart-design value
of n. For a given slope and cross section of channel,
when n is 0.015 for rectangular channels or 0.03 for trape-
zoidal channels, the depth and velocity of uniform flow
may be read directly from the chart for that size channel.
The initial step is to locate the intersection of a vertical
line through the discharge (abscissa) and the appropriate
slope line. At this intersection, the depth of flow is read
from the depth lines; and the mean velocity is read on the
ordinate scale opposite the point of intersection (see
examples 1 and 2). The procedure is reversed to determine
the discharge at a given depth of flow (see example 3).
Critical depth, slope, and velocity for a given discharge
can be read on the appropriate line or scale (velocity) at
the intersection of the critical curve and a vertical line
through the discharge.

Example 1

Given: A rectangular concrete channel § ft. wide, with
n=0.015, on a l-percent slope (§=0.01), discharging 200
c.f.s.  Find: Depth, velocity, and type of flow.

1. Select the rectangular chart for a 5-ft. width, chart 4.

2. From 200 c.f.s. on the @ scale, move vertically to
intersect the slope line S=0.01, and from the depth lines
read d,=3.2 ft.

3. Move horizontally from the same intersection and
read the normal velocity, V==12.5 f.p.s., on the ordinate
scale.

4. The intersection lies above the critical curve, and the
flow is therefore in the supercritical range.
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Example 2

Given: A trapezoidal channel with 2:1 side siopes and a
4-ft. bottom width, with n=0,030, on & 2-percent slope
(S=0.02), discharging 150 c.f.5. Find: Depth, velocity,
and type of flow,

1. Select the trapezoidal chart for b=4 ft., chart 17.

2. From 150 c.f.s. on the Q scale, move vertically to
intersect the slope line S=0.02, and from the depth lines
read d,=2.1 ft.

3. Move horizontally from the same intersection and
read the normal velocity, V=8.4 f.p.s., on the ordinate
scale.

4. The intersection lies above the critical eurve, and
the flow is therefore in the supercritical range.

Example 8

Given: A trapezoidal channel with 2:1 side slopes, a 6-ft.
bottom width, and a depth of 4.0 ft., with n=0.030, on a
0.5-percent slope (S=0.005). f#ind: Discharge, velocity,
and type of flow..

1. Select the trapezoidal chart for b=6 ft., chart 19,

2. Locate the intersection of the 4-ft. depth line and
the slope line §=0.005 and, moving vertically to the
abscissa scale, read the corresponding discharge, Q=350
c.f.8.

3. Move horizontally from the intersection and read
the normal velocity, V=46.1 {.p.s., on the ordinate scale.

4. The intersection lies below the critical curve, and
the flow is therefore in the subcritical range.

3:2-2 Use of charts 1-28 with other than basic chart-
design value of n. Auxiliary scales, labeled Qn (abscissa)
and Vn (ordinate), are provided on charts 1-28 so that
the charts may be used for values of n ather than those for
which the charts were basically prepared. To use the
auxiliary scales, multiply the discharge by the value of
n and use the @n and Vn scales instead of the @ and V
scales, except for computation of critical depth or critical
velocity (see step 5 of example 4). To obtain rormal
velocity ¥ from a value on the Vn scale, divide the value
by n (see example 4),

Example 4

Given: A rectangular cement rubble masonry channel
5 ft. wide, with n=0.025, on a 1.5-percent slope (S=0.015),
discharging 200 c.f.s.  Find: Depth, velocity, and type of
flow.

1. Select the rectangular chart for a 5-ft. width. chart 4.

2. Multiply @ by n to obtain Qn: 200:70.025=25 00.

3. From 5.00 on the ¢n scale, move vertically to inter-
sect the slope line, S=0.015, and at the intersection reud

de=14%.1 ft.
4. Move horizontally from the intersection and read
Tn=0.24 on the Vn scale. The normal velocity

T=n/n=0.24+0.025=49.6 f.p.s.

5. Critical depth and critical velocity are independent of
the value of n and their values can be read at the inter-
section of the critical curve with a vertical line through
the discharge. For 200 c.f.s., on chart 4, d.=3.7 ft. and
V.=10.8 f.p.s. The normal velocity, 9.6 f.p.s. (from step
4), is less than the critical velocity, and the flow is therefore
subcritical. It will also be noted that the normal depth,

8 |- — = - — =

4.1 ft., is greater than the critical depth, 3.7 ft., which is
aiso an indication of suberitical flow,

6. To determine the critical slope for Q=200 ¢.f.5. and
n=0.025, start at the intersection of the critical curve and
a vertical line through the discharge, Q=200 c.f.s.,
finding d. (3.7 ft.) at this point. Follow along this d, line
to its intersection with a vertical line through Qn=5.00
(step 2), and at this intersection read the slope value S,=
0.019.

NOTE: The deleted material refers to a

are not included in this excerpt.

I
!

|
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! modification of Charts 1-14. These charts :
!
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V-3HAPED CHANNEL \\J/ or =] o7
AS SHOWN USE NOMOGRAPH I
. - .004 .06
WiTH 2 . ? | m L
a. O L oos
b
3 TO DETERMINE 3 -003 [ae)
DISCHARGE O, IN ) o .04
PORTION OF CHANNEL r D E
HAVING WIDTH X: QO :"'
DETERMINE DEPTH d FOR TOTAL DISCHARGE IN - .002 i‘ 03
ENTIAE SEGTION a. THEN USE NOMOGRAPR TO L - F
DETERMINE G IN SECTION B FOR DEPTH F gL
. x F ond
dea- (T) o T r
r F
4.TO DETERMINE DISCHARGE i - - o2
iM COMPOSITE SECTION:- a & {
FOLLOW INSTRUCTION 3. L
-~ .00I o
TO QBTAIN DISCHARGE INM '
SECTION o AT ASSUMED [ENCELR] r
OEPTH 4 ; OBTAIN Q@ FOR |
SLOPE RATIO 2, AMD DEPTH ¢° THEN O v Q_ +Q -
L0

NOMOGRAPH FOR FLOW
IN TRIANGULAR CHANNELS
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Appendix B.—CONSTRUCTION OF DESIGN CHARTS FOR OPEN-CHANNEL FLOW

B.1 Charts with Manning’s n constant. Design charts
for open-channel flow, such as those presented in chapter 3,
are plotted on logarithmic paper. Each chart is con-
structed for a fixed cross section and a given value of
Manning’'s n by the following steps. Table B-1 serves
as an illustrative example. (See note at end of section.)

1. Prepare a table with column headings as shown in
table B~1.

2. Tabulate desired increments of depth in the first

8. Draw a smooth curve through the points for each
A point not falling on this smooth curve pre-
sumably indicates that an error has been made either in

slope.

computing or in plotting.

9. Draw straight lines through points of equal depth.
This provides another check on the accuracy of computing
These equal-depth lines must be straight,
since the equation is V=@Q/A4, where 4 is a constant for

and plotting.

a given depth.

column. 10. The graph now has all the depth lines but only
3. Compute A, WP, R=A/WP, R¥5, T, and d.=A/T three slope lines. Other slope lines may be laid out by
for each depth. marking off a logarithmic scale along enough depth lines
4. Using Manning’s equation: to define the slight curvature in the slope lines. The
Ve 1.49Rmsm length of the log cyele is the distance between either two

T oa of the three slope curves already drawn, and will be the

same along any depth line. A simple graphic device to
obtain the logarithmic spacing for any length of cycle can
be made by laying off a log scale along the leg of a right
triangle with a long base line, and then drawing straight

6. Compute values of V and @ for §=0.10 for each lines from the divisions on the scale to the opposite vertex.
depth, by multiplying the tabulated values of V and Q The spacing of these lines along any line laid across them
for §=0.01 by the factor (0.10/0.01)1/2=3.162. Similar}v, will be logarithmic and it is merely necessary to position
compute values of V and Q for §=0.001 for each depth, the triangie so that the distance from the base to & point
by multiplying the tabulated values of V and @ for S=0.01 on the hypotenuse corresponds to the length of cycle

by the factor (0.001/0.01)1/2=0.3162. desired.
7. On logarithmic paper with a sufficient number of 11. Critical curves are an essential part of the charts.

cycles, plot V against Q@ for S=0.01, 0.10, and 0.001. For plotting points, compute, for each depth, gde=32.2 dn
Note the value of the corresponding depth, using a small and tabulate. (d. has already been tabulated in the
number written alongside each plotted point. table.) Next compute, for each depth, V.=(gdn)V*

and the given value of n, compute V for a slope of $=0.01,
for each depth.

5. From the values of V, derived in step 4, compute
values for Q=AV.

Table B-1.—Sample computations for channel-flow chart: Trapezoidal channel, 1:1 side slopes, 10-foot bottom width,
03

n=0,
For §=0.01 For §=0.10 For §=0.001 Critical curve
d A wP R R¥3 T dn
v Q v Q \4 Q gdm Ve
Ft, Sq. fi. Ft. Fr. . Fr, Ft,

0.2 Z.04 10. 57 0.1963 0.334 T o10.4 0. 1962 1.65 3.37 523 10.7 0.523 1.07 6.318 2,51
.4 4.18 11.13 374 . 519 10.8 . 3852 2.57 10.7 8.13 33.8 813 3.38 12, 40 3.52
.6 6.36 1170 .54 . 866 11.2 . 5679 3.30 21.0 10.4 66.4 1.04 6.64 18.29 4.8

1.0 11.00 12,83 . 857 L902 12.0 . 9187 4.47 48.1 14.1 155 1. 41 15.5 29. 62 5.43

1.5 17.25 14. 24 121 1.137 13.0 1.327 5.63 97.2 17.8 307 1.78 30.7 42.73 6. 54

2.0 24,00 15.66 1.533 1.330 14.0 1.714 6. 59 158 20.8 500 2.08 5.0 55. 19 7.43

2.5 31.25 17.07 1.831 1,497 16.0 2.083 7.42 232 23.4 733 2.34 73.3 87.07 8.19

3.0 38.00 18.48 2.110 1. 645 16.0 2.438 8.15 318 25.8 1,000 2.58 160 78. 50 8.86

3.6 47.25 19. 90 2.375 1.779 17.0 2.719 8.81 416 2.9 1,320 2.79 132 80.48 9. 46

4.0 56,00 21.31 2.627 1. 904 18.0 3.111 9.43 528 29.8 1,670 2,98 167 100, 2 10.0

5.0 75.00 24.14 3.107 2.129 20.0 3.750 10.5 791 33.3 2, 500 3.34 250 120.8 11.0

6.0 96. 060 26.97 3. 560 2.331 22.0 4. 364 115 1,110 36.5 3,510 3.85 350 140.6 11.8

7.0 119.0 29,80 3.993 2.517 4.0 4.958 12.5 11,480 30.4 4, 690 3.4 469 150.8 12.6

8.0 144.0 32.63 4.414 2,691 26.0 5. 538 13.3 1,020 42,2 6,070 4.22 607 178.3 13.4

10.0 200.0 38.28 5. 224 3.011 30.0 6.667 14.9 | 2,080 47.2 9,430 4.72 214.7 14.6

—t
=
™
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Plotting points of intersection of V=7V, with respective
depth lines locates the critical curve.

12. The usefulness of the chart many be expanded by
adding scales along the ordinate and the abscissa, corre-
sponding to the products Vn and Qn, respectively. It
must be borne in mind, however, that the critical curve
may be used only with the value of n for which the chart
was drawn.

Note: Computations in steps 3 and 4 for many channel
sections can be found in the Corps of Engineers Hydraulic
Tables and the Bureau of Reclamation Hydrauwlic and
Ezcavation Tables.!

B.2 Charts for grassed channels with n variable.
Design charts for open-channel flow in grassed channels,
such as those presented in chapter 4, are computed by the
Manning equation with n varying as a function of VR
(see fig. 5, p. 38). On these charts the ordinate is channel
slope S and the abscissa is discharge Q. For a given
cross section, each depth and velocity curve must be
computed separately according to the following steps.
Table B-2 serves as an illustrative example.

1. Prepare tables with column headings as shown in
table B~2. Select desired increments of depth. A sepa-
rate table is required for each depth.

2. For each depth d, compute 4, WP, R=A/WP,
T, du=A/T, R??, and (1.49R ¥%)?2  Arrange these con-
stants at the top of the table.?

3. Select desired increments of velocity, usually 0.5 f.p.s.
and 1 to 10 f.p.s. by units of one, and list in the first columa
of the table.

4. Replot the appropriate retardance curve from figure 5
on logarithmic paper. The purpose of this is to obtain
consistent readings of n, so that the velocity curves to
be plotted later will be smooth curves. (This does not
mean, however, that velocities determined in the com-
pleted graph are actually that accurate, since the true
value of retardance may vary considerably.)

5. For each selected depth (that is, in each table being
computed for a selected increment of d):

5a. Compute VR for each velocity V, and tabulate.

5b. From the retardance curve plotted as step 4, read
and tabulate n for each value of VR.

5¢ Compute (Vn)2

5d. Compute and tabulate S= (Vn)?-(1.490R¥%)?2. The
denominator has already been computed as one of the
constants.

5e. Compute and tabulate Q=AV.

6. Select logarithmic graph paper having sufficient
cycles to cover the desired range of @ and S, and for each
depth:

6a. Plot S against Q for each velocity; label each plotted
point with the corresponding value of V.

1See footnote 1, p. 3.

* The value (1.40R*3)1=2.2082R4/1. A table of values for the reciprocal
of the latter will be found In Handbook of Hydraulics, for the Solution of
Hydraulic Problems, by H. W. King, revised by E. F. Brater, McGraw-Hill
Book Co., 1954. (See table 107 in 3d edition or table 91 in 4th edition.)

Table B-2.—Computations for grassed channel:!
Trapezoidal channel, 8:1 side slopes, b=4, retardance C

CONSTANTS

d=08 R=0.401 R =0.621

A=832 T=16.84 (1.49R 3/%) 3=0.857

WP=1694 da=0.494

14 VR n (Vn) 3 S Q
F.ps. Ft. 3sec Feft. C.f.s.

0.5 0.248 0. 225 0.0t27 0.0148 4.16
1 . 491 L3135 L0182 L0212 8,32
2 . 982 . 084 L0282 L0327 16.6
3 1473 .067 L0404 L0471 25.0
4 1.964 . 057 0520 . 0607 33.3
5 2. 455 L0582 . 0676 0789 41.8
8 2,945 .047 . 0795 L0928 49.9
7 3.437 . 044 L0948 St 58.2
8 3.938 043 1183 .138 6.6
9 4.419 . 041 L1362 . 159 74.9
10 4. 910 . 040 . 1600 L1187 83.2

V,=3.99 1.96 0.057 0.0517 0. 0603 33.20

t Similar computations must be made for each selected depth,

6b. Draw a curve for each depth through the plotted
points. This should be a smoothly curving line. A point
not falling on the curve presumably indicates that an
error has been made either in computing or in reading
the n values.

7. Connect lines of equal velocity, which again should
be smoothly curving lines. Points will not fit perfectly
be.ause of minor discrepancies in reading the retardance
curve, but wide wvariations indicate maujor errors in
computation.

8. Critical slope is calculated for each depth as follows;
the computed values being entered across the bottom of
the table as shown in table B-2:

8a. Compute V.= {(gd,) V2,

8b. Compute V.R.

8c. Read from the retardance curve the value of n for
V.R.

8d. Solve for slope S, as in step 5d.

8e. Compute @Q,=AV..

9. Plot critical slope S, against Q. for each depth, and
draw a smooth curve through the points.

10. Examine the plotted curves for consistency. If
equal increments of depth and velocity have been used,
curves should show a systematic change in spacing,
becoming closer as depth increases or velocity increases,
as the case may be. At any point of intersection of depth
and velocity curves, the product AV must equal the value
of @ read for that point.

11. Changes in retardance must be taken into account.
Unlike the open-channel charts for a fixed value of n,
where a single chart may be used for other values of n,
the grassed channel chart must be replotted for a different
retardance. Fowever, only two additional columns are
required in the computation table: the n for the new
retardance and the solution for S as in step 5d. The
new S is then plotted against Q as previously calculated
(in step Se), to obtain a new set of curves for this
retardance.
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OPEN CHANNELS WITH UNIFORM FLOW

Table 92. Square Roots of Decimal Numbers

7-53

Num-‘ T

el t -2 , -3 ‘ "

5‘ 6‘ -7 ‘ -8 ’ -9

.003162;.003317

21.004472].004583

.005477(.005568
.0063251.006403
.007071}.007141

.007746{.007810
.0083671.003426
.008944(.009000
.0094871.000539
.010000}. 010050

.01000 1.01049
01414 1.01449
.01732 1.01761
02000 (.02025
02236 |.02258

02449 1,02470
02646 |.02665
02528 [.02846
.0:3000 1.03017
03162 1.03178

.03162 (.03317
04472 1.04583
05477 {.05568
06325 [.06403
.07071 [.07141

07746 1.07810
08367 1.08426
08944 (.09000
09487 (,09539
-10000 |.10050

L1000 1.1049

003464
004690
005657
. 006481
.007211

.007874
008485
. 009055
009592
.010100

.01095
.01483
01789
02049
02280

.02490
02683
02864
03033
03194

03464
. 04690
05687
06481
07211

07874
.08485
09055
09592
10100

.1095

. 003606
004796
005745
006557
007280

.007937
008544
.009110
000644
010149

.01140
01517
01817
02074
02302

02510
02702
02881
03050
. 03209

. 03606
04796
.05745
06557
07280

.07937
.08544
09110
09644
.10149

003742
004899
005831
.006633
007348

. 008000
008602
.009165
. 009695
010198

01183
.01549
01844
02098
02324

02530
.02720
02898
. 03066
03225

03742
04899
05831
06633
07348

.08000
. 08002
09165
09695
.10198

.1183
.1549
.1844
.2098
.2324

. 003873
. 005000
005916
006708
007416

. 008062
008660
009220
009747
010247

01225
01581
01871
02121
02345

. 02550

02739
.02915

03082
.03240

03873
05000
05916

06708

07416

. 08062
. 08660
09220
09747
. 10247

L1225
.1581

L1871

. 004000
. 005099
. 006000
. 006782
007483

008124
003718
009274
009798
010296

01265
01612
01897
02145
.02366

02569

02757
02033

.03098
03256

04000
05099
06000

06752

07483

08124
08718
09274
.09798
. 10296

. 1265

004123
005196
. 006083
006856
007550

008185
008775
009327
009849
010344

.01304
01643
01924
.02168
02387

.02588
02775
02950
03114
L0271

04123
05196
06083
06856
07550

.08185
.08775
00327
.00849
10344

L1304

.004243
. 006292
006164
006928
007616

0082461 .
0088327,
009381
009699
010392},

01342
01673

.004359
.005385
006245
007000
007681
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Table 95. Eight-thirds Powers of Numbers Table 95. Eight-thirds Powers of Numbers (Conlinued)
Num- -
Nt;;x;x- 00 | o1 | 02| 03| 0s| 05| 06| 07| 08| 09 -1 .00 | 01 | 02 | 03| .04 | 05| .06 | 07 | .08 | .09
5.1 | 771 77.5| 77.9 83| 787 79.1 79.5 79.9 Y
1 | 002 .003| .004 .004| .005| .006| .008f .009l .010! .012 5.2 | 81.2] 81.6| 820 821 828 833 837 841 gg 3‘5"3
2 014] 016/ .018 .020, .022| .025| .028) .030] .034| .037 53 | 854/ 858 863 867/ 87.1 87.6, 88.0] 884 8%.9| 89.3
3 040| .042| 048] .052| .056] .061, .066| .071| .o76} 081 5.4 | 898/ 90.2 906 91.1f 91.5 92.0{ 924, 929/ 933 938
4 087| 003l 099! .105| .112| .119| .126] .134] .141| .149 55 | 943 047 952| 956 96.1] 96.6| 97.0{ 97.5| 980 084
5 1570 .166| .175| .184| .103} 203 .213| .223] .234] .245 : - -
5.6 | 98.9; 99.4 99.8| 100 | 101 | lor | 102 | 102 | 103 | 103
6 256| .268] .270| .2020 .304] .317| .330| .344| .358 .372 57 1104 | 104 | 105 | 105 | 106 | 106 | 167 | 107 | 108 | 108
7 386 401] 416 .432| 448 .464| .481| .498| .516{ .533 58 | 109 | 109 | 110 | 110 | 111 | 111 | 112 | 112 | 113 | 113
8 | 552| 570 .580| .608| .628| .648| .669 .600| .711| .733 59 | 114 | 114 | 115 | 115 | 116 | 116 | 117 | 117 | 1i8 | 118
9 | 7ssl 778| 801| .824| 848 872 .897| .922| 048/ 973 6.0 | 119 119 | 120 | 120 | 121 | 122 | 122 | 123 | 123 | 124
10 | 1.000| 1,027, 1.054| 1.082| 1.110| 1.139| 1.168] 1.198{ 1.228] 1.258) o1 |1 N
¢ 1 | 124 [195 [ 125 196 | 126 | 127 | 128 |1
11 1120 ] 132135130 142|145 1.49 | 1.52 | 1.55 | 1.59 62 | 130 | 130 | 131 | 131 | 132 | 123 | 133 1%2 }.%2 gg
12 | 163166 | 170|174 ;177 | 1.81 | 1.85 | 1.89 | 1.93 | 1.07 6.3 | 135 | 136 | 137 | 137 | 138 | 138 | 130 | 139 | 140 | 141
13 1201205 210|214 218|223 227 232|236 | 241 6.4 | 141 | 142 | 142 | 143 | 144 | 144 | 145 | 145 | 146 | 1a7
12 | 245 | 250 | 255 | 2.60 | 2.64 | 269 | 274 | 279 | 2.84 | 2.90 6.5 | 147 | 148 | 148 | 149 | 150 | 150 | 151 | 151 | 152 | 153
15 | 2905|300 305|311 316|322 327|333 |33 | 344 oo | 153 | 1
. 5 54 | 155 | 155 | 156 | 156 | 157 | 1 1
16 | 350|356 3621368374380/ 386 | 393399405 67 | 160 | 160 | 161 | 161 | 162 | 163 | 163 122 1(532 iég
17 1412 | 418 | 425 | 431 | 4.38 | 4.45 | 4.51 | 4.58 | 4.65 | 4.72 6.8 | 166 | 167 | 167 | 168 | 169 | 169 | 170 | 171 | 171 | 172
18 | 470 | 487 | 404 | 501 | 5.08 | 516 | 523 | 5.31 | 539 | 5.46 69 {173 | 173 | 174 | 175 | 175 | 176 | 177 | 177 | 178 | 179
19 | 554 | 562 | 569 | 577 | 5.85 | 593 | 6.02 | 6.10 | 6.18 | 6.26 7.0 | 179 | 180 | 181 | 181 | 182 | 183 | 183 | 184 | 185 | iss
30 | 635|643 | 652|661 669 678|687 696 |7.05]7.14 ,
1186 | 187 | 188 | 188 | 189 | 190 | 190
21 | 7231732742751 1760|770 | 7801 7.80 | 7.99 | 8.09 72 {193 | 194 | 195 | 195 | 196 | 107 138 igé %gg %88
22 | 810|890 | 830 | 840 | 859 | 869 | 8.80 | 8.90 | 9.00 | 9.11 73 | 201 {201 | 202 | 203 | 203 | 204 | 205 | 206 | 206 | 207
23 | 922 1932|943 | 954 | 965 | 9.76 | 9.87 | 9.98 [10.10 |10.21 7.4 | 208 1200 | 200 | 210 | 211 | 212 | 212 | 213 | 214 | 215
24 11033 11024 10'56 |10.67 |10.70 |10.01 [11.03 |11.15 {11.27 {11.39 75 | 216 | 216 | 217 | 218 | 219 | 219 | 220 | 221 | 222 | 2%
25 |11.51 [11.64 1176 |11.88 112.01 [12114 [12.26 |12.39 |12.52 |12.65 ae |2 2
6 | 223 | 224 | 225 | 226 | 226 | 227 | 228 | 2 2
26 [12.8 1129 (13.0 [132 (133 (134 |13.6 [13.7 113.9 |14.0 77 | 231 | 232 | 233 | 234 | 234 | 235 | 236 2%? zgg %‘33
7 gy 143|144 146 147 148 [15.0 {151 [153 [15.4 78 239 | 240 | 241 | 242 | 243 | 243 | 214 | 245 | 246 | 247
58 |158 |157 |159 |160 |16.2 {163 {165 1166 |168 [169 7.9 | 248 | 248 | 249 | 250 | 251 | 252 | 253 | 253 | 254 | 255
%9 |71 h73 hi7a li7e 177 7o 181 [182 |184 1186 8.0 | 256 | 257 | 258 | 259 | 259 | 260 | 261 | 262 | 263 | 264
70 1187 18y |1971 foe [19.4 [19%6 197 199 |20 [203
81 | 265 | 265 | 266 | 267 | 268 | 269 | 2
21 |204 (206 208 210 (211 |21.3 |215 217 (219 |22.1 82 | 273 | 274 | 275 | 276 | o8 | o7& | 59 gg(l) %;% %%%
32 |222 |24 |26 |22.8 (2300 (232 |23 |23 (237 (239 83 | 282 | 283 | 284 | 285 | 286 | 287 | 288 | 289 | 200 | 291
3 241 243 245 247 248 81003 102 I9F I%e0 §4 | 202 | 203 | 203 | 204 | 205 | 206 | 207 | 208 | 209 | 300
34 (261 263 1266 8 |27 . - 6 8 |28 .5 1 | 302 | 303 | 304 | 305 | 306
25 loso lags |87 |89 2901 293 205 (2008|300 [30.2 \ 5 307 | 308 | 309 | 309
86 | 310 {311 |312 | 313 | 314 | 315 | 316 |3
36 [304 [307 309 [311 |3L4 316 [31.8 [32.0 |323 (325 8.7 | 320 | 321 | 322 | 323 | 324 | 325 322 35; gég 3%3
37 l327 (330 (332 (335 [337 [339 342 (344 (347 [340 88 | 330 | 331 | 332 | 333 | 334 | 335 |33 | 337 | 338 | 339
38 352 354 (357 [35.0 (362 {364 (367 (369 [37.2 [374 89 | 340 | 341 | 342 | 343 | 344 | 345 | 326 | 347 | 348 | 349
39 13777 |37v (382 385 [387 [39.0 |39.3 [39.5 139.8 140.0 9n | 350 | 352 | 358 | 354 {355 | 356 | 357 | 358 | 350 | 360
30 |103 1406 14000 |411 |4l.4 |417 [420 (422 |425 428
9.1 | 361 | 362 | 363 | 364 | 365 | 366 | 367
41 431 |433 |436 [439 laa2 445 la48 |45.1 [453 1456 92 | 372 | 373 | 374 | 375 | 376 | 377 | 378 2‘7‘3 %gg 2;}
42 la5o la62 l465 |468 |47.1 |47.4 477 |48.0 [483 (486 93 | 382 | 384 | 385 | 386 | 387 | 388 | 389 | 300 | 301 | 302
43 lag9 |49 l495 |498 [50.1 |50.4 |507 [51.0 514 |51.7 9.4 | 394 {305 | 396 | 397 | 398 | 390 | 400 | 401 | 403 | 404
44 |s20 1523 |52.6 (520 [53.3 |53.6 [53.9 [54.2 [54.5 1549 9.5 | 405 | 406 | 407 | 408 | 409 | 411 | 412 | 413 | 414 | 415
45 |352 (555 (550 |56.2 [56.5 [56.8 |57.2 157.5 157.9 158.2
9.6 | 416 | 417 | 419 | 420 | 421 | 422 | 42 o
46 |58.5 |589 [50.2 (595 [50.9 (60.2 [60.6 |60.9 [61.3 1616 9.7 | 428 | 420 | 430 | 431 | 433 | 434 133; i:%é 35? 2%2,
27 le20 l623 627 630 |[63.4 |638 [64.1 645 [64.8 652 9.8 | 440 | 441 | 442 | 443 | 445 | 446 | 447 | 448 | 4490 | 451
48 1656 [65.9 6((‘))3 ?87 %.g gzg g'{g 92133) ggg ggg 18‘3 452 | 453 | 454 | 450 | 457 | 438 | 459 | 460 | 462 | 463
49 1693 169.6 [70.0 [70.4 ) 2 . X ) . X 465 | 467 | 468 | 46
50 [73.1 [73.5 739 (743 |747 |75.1 [75.5 [75.9 [76.3 {76.7 69 | 470 | 472 | 473 | 474 | 475
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7-68 HANDBOOK OF HYDRAULICS
Table 95. Eight-thirds Powers of Numbers (Continued)
Num-1 g5 1 01 | 02| 03| 04| 05| .06 ] .07 08| .09
ber
51 487 | 488
1 | 477 e78] avo| 80| 4s2| 483| 484 485 4
108 | 159! 01| 05| do3| doa| 1on| 4o7 i98) 500 501
103 | 02| 504| 50| 08| 507| 5091 510 ail| 13| 514
10:4 515 517 518 519 521 522 5?3 525 528 S27
105 | 52| 5300 331 533| 534 535] 537 538| 53
50| 5 53| 555
. 542 544 545 546 548 54_9 50‘0 (_)52 55 >
105 | sl 27| 23| 20! 2on 563 | 61| 566 567 568
108 | 570| 71| 57| 74| oTe)| sT7) o7s| Ss0) as1| 83
109 | 84| 88| 87| 88| 500| 51| sG5| dod) 08| 97
110 | 598| €00] 601| 603| 604| 606| e07{ coo| 61
15 616 618 619 620 622 (?2:? 6_25 (}26
H% gé?é 223 631 632| 634| 635| 037| b3S| 640 gg%
13 | 643| 64| 66| Gis| 6do| 631 es2) 63| 633 G5
14 | 638| 660| 661| Go3| 664| e | 068 G09| 67 672
15 | 674 67| 677 e78| 680| 682| 683| 685| 686
5 : I 02| 704
690 | 691| 93| 694| 696 | 6971 699| 701| 7
rldo) v omm) o) nis) o) os| an| )
s | 722 723] 725| 7 ; 738 T38| T3
38| 740| 741| 743| 745 7a6| 748| 730| 751| 75
150 | T30 738! 78| 760| 765| 7es| 7e5| 787 768| 770
> 1| 785] 787
1| 72| 71| Ts| 7er| 718|780 | 782 784
HE IR
06 808 1 3 15 1 2
33| 95| 86| 7| s20| s 83| s31| s i) 810
125 | 842! 843 | 845| 847 | 840| 81| 852| 854 856| 85
5 876
s61| 863| s65| se7| s6u| 871| s72| su4
52| $9| 80| 885 see s85 87| ss0| soi| 803 89
128 | 07| 898| 900| 902| 904 lof o1z 013
5| 917| 919| 921| 923| 925| 927 920| 93 2
i%ﬁg Séz 336 938 940| 942| 944! 946| 948| 950 952
5 5 5 59 971
54| 956 o8| 9s0| o61| 963| 965| 967! 96
R AR apdR AR IR IR AR R
005 | 907 : : 3
igi lg?g 1015 | 1017 ¢ 10191 1021} 1023 1025 | 1027 1828 iggé
135 | 1033 | 1035 1037 | 1030 | 1041 | 1044 | 1046 | 1048 | 1050 | 10¢
1070 | 1070
1050 | 1060 | 1060 | 1060 | 1060 | 1060 | 1070 | 1070
7 | d070| 1060 | 10s0 | doso| 1o | 1050 | Tog | oo | ouo | Lot
138 | 1100 | 1100 | 1100 | 11 Hio| 10| 1110
11201 1120 | 1120 1120 1130} 1130 | 1130 17 B
12(9) 1140 | 1140 | 1140 1150} 1150 | 1150 | 1150 | 1150 | 1160 | 1160
1180
11601 1160 | 1170 | 1170} 1170 1170 | 1180 1}80
e | U e i s
14.3 1200 | 1210 1210} 121 2 ;40 ];’0 1550
1230 | 1230 | 1230 | 1230 | 1240 | 1240 124_0 12 25
142 | 1250 | 1250 | 1250 | 1260 | 1260 | 1260 | 1260 | 1270 | 1270 | 1270
; 1200 | 1290
270 | 1280 | 12801 1280 1280 | 1280 1290 | 1 ?90 2
17 | 18| e e 10 12101 1230 1350 | 1340 | 1330 | 1340
148 | 1320 1320 | 1330 | 1 340 1340 | 1310
330 | 1350 | 1350 | 1350 | 1350 | 1360 | 1360 | 1
150 | 1570| 1370 | 1370 | 1380 | 1380 | 1380 | 1380 | 1390 | 1390 | 1390
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Table 95. Eight-thirds Powers of Numbers (Continued)

Nl;““‘ 00101 1 02 | 03 ) .04 | 05 .06 .07 | 08 | .09
er
15.1 11390 | 1400 | 1400 | 1400 | 1400 | 1410 | 1410 1410 | 1410 | 1420
15.2 | 1420 1420 | 1420 | 1430 | 1430 | 1430 | 1430 | 1440 | 1440 | 1440
15.3 | 14401 1450 | 1450 | 1450 | 1450 | 1460 | 1460 | 1460 | 1460 | 1470
15.4 | 1470 | 1470 | 1470 | 1480 | 1480 | 1480 | 1480 | 1490 | 1490 | 1490
155 ) 1490 | 1500 | 1500 | 1500 | 1500 | 1510 | 1510 | 1510 | 1510 1520
15.6 | 16201 1520 | 1520 | 1530 | 1530 | 1530 | 1540 | 1540 | 1540 | 1540
15.7 | 15501 1550 | 1550 | 1550 | 1560 | 1560 | 1560 | 1560 | 1570 | 1570
158 | 1570 1570 | 1580 | 1580 | 1580 | 1590 | 1590 | 1590 | 1590 | 1600
13.9 | 1600 | 1600 | 1600 | 1610 | 1610 | 1610 { 1610 | 1620 | 1620 | 1620
16.0 | 1630 | 1630 | 1630 | 1630 | 1640 | 1640 | 1640 | 1640 | 1650 | 1650
16.1 | 1650 | 1660 | 1660 | 1660 | 1660 | 1670 | 1670 | 1670 | 1670 | 1680
16.2 | 1680 | 1680 | 1690 | 1690 | 1690 | 1660 | 1700 | 1700 | 1700 | 1710
163 1 17101 1710 | 1710 | 1720 | 1720 | 1720 | 1720 | 1730 | 1730 | 1730
16.4 | 1740 | 1740 | 1740 | 1740 | 1750 | 1750 | 1750 | 1760 | 1760 | 1760
16.5 1 1760 ) 1770 | 1770 | 1770 | 1780 | 1780 | 1780 | 1780 | 1790 | 1790
16.6 1 1790 | 1800 | 1800 | 1800 | 1800 | 1810 | 1810 | 1810 | 1820 1820
16.7 | 1820 1830 | 1830 | 1830 | 1830 | 1840 | 1840 | 1840 | 1850 | 1850
16.8 | 18501 1850 | 1860 | 1860 | 1860 | 1870 | 1870 | 1870 | 1870 ] 1880
16.9 | 1880 [ 1880 | 1890 | 1890 | 1890 | 1900 | 1500 | 1900 | 1900 | 1910
17.0 | 1910 | 1910 1920 | 1920 | 1920 | 1930 | 1930 | 1930 | 1930 | 1940
17.1 | 19401 1940 § 1950 | 1950 | 1950 | 1960 | 1960 | 1960 | 1970 | 1970
17.2 | 19701 1970 | 1980 | 1980 | 1980 | 1990 | 1990 | 1990 | 2000 | 2000
7.3 1 2000 2010 | 2010 | 2010 | 2010 | 2020 | 2020 | 2020 | 2030 | 2030
17.4 | 2030 | 2040 | 2040 | 2040 | 2050 { 2050 | 2050 | 2050 | 2060 | 2060
17.5 | 2060 | 2070 | 2070 | 2070 | 2080 | 2080 | 2080 | 2090 | 2090 | 2090
17.6 1 21001 2100 2100 | 2110 | 2110 | 2110 | 2110 | 2120 | 2120 2120
17.7 | 2130 | 2180 | 2130 | 2140 | 2140 | 2140 | 2150 | 2150 | 2150 | 2160
17.8 | 2160 | 2160 | 2170 | 2170 | 2170 | 2180 | 2180 | 2180 | 2190 | 2190
17.9 1 21901 2200 | 2200 | 2200 | 2210 | 2210 | 2210 | 2220 | 2220 | 2920
18.0 | 2230 | 2230 | 2230 | 2240 | 2240 | 2240 | 2250 | 2250 | 2250 | 2260
18.1 | 2260 | 2260 | 2270 | 2270 | 2270 | 2280 | 2280 | 2280 | 2200 | 2090
18.2 1 2290 | 2300 | 2300 | 2300 | 2330 | 2310 | 2310 | 2320 | 2320 | 2320
183 1 2330 2330 | 2330 | 2340 | 2340 | 2310 | 2350 | 2350 | 2350 | 5360
18.4 | 2360 2360 | 2370 | 2370 | 2370 | 2380 | 2380 | 2380 | 2300 | 2390
18.5 | 2390 2400 | 2400 | 2400 | 2410 | 2410 | 2410 | 2420 | 2420 | 2430
18.6 | 24301 2430 | 2440 | 2440 | 2440 | 2450 | 2450 | 2450 | 2460 | 2460
187 | 2460 | 2470 | 2470 | 2470 | 2480 | 2480 | 2480 | 2490 | 2490 | 2500
18.8 1 2500 | 2500 | 2510 | 2510 | 2510 | 2520 | 2520 | 2520 | 2530 | 2530
189 | 2530 1 2540 | 2540 | 2550 | 2550 | 2550 | 2560 | 2560 | 2560 | 2570
19.0 | 2570 | 2570 | 2580 | 2580 | 2580 | 2590 | 2590 | 2600 | 2600 | 2600
19.1 | 26101 2610 | 2610 | 2620 | 2620 | 2620 | 2630 | 2630 | 2640 | 2640
192 | 26404 2650 | 2650 | 2650 | 2660 | 2660 | 2670 | 2670 | 2670 | 2680
19.3 1 2680 | 2680 | 2600 | 2690 | 2690 | 2700 | 2700 | 2710 | 2710 | 2710
194 | 2720 | 2720 2720 | 2730 | 2730 | 2740 | 2740 | 2740 | 2750 | 2750
19.5 | 2750 | 2760 | 2760 | 2770 | 2770 | 2770 | 2780 | 2780 | 2790 | 2790
19.8 | 2790 | 2800 | 2800 | 2800 | 2810 | 2810 | 2820 | 2820 | 2820 | 2830
197 | 2830 2830 | 2840 | 2840 | 2850 | 2850 | 2850 | 2860 | 2860 | 2870
19.8 | 2870 2870 | 2880 | 2880 | 2880 | 2890 | 2896 | 2900 | 2900 | 2000
199 | 2910 | 2910 | 2920 | 2920 | 2020 | 2930 { 2930 | 2040 | 2040 | 2040
20.0 | 2050 | 2950 | 2960 | 2960 | 2960 | 2970 | 2970 | 2670 | 2080 | 2980

G wnipuadwon

£ XoL



7-70 HANDBOOK OF HYDRAULICS
Table 95. Eight-thirds Powers of Numbers (Continued)
Num- (111} .01 .02 .03 04 05 .06 07 .08 .09
ber -
2990 | 2990 | 3000 | 3000 | 3010 | 3010 | 3010 | 3020 | 3020
%(0)% gggg 3030 | 3030 | 3040 ! 3040} 3050 3050 | 3050 | 3060 | 3060
20.3 3070 | 3070 { 3070} 3080 | 3080 | 3090 | 3090 | 3080 3100 ¢ 3100
20'4 3110} 31101 31201 3120 | 3120 | 3130 | 3130 3140 | 3140 | 3140
20:5 3150 { 3150 | 3160 | 3160 | 3160 | 3170 3170 3180 | 3180 | 3180
0 | 3200 | 3200 3210} 3210 321‘0 3220 3220 3230
%8? gégg gég() 32401 32401 3250 | 3250 | 3260 ; 3260 | 3260 3270
20A8 3270 | 32801 3280 | 3280 | 3290 | 3290 { 3300 | 3300 3310 3310
20-9 33101 33207 3320 | 3330 3330 3340 | 3340 3340 | 33501 3350
21:0 3360 | 3360 | 33701 3370 | 3370 | 3380 | 3380 3390 3390 | 3400
3400 | 3410 | 3410 | 3420 | 3420 | 3430 | 3430 3430 | 3440
%i'% 3228 3450 | 3450 | 3460 | 3460 3%60 3%70 3%70 gggo 3480
21‘3 3490 | 3490 | 3490 ! 3500 | 3500 | 3510 3:_)1‘0 3?20 520 | 3530
21.4 3530 | 3530 | 3540 | 3540 | 3550 3550 3,:?()0 3560 ¢ 3570 3570
21:5 35701 35801 3580 | 3590 | 3590 3600 | 3600 3610 | 3610 | 3610
5 3650 | 3660
3620 | 3630 3630 | 3640 | 3640 3650 | 3650
%%'? gggg 3670 | 3670 | 3630 | 3680 | 3690 | 3690 | 3700 g;go §;°°
21.8 3710 | 3710 | 3720 | 3720 3730 | 3730 | 3740 37(40 3790 3 50
21.9 3750 | 3760 | 3760 3770 3770 3780 | 3780 | 3790 3840 3%28
22:0 3800 | 3800 { 3810 | 3810 | 3820 3820 | 38301 3830 Q
3880 | 3890
3850 | 3860 | 3860 | 3860 | 3870 | 3870 | 3880
B3 | 0| S0 50001 2010 | a010 | sos0 ) aoan | Buso | D0t | buse
22.3 3040 | 3940 | 395 g g prond 4.030
$1¢ 4000 | 4000 | 4010 | 4010 | 4020 | 4020
%%g Zggg 2828 4040 | 4050 | 4050 | 4060 | 4060 | 4070 4070 | 4080
4120 1 4130
4090 | 4090 | 4100 | 4100 41101 4110 | 4120
B 4% 4 A ) an) ) ) o )
22.8 4180 | 4180 | 4190 19 350 i 42:740
. 2 4940 1 4240 | 4250 | 42501 4200 Q0
gg?} 2338 1228 4290 1 4290 | 4300 | 4300 | 4310 | 4310 4320 | 4320
4340 | 4340 | 4350 | 4350 | 4360 4360 | 43701 4370
23| 480|880 1850 | 40 wind | salo | saio | o) dum) duno
23.3 4430 | 4430 | 4440 ] 444 4 4 e 15| 350
4490 | 4490 | 4500 431.0 4?10 5 ]
ggg iggg 2%28 4540 | 4550 | 4550 | 4560 4560 | 4570 | 4570 | 4580
3 4620 | 4630
5 4590 | 4600 | 4600 | 4610 | 4610 4620 >
537 | ddio | 1810 | 4810 | atah | aoeo | doco | so7g | oo | det0 | a0
23.8 4690 | 4690 | 4700 47{50 o0 | ave0
4750 | 4760 | 4760 | 4770 4770
%2% i;gg igég 4850 4810 | 4810 | 4820 | 4820 | 4830 4840 | 4840
4890 | 4890
P 4860 | 4860 | 4870 | 4870 4880 | 4880
13|60 0 s Lok e ) ) )
3 5 4960 | 4970 | 49 9 )
248 A0 e | 3090 | 5020 | 5030 | 5040 | 5040 | 5050 2050 | 5060
24:5 1'30(50 5070 | 5070 | 5080 5000 | 5090 | 5100 | 5100
5160} 5170
P 5130 | 5140 | 5140 5150 | 5150 | 5160 ]
M e
248 5230 | 5240 | 524 5 22601 2270 | 5330 | 5340
5300 | 5300 | 5310 | 5320 2
g?)% ggzg gggg 5360 | 5360 | 5370} 5370 5380 | 5380 | 5380 | 5400
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Table 95. Eight-thirds Powers of Numbers (Continued)

Num-
ber .00 01 .02 .03 04 .05 .06
25.1 5400 | 5410 | 5410 | 5420 | 5420 | 5430 | 5440
25.2 5460 | 5460 | 5470 | 5480 | 5480 | 5490 | 5490
253 5520 | 5520 | 5530 | 5530 | 5540 | 5550 | 5550
25.4 5570 | 5580 | 5590 | 5590 | 5600 | 5600 | 5610
25.5 | 5630 | 5640 | 5650 | 5650 | 5660 | 5660 | 5670
25.6 | 5690+ 5700 | 5700 | 5710 | 5720 | 5720 | 5730
25.7 5750 | 5760 | 5760 | 57701 57801 5780 | 5790
25.8 | 5810 | 5820 | 5820 | 5830 | 5840 | 5840 | 5850
25.9 | 5870 | 5880 | 5880 | 5890 | 5900 | 5900 | 5910
26.0 | 5930 | 5940 | 5950 | 5950 | 5960 | 5960 | 5970
26.1 5990 | 6000 | 6010 | 6010 | 6020 | 6020 | 6030
26.2 | 6060 | 6060 | 6070 | 6070 | 6080 | 6090 | 6090
26.3 | 6120 | 6120 | 6130 | 6140 | 6140 | 6150 6150
26.4 | 61801 6100 [ 6190 | 6200 | 6200 | 6210 | 6220
26.5 | 6240 ] 6250 | 6250 | 6260 | 6270 | 6270 | 6280
26.6 | 6300 | 6310 | 6320 | 6320 | 6330 | 6310 | 6340
26.7 6370 | 6370 | 6380 | 6390 | 6390 | 6400 | 6410
26.8 | 6430 | 6440 | 6450 | 6450 | 6460 6460 | 6470
26.9 6500 | 6500 { 6510 | 6520 | 6520 | 6530 | 6540
27.0 | 6560 | 6570 | 6570 | 6580 | 6590 | 6590 | 6600
27.1 6630 | 6630 | 6640 | 6650 | 6650 | 6660 | 6670
27.2 | 6690 | 6700 | 6700 | 6710 | 6720 | 6720 | 6730
27.3 | 6760 | 6760 | 6770 | 6780 | 6780 | 6790 | 6800
27.4 | 6820 | 6830 | 6840 | 6840 | 6850 | 6860 | 6860
27.5 | 6800 | 6000 | 6900 | 6910 | 6920 | 6920 | 6930
27.6 | 6960 | 6960 | 6070 | 6980 | 6980 | 6990 7000
27.7 | 7020 | 7030 | 7040 | 7040 | 7050 | 7060 7070
27.8 | 7000 | 7100 | 7110 7110 | 7120 | 7130 | 7130
27.9 | 7160 | 7170 | 7170 | 7180 | 7190 | 7190 7200
28.0 | 7230 ; 7240 | 7240 | 7250 | 7260 | 7260 | 7270
28.1 | 7300 | 7310 | 7310 | 7320 | 7330 | 7330 | 7340
28.2 | 7370 | 7370 | 7380 | 7390 | 7400 | 7400 | 7410
28.3 | 7440 | 7440 | 7450 | 7460 | 7470 | 7470 | 7480
28.4 | 7510 7510 | 7520 | 7530 | 7540 | 7540 | 7550
28.5 | 7580 | 7590 | 7590 | 7600 | 7610 | 7610 | 7620
28.6 | 7650 | 7660 | 7660 | 7670 | 7680 | 7690 | 7690
28.7 | 7720 | 7730 | 7740 | 7740 | 7750 | 7760 | 7760
28.8 1 7790 | 7800 | 7810 | 7810 | 7820 | 7830 | 7840
28.9 1 7870 | 7870 | 7880 | 7890 | 7890 | 7900 | 7910
29.0 | 7940 | 7950 | 7950 | 7960 | 7970 | 7970 | 7980
29.1 | 8010 | 8020 | 8030 | 8030 | 8040 | 8050 | 8060
20.2 1 8090 | 8090 | 8100 | 8110 | 8110 | 8120 | 8130
29.3 | 8160 | 8170 | 8170 | 8180 | 8190 | 8200 | 8200
20.4 | 8230 | 8240 | 8250 | 8260 | 8260 | 8270 | 82 80
29.5 | 8310 | 8320 | 8320 | 8330 | 8340 | 8350 | 8350
20.6 | 8380 | 8390 | 8400 | 8410 | 8410 | 8420 | 8430
29.7 8460 | 8470 | 8470 | 8480 | 8490 | 8500 | 851D
29.8 | 8540 | 8540 | 8550 | 8560 | 8570 | 8570 | 8580
29.9 | 8610 | 8620 | 8630 | 8640 | 8640 | 8650 | 8660
30.0 | 8690 | 8700 | 8700 | 8710 | 8720 | 8730 | 8740

.07

7990
8060

8210
8200
8360

8440
8510
8590
8670
8740

.08

5450
5500
5560
5620
5680

5740
5800
5860
5920
5480

6040
6100
6170
6230
6290

6360
6420
6480
6550
6610

6630
6740
6810
6880
6940

7010
7080
7150
7220
7280

8750
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Text 3
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Table 95. Eight-thirds Powers of Numbers (Concluded)

o
purubGutPuirghurt

OLOUITILY CILOLItOY (ROIIY  LOLOY LY
SoNE Likiotom

W N NN NN ==

SLPNE ik ioto—

.00

.01

.02

8770
8840
8920
9000
9080

9160
9240
9320
9400
9480

9570
9650
9730
9810
9900

9980
10070
10150
10240
10320

10410
10490
10580
10670
10760

10850
10930
11020
11110
11200

11290
11390
11480
11570
11660

11760
11850
11940
12040
12130

12230
12320
12420
12520
12610

12710
12810
12010
13010
13110

8770
8850
8930
9010
9090

9170
9250
9330
9410
9490

95670
9660
9740
9820
9910

9990
10070
10160
10240
10330

10420
10500
10590
10680
10770

10850
10940
11030
11120
11210

11300
11400
11400
11580
11670

11760
11860
11950
12050
12140

12240
12330
12430
12530
12620

12720
12820
12020
13020

9910

10000
10080
10170
10250
10340

10420
10510
10600
10690
10770

10860
10950
11040
11130
11220

11310
11400
11500
11590
11680

11770
11870
11960
12060
12150

12250
12340
12440
12540
12630

12730
12830
12930
13030

.03

8790
8870
8950
9030
9100

9180
0260
9350
9430
9510

9590
9670
9760
9840
9920

10010

11690

11780
11880
11970
12070
12160

12260
12350
12450
12550
12640

12740
12840
12040
13040

.04

8800
8880
8950
9030
9110

9190
9270
9350
9430
9520

9600
9680
9760
9850
9930

10010
10100
10180
10270
10360

10440
105630
10620
10700
10790

10880
10970
11060
11150
11240

11330
11420
11510
11610
11700

11790
11890
11980
12080
12170

12270
12360
12160
12560
12650

12750
12850
12950
13050

.05

8810
8880
8960
9040
9120

9200
9280
9360
9440
9520

9610
9690
9770
9850
9940

10020
10110
10190
10280
10360

10450
10540
10630
10710
10800

10890
10980
11070
11160
11250

11340
11430
11520
11620
11710

11800
11900
11990
12080
12180

12280
12370
12470
12570
12660

12760
12860
12960
13060

.06

8810
8890
8970
9050
9130

9210
9290
9370
9450
9530

9610
9700
9780
9860
9950

10030
10120
10200
10290
10370

10460
10550
10630
10720
10810

10900
10990
11080
11170
11260

11350
11440
11530
11630
11720

11810
11910
12000
12000
12190

12290
12380
12480
12570
12670

12770
12870
12970
13070

.07

10470
10560
10640
10730
10820

10910
11000
11000
11180
11270

11360
11450
11540
11630
11730

11820
11010
12010
12100
12200

12290
12340
12490
12580
12680

12780
12880
12980
13080

10920
11010
11100
11190
11280

11370
11460
115650
11640
11740

11830
11920
12020
12110
12210

12300
12400
12500
12590
12690

12790
12840
12990
13090

10840

109308
11010
11100
11190,
11290

11380
1147
1156
1165
11750]

11840
1193

12030
12120
12220

12310
12410
12510
12600
12700

12800
12900
13000
13100
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Table 97. Values of K’ in Formula @ = % b3ssye for Trapezoidal

Channels
D = depth of water and b = bottom width of channel.

Side slopes of channel, ratio of horizontal to vertical
D
b Ver- pe 4
tical | Y41 14-1 | 34-1 7 1-1 | 133-1] 2-1 |2%5-1 3-1 | 4-1
.01 |.00068|.00068].00069].00069:.00069|.00069{.00069;.00069;.00070|.00070/
'02 1.00213(.00215/.00216/.00217|.00218|.00220/.002211.00222|.00223,.00225
03 |.00414}.00419}.00423].00426/.00428|.00433}.00436/.00439 .00443).00449|
‘04 |.00660].00670.00679|.00685!.00691|.00700].00708.00716|.00723,.00736
.05 1.00946|.00964(.00979!.00991{.01002{.01019{.01033|.01047].01060}.01086)
.06 |.0127 |.0130 |.0132 {.0134 :.0136 1.0138 |.0141 |.0143 |.0145 |.0150
.07 1.0162 [.0166 [.0170 |.0173 |.0175 |.0180 |.0183 |.0187 i.0190 i.0197
.08 [.0200 [.0206 [.0211 |.0215 [.0219 |.0225 [.0231 [.0236 (.0240 |.0250
09 |.0241 1.0249 |.0256 {.0262 |.0267 {.0275 [.0282 {.0289 1.0296 1.0310
10 |.0284 |.0294 |.0304 [.0311 {.0318 {.0329 |.0339 1.0348 1.0358 |.0376
11 1.0329 1.0343 .0354 |.0364 |.0373 {.0387 |.0400 1.0413 [.0424 |.0448
12 1.0376 1.0393 1.0408 |.0420 |.0431 |.0450 [.0466 [.0482 |.0497 1.0527
13 |.0425 |.0446 |.0464 |.0480 1.0493 [.0516 |.0537 |.0556 |.05675 |.0613
14 1.0476 1.0502 |.0524 |.0542 |.0559 |.0587 |.0612 {.0636 |.0659 |.0706
15 1.0528 |.0559 |.0585 1.0608 [.0627 |.0662 |.0692 |.0721 |.0749 |.0805
.16 1.0582 |.0619 [.0650 [.0676 1.0700 |.0740 [.0777 |.0811 |.0845 1.0912
.17 |.0638 {.0680 1.0716 |{.0748 [.0775 |.0823 |.0866 {.0907 1.0947 |.1026
.18 [.0695 [.0744 |.0786 |.0822 [.0854 |.0910 |{.0960 |.1008 |.1055 |.1148
19 1.0753 |.0809 |.0857 |.0899 {.0936 |.1001 1.1059 [.1115 [.1169 1.1277
.20 [.0812 1.0876 {.0931 |.0979 [.1021 |.1096 |.1163 |.1227 |.1290 |.1414
.21 1.0873 |.0945 |.101 [.106 [|.111 |.120 [.127 |.135 |.142 |.156
.22 1.0934 {.1015 [.109 [.115 [.120 |.130 [.139 |.147 11585 |.171
.23 1.0997 1.1087 |.117 124 130 141 .150 160 |.169 187
24 |.1061 |.1161 |.125 [.133 |.140 1[.152 {.163 |.173 |.184 |.204
25 1.1125 1.1236 |.133 |[.142 |.150 |.163 |.176 |.188 {.199 |.222
26 1.119 |.131 142 .152 160 |.175 1,189 1202 .215 1.241
27 1126 [.139 1151 162 [.171 |.188 1.203 [.218 1.232 |.260
28 |.132 1.147 160 172 [.182 |.201 |.217 [.234 |.249 |.281
.29 1.139 |.165 {.170 182 1194 [.214 |.232 {250 [.268 |.302
.30 1146 [.163  [.179  .193 .205 [.228 [.248 |.207 1.287 |.324
311153 172 [.189 [.204 |.218 |.242 |.264 |.285 |[.3006 |.347
320160 |.180 [.199 [.2156 1.230 |.256 |.281 1.304 |.327 471
33 1.167 |[.1890 |.209 [.227 .243 {.271 [.298 |.323 |.348 :.390
34 1,174 1.198 |.219 {.238 [.256 |.287 |.316 [.343 |.370 |.423
350.181 [.207 1.230 [.251 1.269 |.303 |.334 |.363 .392 |.450
36 1.189 1.216 1.241 |.263 |.283 [.319 |.353 |.385 |.416 1.478
37 1,196 [.225 [.252 |.275 |.297 1.336 |.372 1.406 1.440 |.507
38 1.203 1.234 [.263 |.288 [.312 [.353 (.392 |.429 1465 |.537
39 1.211 |.244 [.274 [.301 [.326 [.371 [.413 |.452 [|.491 [.568
40 [.218 [.253 |.286 |.315 |.341 [.389 [.434 |.476 [.518 [.600
41 1.226  |.263 |.297 |.328 |.357 [.408 [.456 |.501 |.546 |.633
421.233 |.273 1.309 |.342 |.373 [.427 478 1.526 |.574 |.668
.43 [.241 ].283 |.321 |.357 |.389 |.447 [.501 1|.553 1.603 |.703
44 1.248 [.293 1.334 1371 1.405 |[.467 1.525 |[.580 1.633 1.740
45 1.256 [.303 |.346 [.386 |.422 |.488 |.549 [.607 [.664 |.777
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Table 97. Values of K’ in Formula Q = & b%5s%4 for Trapezoidal
n

Channels (Continued)
D = depth of water and b = bottom width of channel.

(D Side slopes of chanuel, ratio of horizontal to vertical
b

tical | 241 | 26-1) 34-1 | 1-1 | 134-1] 2-1 | 234-1] 3-1 | 41

46| .264 | 213 | 350 401 .430

859 401 . 500! 574 636 .6 ;
fig :ggé ggi .ggz 416 .487) 531|599 665 .ggg 'gég
ol B4y | 5341 385 432 474 553 625 695 763 807
o)1) 3981 .447] 493|575 652 .725] 797 939
. . 355 1 4120 4631 511 598 679 757 833 983

:51 :,303 .366 425 .480| .530 6220 707} .789] .869] 1.03

60| .375 | 468 | .557| .640{ .717| .858] .990| 1.117 i 24 | 1.49
61| .383 | 480 | .573| 650 739
.6 7 887 1.02 | 1.16 | 1.2
?5 ggé égz 588 6780 762 916 1.06 | 1.20 %fsg }-z’;é
64| 408 | 316 | o98 it 809 o7yl 119 | 138 138 Lo
. . 1.2 :
65| .416 | 529 | 637/ 738/ .833| 1.008 117 | 1 3§ %fig %Zﬁ

711 .466 | 604 | .739] .866| 985
] . 121 | 141 | 1.6
AR AR R el
741 491 | 644 | 793 ‘931 1067 13 g an
793 o 131 | 1.54 | 1.
75| 499 | 657 | 811 57| 1.095 135 | 156 | 1 kb 305 | 3ie
76| .508 | .670 | .830] .981| 1.12
| 300 . 139 | 1.63 | 1.87 | 2
;g gy; .gg@ g;;g %'893 Hg 113 | 168 1§Z z}; 322
25 | 58| 1.0 146 | 1.73 | 1. 2.24 | 2
gg gizs 71118871 1.053| 121 | 1.50 178 2.32 553 ﬁﬁ’
725 | .90G] 1.078 1.24 | 1.54 | 1.83 | 210 | 2.37 | 2.90
81| .550 | 730 | 925 1.10 | 1.7
5 5 1.58 | 1.88 | 2.16 | 2.
B e B
84 | 576 | 781 | 085 1.18 | 13 7 03 | 234 | o8 | 31e
/ 1 6 171 | 2003 5
85| .585 | .796 | 1.006/ 1.21 | 1.40 | 1.75 | 2.08 éﬁ 3(7’3 §§§
86| 593 | 810 | 1.03 | 1.23 | 1.4
59: : .0 ® .43 1.79 2.14 2.47 2
Sl e b LR 23808 2y
: 5 : 295 | 2560 | 2. 5
5 019 | 854 | 109\ 131 | 1'53 | 193 | 231 367 | 3703 57
869 | 111 | 1.34 | 156 | 1.98 | 2.36 | 2.74 | 311 | 543

L6

G wnjpuadwo)

£ Xel
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pezoidal

’

— bd¥4st for Tra

Table 97. Values of K’ in Formula Q

b¥ss¥t for Trapezoidal

K’
n

Table 97. Values of K’ in Formula ¢

n

Channels (Continued)
depth of water and b = bottom width of channel.

Channels (Continued)

depth of water and &

D =

bottom width of channel.

D=
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’
Table 97. Values of K’ in Formula Q = % b¥4stt for Trapezoidal

Channels (Concluded)
D e depth of water and b = bottom width of channel.

D Side slopes of channel, ratio of horizontal to vertical
b Ver-

tionl | 2471 | -1 34-1| 1-1 |134-1) 2-1 |2}4-1f 3-1 | 4~1
1.81f 1.44 | 2.64 | 3.97 | 5.34 6.68| 9.27| 11.7 | 14.2 | 16.5 | 21.2
1.82| 1.45 | 2.66 | 4.02 | 5.40 6.76] 9.39| 11.9 | 14.4 | 16.8 | 21.5
1.83] 1.46 | 2,69 | 4.06 | 5.46 6.84] 9.51} 12.1 | 14.5 | 17.0 | 21.8
1.84| 1.47 | 2.71 | 4.10 | 5.52 6.93| 9.63| 12.2 | 14.7 | 17.2 | 22.1
1.85| 1.48 | 2.74 | 4.15 | 5.59 7.01] 9.75| 12.4 | 14.9 | 17.5 | 224
1.86] 1.49 | 2.76 | 4.19 | 5.65 7.09| 9.87| 125§ 151 | 17.7 | 22.7
1.87[ 1.49 { 2.79 | 4.23 | 5.71 7.18] 9.99| 12,7 | 1563 | 17.9 | 23.0
1.88( 1.50 { 2.81 | 4.28 | 6.78 7.26; 10.12} 12.9 | 15.5 | 18.2 | 23.3
1.89| 1.51 | 2.84 | 432 | 5.84 7.34] 10.24| 13.0 | 15.7 | 18.4 | 23.6
1.90[ 1.52 | 2.86 | 4.36 | 5.91 7.43| 1037 13.2 | 159 | 18.6 | 24.0
1.91] 1.53 | 2.89 | 4.41 | 5.97 7.52] 10.5 | 13.4 | 16.1 | 18.9 | 24.3
1.92( 1.54 | 291 | 4.45 | 6.04 7.60{ 10.6 | 13.5 | 16.3 | 19.1 | 24.6
1.93] 1.55 | 2.94 | 4.50 | 6.10 7.69] 10.8 | 13.7 | 16.6 | 19.4 | 24.9
1.94} 1.56 | 2.96 | 4.55 | 6.17 7.78/ 109 | 13.9 | 16.8 | 19.6 | 25.3
1.95] 1.57 | 2.99 | 4.59 | 6.24 7.87) 11.0 | 14,0 | 17.0 | 19.9 | 25.6
1.96| 1.58 | 3.02 [ 4.64 | 6.31 7.96[ 11.1 | 14.2 | 17.2 | 20.1 | 25.9
1.97] 1.59 | 3.04 | 4.68 | 6.37 8.05 11.3 | 144 | 17.4 | 204 | 26.2
1.98; 1.60 | 3.07 | 4.73 | 6.44 8.14] 114 | 14.6 | 17.6 | 20.6 | 26.6
1.99) 1.60 | 3.09 | 4.78 | 6.51 8.231 11.5 | 14.7 | 17.8 | 20.9 | 26.9
2.00| 1.61 | 3.12 | 4.82 | 6.568 8.32| 11.7 | 149 | 18.1 | 21.2 | 27.3
2,01} 1.62 | 3.15 | 4.87 | 6.65 8.41; 11.8 | 15.1 | 183 | 21.4 | 27.6
2.02| 1.63 | 3.17 | 4.92 | 6.72 8.50{ 12.0 [ 1563 | 18.5 { 21.7 ; 28.0
2.03| 1.64 | 3.20 | 4.97 | 6.79 8.60| 12.1 | 15.5 | 18.7 | 22.0 | 283
2.04; 1.65 | 3.23 | 5.0l | 6.86 8.69| 12.2 { 15.6 | 19.0 | 22.2 | 28.7
2.05 1.66 | 3.25 | 5.06 | 6.93 8.79{ 124 | 15.8 | 19.2 | 225 | 26.0
2.06; 1.67 | 3.28 | 5.11 | 7.00 8.88| 12,5 | 16.0 | 19.4 | 22.8 | 204
2.07) 1.68 | 3.31 | 5.16 | 7.08 8.98] 12.7 | 16.2 | 19.7 | 23.0 | 29.7
2.08| 1.69 | 3.33 | 5.21 | 7.15 9.08] 12.8 | 16.4 | 19.9 | 23.3 | 30.1
2,081 1.70 | 3.36 | 5.26 | 7.22 9.17] 12.9 | 16.6 | 20.1 | 23.6 | 30.5
2.10| 1.70 | 8.39 | 8.31 | 7.30 9,271 13.1 | 16.8 | 20.4 | 23.9 | 30.8
2,111 1.71 | 3.42 | 5.36 | 7.37 9.37| 13.2 | 17.0 | 20.6 | 24.2 | 31.2
2.12] 1.72 | 3.44 | 5.41 | 7.44 9.47; 13.4 | 17.2 | 208 | 245 | 31.6
2.13] 1.73 | 347 | 5.46 | 7.52 9.57| 13.5 | 17.4 | 21.1 | 24.7 | 32.0
2,147 1.74 | 8.50 { 6.51 | 7.60 9.67) 13.7 { 17.6 | 21.3 | 25.0 | 32.3
2.15| 1.75 | 3.53 | 5.56 | 7.67 9.77| 13.8 | 17.8 | 21.6 | 25.3 | 32.7
2.16| 1.76 | 3.56 | 5.61 | 7.75 9.87| 14.0 | 18.0 | 21.8 { 25.6 | 33.1
2.17} 1.77 | 3.58 | 5.66 | 7.82 9.97| 14.1 | 182 | 22,1 | 25.9 | 33.5
2.18[ 1.78 | 3.61 | 672 | 7.90 | 10.08 143§ 184 | 223 | 26.2 | 33.9
2,19 1.79 | 3.64 | 5.77 { 7.98 | 10.18] 14.56 | 18.6 | 22.6 | 26.5 | 34.3
2.20| 1.80 | 3.67 | 5.82 | 8.06 | 10.28| 14.6 | 18.8 | 22.8 | 26.8 | 34.7
2.21) 1.81 | 3.70 | 5.87 | 8.14 | 10.4 | 14.8 | 19.0 { 23.1 | 27.1 | 35.1
2,221 1.81 | 3.73 | 593 1 822 | 105 149 | 19.2 | 23.3 | 274 | 35.5
2231 1.82 1 3.75 | 598 | 829 [ 10.6 | 15.1 [ 19.4 | 23.6 | 27.7 | 35.9
2.24) 1.83 | 3.78 | 6.03 | 837 | 10.7 | 15.2 | 19.6 | 23.9 | 28.0 | 36.3
2.25] 1.84 | 3.81 | 6.09 | 846 | 10.8 | 15.4 | 19.8 | 24.1 | 284 | 36.7




Lack of grading material for proper cross-slope during construction creates windrows at roadway's edge,
causing rainfall to seep into roadbed and saturate material {Liberia).
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Foreword

This book is solely concerned with grading methods and how to get the best work
out of your grader.

The comprehensive range of Aveling-Barford graders covers four wheel and six wheel
machines and in most cases these have all wheel drive and all wheel steer.

There are also six wheel machines which feature leaning front wheels.

Grading methods for machines with leaning front wheels differ in some respects
from methods used for other types, but grading instructions for all Aveling-Barford
graders have been included in this book.

The illustrations throughout show typical Aveling-Barford graders in action and are
not intended to depict any particular model. Also, machine details such as pipe
work, brackets, tyre treads etc, have been omitted for the sake of simplicity and
clarity of presentation.

No attempt has been made to relate the operation of the graders to the controls as
these vary with each mode! and it is therefore essential for the operator to study
102 the operating instructions for his machine in the Instruction Book or the Operators
Handbook before moving on to study grading techniques.

We commence with the most elementary instruction so that new operators may
make a start and then move on to all forms and situations of grading where, it is
hoped, even the experienced operator will find something to improve his performance.
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- Blade Control 1

ControlRams . . . . . . . . . « . . . .. .11
BladeControl . . . . . . . . . . . . . 1-2,1-3,1-4
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Blade Control

The Blade or Mouldboard (1) is the principle tool of the grader. It is
carried by a rotating circle (2) and is readily manoeuvrable to a wide range
of cutting positions by the hydraulic controls (3).

The blade and circle are mounted on an A’ frame (4) which is supported
at the front of the machine by a ball joint (5) also known as the ""goose
neck’’.

Movement and positioning of the blade is shown in the following pages,
but first refer to the appropriate Instruction Book or Operators Handbook
for details on the operating controls that are applicable to your particular
grader.

Control Rams
The Rams used to manoeuvre the blade and circle are as follows:—

Blade Sideshift Ram (6)

Lift Rams (7} and (8)

Rotate Circle Motors (9)

Circle High Lift & Sideshift (10) or (11). See fig. 1-6 and 1-7.
Mouldboard Power Tilt Rams (12) if fitted. These enable the blade pitch
to be altered without the operator having to leave the cab to make adjust-
ments.

Safety Note

Ensure that all personne! are clear of the machine when practising blade
manoeuvres.
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Blade Control — continued

1—2  Sideshift the Blade

Sideshift the blade to the right and left with ram (6).

1-3  Lift the Blade

Lift and lower the blade with rams (7} and (8) using both rams to keep
blade horizontal and then separately to raise left or right hand side.
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Blade Control — continued

Rotate the Circle

Rotate the circle and blade with the hydraulic motors (9).

(If circle lock is fitted press control pedal to unlock: releasing pedal
automatically locks circle again).

Rotate blade clockwise to position shown at {A) and anticlockwise to
position (B).

The blade may be rotated into a completely reverse position but watch
points {X) to avoid damage by blade as it rotates.

To Reverse Blade
See that circle is level all round before commencing.

Rotate blade to position (A) and then sideshift blade to the right to avoid
danger points {X).

Continue rotating until blade is in reverse.

Once in reverse the blade can be sideshifted back to a more central position
as required.

Reverse the above procedure to return the blade to its normal forward
operating position, always taking care that points X are cleared.
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Blade Control — continued

Circle Sideshift

Side shift the circle to right and left, remembering that the movement
to the left is limited by the mounting of the Circle Sideshift Ram 10.
Ilustration 1—5 shows sideshift with Ram 10 mounted on right hand side.

Some types of Aveling-Barford Grader have side-mounted ram 10, and other
types are fitted with centrally mounted ram and link 11. Both types leave
the works fitted for right hand high lift operation.

If left hand high lift operation is required these rams must be changed
over as shown in illustration 1—6 and 1-7, and the Blade Sideshift Ram
adjusted on the blade. Detailed instructions for changing over are given
in the Workshop Manual.

All blade movements described so far should be practiced, with machine
stationary, unti! they can be performed with ease. When these basic blade
settings have been mastered it will be possible to study the blade High Lift
position shown in section 1-10.
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Blade Control — continued

Blade Pitch

The vertical angle of the blade can be adjusted, either manually, Fig. 1-8,
or by power tiit rams, Fig. 1--9, if these are fitted.

The adjustment is made to suit the type of work the blade has to do.

When cutting hard pan or clay the blade should be set back at the top. This
is the most effective cutting angle.

For most normal grading work the blade is set to a more vertical position.

General Maintenance, where a spreading or dragging action is required, is
best done with blade set forward at the Top.
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Blade Control — continued

Blade High Lift

Having practiced and become familiar with the blade positions already
described, the more complicated movement of Blade High Lift can be
considered. Remember that blade high lift cannot be performed on left
hand side of machine until high lift ram is changed over as shown in
figures 1—-6 and 1-7.

If a scarifier is fitted it will be necessary to remove the centre tine to avoid
it being fouled by the gooseneck at X. Three centre tines should be removed
from some machines to avoid damage to hoses when going into high lift.

Detailed instructions for removing tines are given in the Operators Handbook.

To commence right hand High Lift, the blade should be parallel to, and not
more than, 3" (76mm) above the ground.

Rotate circle anti-clockwise and sideshift blade to the right.
Raise right hand blade lift ram to maximum.

Tilt circle up to the right by lowering left hand Lift Ram and at the same
time raising circle high lift ram.

Rotate circle clockwise to bring blade to position required.

Reverse the above movement to return blade to normal position. Rotate
circle anti-clockwise and take the blade forward on right hand side. Lower
circle back to a horizontal position while watching that biade does not
foul the machine or the ground. Bring circle in central and return the blade
to normal position.
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Blade Control — continued

Blade Carry Position

Rotate circle clockwise and tilt slightly up to the left, as shown in illustra-
tion.

This brings the blade within the limits of the machine and consequently
has less chance of causing damage.

Always stow the blade like this for travelling between jobs and for parking
or leaving the machine overnight.

If the grader is to stand for two or three weeks, protect the blade surface
with a coat of oil or grease to prevent rust.
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Grading Techniques

In the following pages it is assumed that the operator has studied the
Operators Handbook to be familiar with all controls and has also practised
the basic blade movements as described in the previous chapter.

Real proficiency means that all these operations can be carried out without
having to stop and look at controls.

Basic Principles

Practically all grading is carried out with the grader travelling forward and
with the blade lowered and set at an angle across the frame.

This action causes the cut earth to 'boil’ along the blade to the outer edge
where it is deposited as a windrow.

Forming and handling windrows is the basis of most grading operations.

Note

The type of grader used for most of the illustrations in this book is the heavy
all wheel drive machine, but with minor features omitted for the sake of
clarity of presentation.

Most operations are common to all types, but where special techniques apply
to certain machines, such as the leaning wheels type, these alternatives will
be illustrated alongside as necessary.

Forming a Windrow

Set all wheels in the straight ahead position and angle the blade until rear end
is just outside rear wheel.

The angle should be just sharp enough to let material roll freely off the end
of the blade.

Travel forward slowly in a low gear and lower blade 2 or 3 inches into the
ground — keeping it level. TRY TO MATCH GEAR AND SPEED TO
GROUND DENSITY.

Note action of earth and try slight alterations of blade angle and forward
speed until earth rolls along blade and forms a windrow.

Most beginners do not angle the blade sufficiently to allow material to roll
freely. They consequently use too much engine power. This is wasteful and
causes unnecessary wear.

The expert operator learns to match engine power to work being done.
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Grading Techniques — continued

Forming a Windrow — continued

Most Grader work places a side load on the machine, tending to push the
front end sideways.

On leaning wheel graders, lean the wheels in the same direction that the
earth moves off the blade. This will help to counter the side thrust and
keep the machine going straight ahead.

On all-wheel-steer machines practice using the rear steer to offset the wheels.
The front wheels are then steered to maintain correct direction.

More material can be moved with the wheels offset.

In some operations the windrow may pass between the rear wheels but
NEVER let the wheels run into a windrow.

Note
Illustrations show windrow being formed to the left.

Similar, but opposite, positioning of blade and machine will of course form
windrow to the right.
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Grading Techniques — continued

Handling a Windrow

Once formed, a windrow may have to be moved sideways across the road, or
perhaps new material may have to be mixed with it. Whether moving or
mixing, the routine is always to use the blade to pick up the windrow from
one side of the machine and pass it to the other.

Loose windrowed dirt looks easy to move but this may not be the case.
Depending.on the type of material, you could have a full blade and get
bogged down in just a few feet of travel.

The Right Way

For an all-wheel-steer machine, offset it to place front wheels on one side of
windrow and rear wheels clear of windrow that has been transferred.
In this position the front wheels pull the heel (rear end) of the blade and
rear wheels push the toe {front end) of blade, and maximum balance and
power are obtained. Also the blade may be more nearly square to the
direction of travel and so handle more material and move it further.

To get more power behind the blade ON LEANING WHEEL MACHINES
lean the wheels against the side thrust and angle the blade towards the
windrow to reduce the load.

Angle blade to left or right according to job requirement. (Right hand is
illustrated) and so moves windrow to the left). On approaching the windrow
lower blade onto the ground, ensuring that it is level.

Travel slowly forward in a low gear and steer machine until toe of blade
picks up windrow. Note action of earth along blade and try alterations of
blade angle, steering and speed until windrow passes smoothly from one side
of machine to the other.

The Wrong Way

This illustration and also No. 4 show what to avoid. in this attempt to move
a windrow with an all-wheel-steer machine, the frame is offset but there is
not enough space for the windrow to pass the front wheel and be picked up
properly by the blade.

If the blade is side-shifted to obtain more space, then the rear wheels could
run into windrow that has been transferred. Also as the grader moves
forward the front wheel will be pulled into windrow as shown by wavy
arrow.
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Grading Techniques — continued

Spreading a Windrow and Finishing

Windrows that have been deposited may have to be spread to a set thick-
ness and usually the surface that is achieved is adequate for most site
requirements.

Commence by having all the wheels straight and front wheels astride the
windrow.

The blade must be level and square to windrow.

Remember that for spreading, the blade pitch should be forward at the
top. See illustrations 1—-8 and 1-9.

Set cutting edge of blade above the ground a distance equal to depth to
which material is to be spread.

As grader moves forward in low gear the windrow is spread out by blade
under full length of the cutting edge. If windrow is very heavy more than
one pass may be needed to spread all material to the required depth.

Finishing Without Leaving Tyre Marks

Occasionally however, the surface may have to be finished to fine limits —
on airfield runways and on motorways for example.

In such cases make the finishing pass with the blade only slightly angled and
set to skim the surface. Blade pitch forward at top.

With maximum circle and blade sideshift it is possible to reach well beyond
the rear tyre and so leave a fine graded surface without tyre marks.
Off-setting the wheels on all wheel steer graders will of course increase this
advantage.

Work in low gear and avoid sudden jerky movements on controls. With
practice it will be possible to work to the finest limits.
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Grading Techniques — continued
Important Principles To Remember

Keep Rear Wheels On Level Ground

Keep rear wheels on level ground whenever possible — the grader is easier to
control and the blade setting is kept true.

Offset The Wheels

Offset the wheels whenever you can — you will move more dirt further and
faster: effective track is greatly increased giving extra stability and power.
This is the basic reason why all-wheel drive and steer graders out-perform

other types.

Do Not Use High-Lift Unless Really Necessary

Do not use high-lift if the job can be done without it. The grader is most
efficient when the blade is under the frame, especially for rough grading
where more weight is required on the blade.

If possible grade so that earth is transferred downhill: it is easier to work

with gravity than against it.

Leaning wheel machines lean top of front wheels towards the top of slope.
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Grading Techniques — continued

Grading Curves

Steer front and rear wheels as shown in illustration and use blade sideshift
to assist in following the curve as the machine moves forward.

To keep a smooth and continuous finish do not stop whilst sideshifting the
blade.

On leaning wheel graders always lean the top of the front wheels in the
direction of the turn to help the grader to follow the sharper bends.

The ability to lean the front wheels can also be used to make minor adjust-
ments to the point of the blade in order to follow an accurate line.

Grading Around Obstacles
Do Not Force The Blade Through Obstruction

Where the obstruction is not in the path of the wheels but only of the blade,
sideshift the blade to avoid obstruction, move forward and return blade when
obstacle is passed.

When the obstacle is more extensive or is partly concealed, sideshift blade
and back out 'Crab-wise’.

Drive grader past obstruction and return to original line as soon as possible.
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Grading Techniques — continued

Grading Around Obstacles

When obstacle is large enough to be in the path of wheels and blade, work
as near as possible before steering away and side shifting the blade out to
make up the away movement,

Take the blade as near to the obstruction as safety permits before side-
shifting the blade in, and steering rear wheels to clear obstruction.

Straighten rear wheels and grade past obstacle.
Steer front wheels and sideshift blade to return to original path.
Straighten front wheels along original path and sideshift blade.

Steer rear wheels back to original path and adjust blade as necessary.




Compendium 5 Text 4

®




134

Compendium 5

Text

2-9




Compendium 5

Text 4

Grading Techniques — continued

Earth Road Maintenance

Since light maintenance does not require rmoving large amounts of material,
both types of grader operate in a similar manner. The blade is circled
and sideshifted to make windrows outside or between rear wheels; dropped
to cut high areas and lifted to fill low areas.

However where conditions are rough, such as on haul roads where large
dump trucks and other heavy equipment leave deep ruts and holes, it needs
a powerful machine to level these out and keep the road in good condition.

Set the blade to cut just below ruts and potholes and move forward to form
a windrow, use first or second gear depending on nature of ground and depth
of cut.

If road is wide enough, work along one side and back along the other so that
windrows form down middle of road. Set blade pitch back at the top for
cutting.

The all wheel steer grader should be offset. This widens its stance and gives
greater stability and more power at the blade.

On leaning wheel machines, if load is heavy, lean front wheels over against
the side thrust and angle the blade towards the delivery side to reduce the
load.

When an even surface is obtained, set blade at right angles to re-spread
windrows, angling blade vertically to give required camber or crossfall.

For spreading, blade pitch should be forward at the top. Use second gear
if possible.

If there are low spots in the road, drop material into these areas by steering
REAR wheels one way or the other so that dirt spills off end of blade into
low spot.

Do not touch the blade controls.

Straighten grader again when low spot has been passed.
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Grading Techniques — continued
Earth Road Construction

Remove Turf

If turf has to be stripped off, set blade square to machine with cutting edge
level. Lower the blade just sufficient to roll up turf as grader moves forward
in first gear.

Usually only a few feet of turf can be cut before it has to be moved out of
the way for the grader to continue. Once a long enough strip has been
cleared it can be widened much easier by taking about one third of a blade
length of turf at a time.

Work along road line as indicated by marker stakes if possible, but actual
direction of operation may depend upon arrangements for disposal of turf.

Level Surface

After stripping turf, level the surface, filling hollows and holes left by trees
etc. with a light cut. Keep blade square and work along one side of road
line and back down other side. Use second gear.

Mark Out Ditch

The primary objective now is to establish a straight ditch line.

Line up front and rear wheels just inside ditch line stakes. Turn blade 45
degrees forward and sideshift it to bring toe just to outside edge of right
front tyre.

Raise the heel of blade until material will fall off its centre to form windrow
between rear wheels. Take a light cut of 9" to 12" (30 cm) at first. Work
both sides of road line — up one side and down the other — using first gear.
Keep front wheels upright on leaning wheel graders unless there is much
resistance, when wheels should be leaned away from ditch to help keep to a
straight line.




Compendium 5

Text 4

s

GL29

1317



Text 4

Compendium 5

Gi.30

138




Compendium 5

Text 4

2—-11

Grading Techniques — continued
Earth Road Construction — continued

First Ditch Cut

When an accurate ditch line is established along both sides of road, more
material may be moved on successive passes. Line up the blade as when
marking out ditch and lower the toe to cut about 6" (15 cm) deeper or to a
depth as will allow grader to move forward smoothly.

Raise heel of blade to let windrow form between rear wheels as before. Use
second gear if possible, and keeping right hand front and rear wheels in
the ditch.

Move Windrow Over

After one or two ditch cuts it will be necessary to move windrow over to
centre out of the way. Trying to operate with tyres running into soft loose
soil will only result in difficult and uneven work.

Use rear steer to offset, leaving right rear wheel in ditch to help grader keep
on course, and front wheels out of the ditch.

Set blade to pick up windrow and move it to centre of road, passing it to
left of rear wheels. Use second gear.

Repeat Ditch Cuts

Repeat ditch cuts as already described until required depth of ditch is
reached, moving windrow over or spreading on road as necessary.

Grade Ditch Outslope

When ditch is deep enough the outsliope should be graded to leave a clean
finish and prevent the edge breaking down into the new ditch.

Steer right front wheels to ride bottom of ditch and right rear wheels to
barely ride the outslope.

Set heel of hlade at ditch bottom and toe well forward.

Pass windrow between rear wheels. Use first gear.

On leaning wheel machines, lean top towards the bank slightly — an exception
to the usual rule but it helps in keeping the blade accurately positioned.
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Grading Techniques — continued
Earth Road Construction — continued

Clean Ditch

Material that might have fallen into the ditch during the outsloping operation
may be removed by making a finishing pass to clean it up.

With right rear wheels in ditch and front wheels on the road, set blade to pick
up windrow, move it up ditch inslope and deposit it on shoulder between rear
wheels.

Use first gear.

When ditch is cleared down both sides of road, move windrows into the

centre and spread as shown in illustration 2—4.

Finish Camber

If a camber to the earth road is required, set the blade square to the machine
and angled vertically to give the required camber. The end of the blade
should just reach the ditch shoulder. Take a very light cut and do not let
dirt fall into ditch. Use second gear.

Grading In Reverse

In all the above ""earth road’’ instructions the operator is advised to work up
one side of the road and down the other, and this is much the easiest way of
working. In some situations however it may be necessary to grade in reverse
and this is described in section 2—14.
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Grading Techniques — continued

Flat Bottom Ditches

It is sometimes necessary to widen the ditch bottom for greater drainage
capacity. The first step in making the flat bottom ditch is to cut another
'V’ ditch on the inside slope of the first, or as far from the centre as the
desired width of the flat bottom.

More than one cut may have to be made to make the second ditch a
similar depth to the first. Resulting windrows to be moved up out of the
way as before.

When the second 'V’ trench is cut, set the grader straight with right wheels
in the ditch close to the outslope.

The full length of the blade should be placed level along the bottom of the
ditch with toe behind the front wheel and heel at the base of the inner 'V’
trench. This will give a narrow flat cut for the bottom of the ditch, and
leave the material on the inner slope, to be moved up later onto the
shoulder and spread.

The rear wheel will compact the flat bottom.

Note that rotating the blade in the ditch will adjust the width of the flat
bottom. Work in the first gear, keeping machine steady so as not to bite into
outslope with toe of the blade.

On leaning wheel graders lean top of front wheels away from ditch.
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Grading Techniques — continued

Ditch Cleaning

If ditch is dry, set right hand front and rear wheels in ditch and toe of blade
in bottom of ditch.

Angle the blade vertically so that material spills off centre of blade to
deposit windrow between rear wheels.

In dealing with a wet ditch keep rear wheels on firm ground and set front
wheels in the ditch followed by toe of blade. The blade is angled vertically
as before to leave windrow between rear wheels.

Use first gear.

Grading In Reverse

When necessary the blade can be turned right round to operate in reverse
direction. No need to remove scarifier tines.

This is illustrated in section 1—4.

Reverse operation is useful in narrow situations where it is difficult to turn
the grader round, and also on short stretches of work to avoid frequent turns.
On ditch cleaning jobs, the windrow formed on the inslope or shoulder in
one direction can be moved over on the return trip merely by sideshifting
and rotating the blade about 80°.

Use rear steer to guide grader in reverse.
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Grading Techniques — continued
Bank Sloping

Steep Banks

For steep banks the blade should be set in the high lift position. This is
usually operated on the right hand side, but if it is necessary to work with
left hand high lift, the change over can be made as shown in section 1—11
and in the machine instruction books.

In this illustration for right hand high lift the toe of the blade is well
forward and heel adjusted to deposit windrow between rear wheels.

Rear wheels should be close in to the bank. If possible ride one or both
front wheels on the bank — this allows the blade to reach further and to be
kept nearer the normal position under the frame.

Use first gear.

It is sometimes possible to vary the depth of cut by steering rear wheels —
away from bank to DEEPEN a cut and into the bank for a LIGHTER cut.
Leaning wheel graders lean top of front wheels towards the bank.

Wide Slopes

Grading wide slopes such as those for motorway cuttings, dams and
reservoirs can prove difficult as down pressure of the blade combines with
gravity to slide the grader downhill. All wheel drive and steer graders can
work on slopes of up to 2 in 1 without assistance. Power on front as well as
rear wheels together with increased track by offsetting, gives the greater
stability needed to operate at this angle.

(Leaning wheel graders lean wheels towards top of slope to increase
leverage).

Offset with front wheels downhill and blade to pass windrow downhill
outside the rear wheels.

For lighter finishing pass, offset with rear wheels downhill and blade extended
beyond front wheel to erase tyre marks and pass windrow downhill between
rear wheels,
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Grading Techniques — continued

Getting Out When Bogged

With their extra power and manoeuvreability it is not often that all wheel
drive and all wheel steer graders get stuck. Should this happen however
do not try to drive out - wheels will only spin and sink deeper.

Use the down pressure of the blade to lift the machine out.

Set the blade level and square and with timbers under the cutting edge.
Lower the blade to the timbers and keep lift ram valves open until front
wheels lift off the ground.

Then using circle sideshift, move the whole front end of the grader over as
far as possible towards firmer ground.

Lower the wheels to the ground and repeat the operation until the grader
can get sufficient grip to drive out.
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Grading Techniques — continued

Terrace Construction

Terracing for soil conservation is an important job which can be done very
efficiently by graders.

Soil conditions and gradients vary greatly and therefore size and cross section
of suitable terraces can be very different. However the basic manoeuvres
are similar and the following illustrations are typical.

Terraces must follow the contour of the hill and be kept level. The centre
line of the channel (A) is first staked out for the operator to follow. Soil
cut to make the channel is graded to form the ridges (B).

Make the first cut about 12 (30.5 cm) downhill of the centre stakes and
form windrow downhill. If bends are sharp use all wheel steer and also
sideshift the blade to follow the curve as shown in section 2—6. Use first
gear.

The second cut is taken on the return trip, deepening the channel and exten-
ding the blade to reach centre stakes. Hold the right rear wheels against the
first cut to guide the grader. Use first or second gear.

The third pass is used to move downhill the windrow made so far.

At least one more full cut is usually necessary to make the required depth
of channel.

Having established the channel base now cut the uphill side. Use extreme
blade reach with rear wheels on downhill side. Cast windrow down into
channel.

With this pass move the windrow from the last up hill cut out of channel and
downhill,
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Grading Techniques — continued

Terrace Construction — continued

Earth that has been moved out of the channel should now be moved over to
build up the ridge. Use a higher gear for windrow moving passes.

Another heavy cut on the outside slope, delivering windrow into the channel
again.

Once more clear the channel, moving soil towards the ridge.

This cut on the high side should finish the outslope and be deep enough to
meet the channel on the centre line.

The uphill slope is now finished and the channel has to be cleared for the
last time by moving the windrow from the last uphill cut out towards the
ridge.

Clean up and finish the top side of the ridge to the required level.

Soil to form the downhill side of the ridge is now graded into shape. If
windrows are heavy keep the blade under the machine and ride the slope if
possible. Use extreme blade reach on the finishing pass to erase tyre marks.
The above sequence of operations illustrates the basic principles of terrace
building and although some operators may have their own variations, this
procedure has been found satisfactory by many good terrace builders.
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Grading Techniques — continued

Spreading Bituminous Materials

Road surfacing with asphalt, coated macadam or similar material is now
usually done hot by a paving machine.

Should it be necessary however to use a grader on patching or repair work or
where a paving machine is not available the blade should first be painted with
oil to prevent material sticking.

If mixing has to be done, move material from one side of the road to the
other and back again. Do this at a fair speed in third gear to give the material
a good roiling action.

Angle the blade forward to about 30° and offset wheels, using front wheels
1o steer.

When thoroughly mixed spread material to the required depth with blade
square across the machine and pitch forward at top.
Set front wheels astride the windrow and engage second gear.
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Sideborrow construction often creates standing water, a situation that requires proper ditching before road is
completed (Liberia). {Photo courtesy of USAID/Liberia.)
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FOREWORD

The National Association of Australian State Road Authorities works towards
uniformity of practice in the design. construction and user aspects of roads and
bridges and, with this purpose in view. arranges for the preparation and publica-
tion of standards and general procedures.

This publication on road maintenance is intended to help and guide those
directing or planning maintenance work. The aspects covered range from helping
the public, to sweeping the road, clearing drains. the roadside and the shoulders,
grading and forming gravel roads, seal patching bituminous surfaces and main-
taining traffic control devices.

The methods described have been adapted from the practices followed in the
various member authorities organisations and represent current Australian prac-
tice. A companion volume on bridge maintenance is in the course of preparation.

Svdnev,
December, 1975
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Section 1

INTRODUCTION

1.1 GENERAL

Roads are designed to varying standards and built out of natural processed
materials to meet the needs of the communities they serve. Like all other struc-
tures they are subject to deterioration which commences as each part of a road is
completed. If the facility is to give the standard of service for which it was
designed, maintenance must begin as soon as construction ends.

Ideally, maintenance would ensure that the road always functioned as
efficiently as when it was first constructed, but in planning maintenance due
regard must be paid to limitations of manpower and funds. For this reason the
maintenance programme is adjusted to control the rate of deterioration and to en-
sure that the serviceability of the road does not fall below some minimum level,
depending upon the resources and policy of the road authority concerned.

1.2 SCOPE OF MAINTENANCE

Road maintenance activities relate to the repair of faults and attention to the road
structure and facilities to ensure the preservation of the asset and the convenience
and safety of road users. It includes routine maintenance which may be organised
and done by permanent gangs, and special maintenance which requires detailed
technical planning and supervision and is usually done by gangs specialising in
the type of work involved.

1.3 ORGANISATION AND MANAGEMENT

The size of the maintenance organisation, arrangement of gangs, location of
depots and requirements for plant will vary according to the types and lengths of
roads and the nature of work in hand.

Routine maintenance is normally undertaken by relatively small labour groups
suitably equipped with hand tools. Each group is provided with a truck for its
own transport. Such groups generally operate over defined lengths of road under
the continuous direction of a supervisor. Labour is usually directly employed by
the road authority but there may be exceptions such as the employment on a con-
tract basis of individual owner-drivers or fleet owners in the operation of trucks
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or other plant items. The groups frequently operate from depots in towns but in
the less populated areas they may be required to operate from mobile camps.

Special maintenance is generally arranged by the use of additional resources of
labour, materials and equipment that may operate as a separate organisation or
may supplement local units. This work may be undertaken by directly employed
labour or by contract.

Effective use of available resources requires regular inspections, adequate plan-
ning of operations to prevent or correct defects, and thorough training and super-
vision of personnel to ensure the use of sound techniques. The organisation to
provide these requirements will vary according to the structure of the various
road authorities.

When maintenance is being planned both preventive and restorative work
must be considered. the balance between them being based on experience of local
conditions and the resources available.

While all defects should be corrected soon after they occur, they must often be
left until there is sufficient other work to justify the movement of a gang to the
location. However, there will be times when correction of isolated deficiencies
may not be deferred either for reasons of safety, to restore communications, or to
prevent extensive deterioration of the asset.

14 SCOPE

This manual outlines the procedures for proper performance of routine main-
tenance. For information about special tasks the reader is referred to other publi-
cations. The methods and procedures outlined have been adapted from the prac-
tices of state road authorities but owing to differences in geology. topography.
climatic conditions. and traffic volumes, they may need to be varied to suit local 167
conditions.

1.5 TERMS USED

The terms used in this manual are those adopted in AS 1348, Terms Used in Road
Engineering. ‘
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Section 4
DRAINAGE

4.1 GENERAL

The drainage system is a most important part of any road. Its functions include:
® the removal of rain or flood water from the carriageway in particular.
and the road formation and road reserve in general:

@ the interception of surface water flowing towards the road formation
and its ultimate satisfactory disposal downstream of the road, so that it
will not cause damage to the road itself or to adjacent property: and

@ the interception and disposal of ground water that would otherwise
penetrate the subgrade and reduce the bearing strength of the material
supporting the running surface of the road.

It is a cardinal principle of good drainage practice that the concentration of
water should be increased as little as possible. When. because of road works. in-
creased concentration is unavoidable the flow should be so controlled that it does
not cause scouring or other damage.

As a general rule it is good practice to interfere as little as possible with the
natural flow of water. Water flowing towards a road formation should be
allowed to return o its natural course as soon as possible after being passed under
the formation (where it will, of necessity. be concentrated to some extent).

It is usually bad practice to concentrate water from several water courses into
one in order to reduce the number of culverts under the formation. Nevertheless
any breakdown in the drainage system which permits water to bypass its normal
course should be corrected without delay.

4.2 DRAINAGE OF BITUMINOUS AND CONCRETE PAVEMENTS"

Bituminous and concrete pavements are normally impervious to water so that
drainage is effected by providing the surface of the pavement with a crossfall nor-
mal to the alignment of the road. Most pavements of this type have crossfalls of 2
to 3 percent. On straight roads with flat grades the surface water is shed directly
towards the shoulders. but if the grades are steep or the horizontal alignment is
curved there will be sections of the surface where water will tend to flow more or
* See also the NAASRA publication Report of an Investigation into the Drainage of Wide
Flar Pavements, 1974, ISBN 0 85588 057 0.
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less parallel with the centre line. The concentrated sheet of water so formed may
adversely affect the serviceability of the road as follows:

@ On smooth surfaces the tyres of high speed vehicles may aquaplane
resulting in loss of traction and control by the driver.

@ If the relatively concentrated water flows along the edge of the hard
pavement and a softer shoulder. scour will develop leading 1o
dangerous conditions for vehicles and loss of edge support for the pave-
ment.

Sheet flow along the pavement may be alleviated by the maintenance organisa-
tion if care is taken (0 ensure that the flow of water from the pavement across the
shoulder is not hampered by grass growth. silt deposition. windrows. or debris
left after grading operations. In any case. the correction of shoulder scour should
be given high priority.

The seal should be maintained in a waterproof condition by the prompt sealing
of cracks in the surface and by filling minor depressions that would hold surface
water. (See also Sections 6 and 7.)

169

Debris on Shoulder

4.3 DRAINAGE OF GRAVEL SURFACES

To compensate for the absence of a waterproof surface the crossfall of a gravel
pavement is usually 4 to 5 percent. Shoulders may be steeper depending upon the
nature of the shoulder material.

While the steeper crossfall to some extent aids the shedding of water it also pro-
duces higher velocities with the consequent removal of fines and the creation of
transverse scouring of the pavement and shoulder.

Ponding of water in depressions in the pavement can have serious results
because of the consequent weakening of the pavement material and its displace-
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ment under wheel loading. Not only do the deepened depressions become
potholes but they also assist the entry of the water to the subgrade, thus leading to
subsidence of the pavement surrounding the pothole.

To prevent serious damage from water and to maintain unsealed surfaces in
reasonable condition for traffic. scours and depressions must be promptly filled
and the whole surface kept in a smooth and self-draining condition by frequent
grading.

4.4 DRAINAGE OF UNPAVED SURFACES

Most unpaved surfaces are composed of the natural material found in the top
layers of the ground over which the road passes. The material quality varies over
a wide range from plastic clays that are unstable when wet to natural gravels that
are capable of supporting traffic under all weather conditions. provided they have
been properly compacted.

As with sealed pavements the principal means of draining an unpaved forma-
tion is to provide a crossfall normal to the centre line that will remove surface
water as quickly as possible. Many unpaved surfaces are subject to severe damage
when traversed by vehicles in wet weather. A common form of damage is the
development of wheel ruts which are deepened and made worse by succeeding
vehicles rracking. and also because the ruts themselves hold water. Potholing is
also likely to be a common defect because the surface material of an unpaved for-
mation may vary widely in quality with numerous unstable patches.

Grading to restore the crossfall and to fill potholes and ruts is the major activity
to maintain riding conditions and surface drainage efficiency. The work is best
carried out after rain has ceased to fall but while the surface material is still damp
enough 1o bind into a solid mass under the action of the grader and traffic.

Lack of Suitable Drainage leaving Pools of Water and causing Potholing on Open
Surface Road
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4.5 DRAINAGE ELEMENTS AND THEIR MAINTENANCE

Under this clause the various types of drains used in association with road works
and their maintenance are described.

4.5.1 Table Drains. The function of a table drain is to collect water that has
fallen on the carriageway or the batters of a cutting and flowed to the edge of the
formation. Table drains are essential wherever the road is in cutting and often
desirable ajong the shoulders of embankments.

Because table drains are often built on very flat grades to suit the road grade.
they must either have a large cross-sectional area or be provided with frequent
discharge points where the water can escape. Depending upon the nature of the
material in which they are constructed and their longitudinal grade. table drains
may need to be lined with stone, concrete, or a bitumen seal to resist scouring.

Table drains require frequent maintenance, such as grading of unlined drains to
remove silt and other debris that may easily block the flow, and to restore the
original shape. The lining of table drains needs checking at frequent intervals so
that any failed section may be repaired before extensive damage occurs.

Scours in table drains need prompt attention to prevent serious damage that
may lead to undermining of the drain lining. the carriageway, or the cutting bat-
ters. Short term measures, such as placing loose rock, etc., in scours to arrest their
development may be necessary on occasion. but such action should generally be
discouraged because it can lead to even more serious damage before final remedial
measures can be effected. Whenever a table drain is susceptible to scour it is
usually necessary to line it with some type of durable material.

4.5.2 Batter Drains. It sometimes happens that water from table drains must be
discharged down the embankment batters. There will also be occasions when it is 171
necessary to discharge water down a cutting batter to avoid overloading a catch
drain above. In such cases the slope of the invert of the drain down the batter is
too steep to allow the water to flow over most natural materials because the high
velocity induced would lead to serious scouring.

Batter drains are, therefore. generally lined with concrete. metal. or some other
hard material such as grouted.stone. When the batter drain is on earth the protec-
tive lining should be flexible enough to adjust to any settlement of the filling or
movement with weather conditions.

It is important that batter drains should be inspected frequently and immediate
steps taken to make good any undermining and repair any breaks in the lining.
The flow of water in batter drains should be observed during heavy rain to assess
their adequacy.

The protection of batters on embankments and in cuttings from surface water.
springs, or seepage is normally expensive and not always effective. Such work.
other than that of a very minor nature, is beyond the scope of normal mainten-
ance and should be undertaken during construction, the work being properly
designed by experts after a thorough investigation of all relevant conditions at the
site.
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Scouring of Batter due to Lack of Suitable Drainage

4.5.3 Side Drains. A side drain is a surface drain approximately parallel to and
between the formation and the road boundary. Its main purpose is to convey
water discharged from table drains, catch drains, or culverts, to a point where the
water may be safely discharged into natural water courses, diversion drains. or
cross drainage channels. 173

In friable country, side drains may scour to excessive depths and widths, thus
undermining boundary fencing or the road formation. Any evidence of scouring
should be investigated as soon as noted and the appropriate corrective work put in
hand without delay. This may include widening the drain, flattening the invert.
grassing the invert and batters. Blankets of loose stone contained in heavy gauge
wire mesh may be used to good effect to protect the invert where the grade is
steep. It may also be necessary to install properly designed drop structures to
reduce the gradient, and to construct pitching where it is essential to prevent the
scour extending. The use of loose rock, tree branches. etc., is seldom likely to be
effective.

4.5.4 Diversion Drains. The purpose of a diversion drain is to convey water
from a table drain, catch drain, or side drain so that it can be disposed of by
soakage or by spreading over the natural surface where its velocity is small and
the likelihood of damage by erosion is reduced.

Special attention needs to be given to the junction of the diversion drain with
the side drain where both scouring and siltation can easily occur. Similar
problems may also arise at the extreme end of the diversion drain where it has vir-
tually no grade.
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Periodic grading of diversion drains, preferably in conjunction with the side
drains, is the main maintenance attention required. If serious scouring develops it
might be better to construct a new diversion drain in a better location rather than
persevere with the old one, which should be effectively blocked off.

174
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4.5.5 Catch Drains. The primary function of a catch drain (or intercepting
channel) is to intercept surface water flowing towards the road cutting or forma-
tion embankment. It thus prevents the water flowing down the cut batter or along
the toe of the embankment, which may cause severe scouring. Catch drains are
usually open earth channels with spoil from the excavation being placed on the
lower side to form a bank.

Maintenance involves periodic inspection, clearing of obstructions, repairing of
breached banks, and the filling of scours. If the bank is shown to have been
breached by overtopping. the adequacy of the drain should be investigated and its
size increased to prevent a recurrence. Alternatively, relief may be obtained by
leading some of the water in the catch drain into a batter drain or a diversion
drain depending upon whether the catch drain is above a cutting or above an em-
bankment. Scours are repaired by regrading the drain or by backfilling the scour
and covering the damaged area with paving of concrete. stone pitching, or
bituminous material.

175
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4.5.6 Cross Drainage Channels controlled by other Authorities. Some cross
drainage channels may be controlled by other authorities such as private drainage
trusts, flood mitigation councils, irrigation commissions, etc. Such channels and
the easements in which they lie are normally maintained by the authority con-
trolling them. However, road maintenance organisations retain the responsibility
for the safety of the road user and the integrity of road assets and because of this
they should inspect and report any deficiency in the channel or the easement
likely to have an adverse effect on road users or road structures.

4.5.7 Floodways and Fords. Floodways and fords are used where construction
of suitable waterways under the roadway cannot be justified. Floodways and
fords are either intended to be covered by deep water for short periods or to re-
main trafficable for extended periods. Quite often the floodway is supplemented
by a relatively small culvert under the higher approach with its invert below the
pavement level of the floodway so that the pavement over the floodway is dry
when the cross flow is low.

On all but very primitive roads the pavement of the floodway consists of hard
durable material that is stable under traffic when it is wet. The pavement may be
concrete. grouted stone, stabilised gravel, or packed rubble. In some cases it may
have a bitumen seal or be sheeted in asphaltic concrete. The batters of floodways
must be composed of material that will resist erosion by flowing water. Some-
times a concrete or similar head wall is provided to give edge support to the car-
riageway. Maintenance of floodways and fords may be divided into three types as
follows:

(a) DURING DRY WEATHER: The pavement. batters, and supplementary
culverts require routine maintenance similar to that of a normal road. Warning
signs and depth indicators need special attention, the former because they warn of
a dip in the pavement during dry weather as well as indicating the possible pre-
sence of water over the pavement in wet weather, the latter because they must be
easily read at a distance when there is water over the floodway.

(b) DURING FLOODING: Regular inspection is necessary to ensure that the
floodway is safe for traffic. having regard to the fact that deep holes and washed
out batters may not be apparent to all drivers. Debris that may collect on the
floodway should be removed and holes under the water filled with rock pending
permanent repair when the water has receded.

(c) AFTER FLOODING: High priority must be given to the restoration of
physical damage so that the floodway is safe for traffic and is not further damaged
by subsequent floods. Debris should be cleared from the upstream channels lead-
ing to the floodway and culvert, if any. Markers and signs should also receive at-
tention.

Many dry water courses contain loose sand which may be deposited on the
floodway in sufficient thickness to prevent the passage of vehicles or at least create
hazardous conditions for them. The removal of this loose material is generally the
most urgent restoration work after floods. In some cases it may also be desirable
to raise the pavement level of the floodway to inhibit the further deposition of
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sand when the water course next carries water, providing this did not cause
damage upstream by afflux.or lead to scour due to increased velocity.

4.5.8 Culverts. Culverts are key structures in any road drainage system and
since they often provide the only passage for surface water from one side of the
road to the other failure usually has serious consequences. Failure of the culvert
may cause damage to the road formation if it is overtopped by flood water or
damage to the culvert or formation by scour due to high velocity. Structural
failure of the culvert itself may occur because of settlement, overloading, or corro-
sion.

There is usually ample physical warning of the likelihood of failure but the
detection of this involves close inspection of the inside of the culvert as well as
both the inlet and the outlet. Systematic inspection is most important followed by
appropriate remedial measures. Since many culverts are not apparent to an ob-
server moving along a road some sort of distinctive marking on guide posts may
assist in drawing the attention of maintenance gangs to their presence.

Maintenance tasks include the constant clearing of debris and growth from the
channel, particularly after forest fires, or in seasons when trees shed their leaves.
In problem areas debris screens may be required. The accumulation of silt or drift
sand in the culvert barrel must also be removed periodically by mechanical or hy-
draulic means.

Scour in the vicinity of culverts must be recognised in the early stages and
repaired promptly before the damage becomes extensive.

Corroded metal inverts, or any abraded inverts, should be built up with con-
crete mortar. Open joints between precast segments should be repaired by grout-
ing or patching with mortar.

In new pipe culverts under high fills structural failure may become evident
from the distortion of the pipe; the vertical diameter of the pipe decreases and the 177
horizontal diameter increases with cracks appearing in the barrel. Emergency ac-
tion consists of tomming the pipe to prevent complete failure pending permanent
remedial measures.

4.5.9 Bridges. Road maintenance gangs perform a caretaking role in relation to
bridge structures, their main task being to repair failures in the deck or running
surface. Debris collected against piers or in the channels should be destroyed and
vegetation that may impede the even flow of water should be kept in check.

4.5.10 Subsoil Drains and Shoulder Drains. The two main purposes of subsoil
drains are to lower the level of the water table and to intercept or drain under-
ground water trapped or held by impervious material. To be effective subsoil
drains need to be not less than 500 mm below the subgrade level.

A shoulder drain is a special type of subsoil drain that is installed across the
shoulder of a road to drain water that may be trapped on an impervious subgrade.

Subsoil drains are constructed near the outside edge of the pavement parallel to
the centre line of the road, but it is not uncommon for transverse drains to extend
as branches from longitudinal drains to at least the centre line of the pavement.
Should isolated weaknesses occur in the pavement, due to trapping pockets of
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Culvert filled with Growth

water. these may often be drained by transverse branches connected to the main
longitudinal drain.

The road maintenance organisation should have a plan of each system to locate
subsoil drains which are not evident on the surface. The commencing points and
the outlets of the drains should be indicated by distinctive reference pegs. Mainte-
nance action for buried drains consists primarily of inspection of outlets from time
to time to ensure that water is seeping from them. This should. of course. be done 179
immediately after a period of rain. but in some cases even after a dry season there
will be some evidence such as staining indicating that the drain is working.

Any growth or siltation at the outlet should be cleared and if verminproof
screens or flaps are provided these should be repaired or replaced as required.
Damp areas or water seepage at any location above a subsoil drain shouid be in-
vestigated because this will probably indicate a blockage of the drain. Pavement
failures due 1o softening of the subgrade in roads served by subsoil drains
generally indicate the need to construct a further transverse branch to the main
drain or to construct deeper subsoil drains.

4.6 ROADSIDE DRAINAGE

The nature of roadside drainage depends on the degree of development of the
roadside itself.

In rural situations drainage of the roadside is undertaken primarily to prevent
water lying in depressions where it could cause a nuisance. The most satisfactory
form of drainage is achieved if the roadside is smoothed to follow the natural con-
tours of the land and to permit the flow of surface water in a sheet into roadside
drains and thence into natural watercourses. If the land slopes downwards from
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the road formation towards the road boundary sheet flow should be disturbed as
little as possible so that the adjoining property owners do not receive surface
water that has been concentrated by road works (other than in natural water-
courses).

It sometimes happens that the road is located through low lying swamp areas,
or on sloping country with swamp areas, or soaks at a higher level than the pave-
ment itself. There is little that the road maintenance organisation can do about
each situation other than keep outlet drains clear of weed growth, rubbish, and
silt. Periodic inspections should be made of road cuttings below swamps or soaks
because of the danger of seepage water causing slips in the cutting batters or in-
stability in the subgrade. If either problem is encountered consideration should be
given to the installation of deep catch drains or subsoil drains between the ele-
vated swamp and the top of the cutting batter. and also subsoil drains through the
cutting.

4.7 UNDERGROUND DRAINS AND PITS

Underground drainage systems. which are rare in a rural situation but rather
common where the road passes through urban or built-up areas. consist of both
longitudinal pipes or conduits running generally parallel to the road centre line
and transverse pipes passing under the road formation. Underground drains are
installed where surface drains of sufficient capacity to handle the runoff cannot be
constructed. These conditions will be encountered in multilane roads separated by
raised medians. and generally all roads that are paved from kerb to kerb.

Inlets to underground drainage systems consist of brick or concrete gully pits
covered by metal or reinforced concrete gratings sometimes supplemented by
slots under the kerb to facilitate the entry of fast flowing water. Inlets are located
at road intersections and at frequent enough intervals in between to prevent the
capacity of the surface drain being exceeded. To guard against siltation of any part
of the buried drainage system each pit is equipped with a sump or silt trap that ex-
tends some distance below the invert of the underground drain inlet.

The underground drainage system quite often drains both the road reserve and
the adjoining district and. as such. may be the joint responsibility of the road
authority and the local government authority controlling the area. Responsibility
for the maintenance of the drainage system will be a matter for mutual agreement
between the two authorities concerned and the road maintenance organisation
must limit its action accordingly. However. even where it is not responsible for
maintenance the road maintenance organisation should report any deficiencies
noted since a breakdown in any part of the system could result in traffic disrup-
tion or damage to the road itself.

To permit inspection and cleaning of blockages by rodding or jetting it is usual
to provide a pit over each substantial angle in the pipeline and at junctions of
branches with lines.

Frequent inspection and cleaning of the drainage system is essential because
serious damage can be caused if surface water bypasses inlets and overloads the
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system at other locations leading to flooding of the road or adjoining property.
Blockages occur when newspapers, garden clippings, and other debris collect on
gratings and where sand and smaller rubbish fill the silt trap causing siltation of
the pipe inlets or the pipes themselves.

Other maintenance tasks include replacement of damaged gully gratings. repair
of structural damage to the pit itself, and inspection of the outlet of the drainage
system to ensure that this has not been undermined by scour or blocked by silt.
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Section 10
BRIDGES AND CULVERTS

10.1 GENERAL

This chapter deals with inspection and maintenance of bridge and culvert struc-
tures. including repairs requiring prompt attention which might be carried out by
road maintenance personnel.

[t is not intended to cover detailed inspections or structural repairs which are
dealt with in the NAASRA publication Bridge Maintenance Manual (in course of
preparation).

10.2 SAFETY

All inspections and repair work should be carried out with adequate provision for
safety of both workmen and traffic and in accordance with laws. regulations, and
standards covering traffic and construction safety. Reference should be made to
Section 3 concerning matters affecting traffic safety.

If a structure has been damaged temporary measures may be necessary to pro-
tect the public or the structure. The temporary measures may include the erection
of signs. barriers, and other traffic control devices, closure of traffic lanes. diver-
sion of traffic, erection of temporary guardrails etc. Where permanent repairs are
beyond the scope of the road maintenance organisation, details of the damage sus-
tained by the structure and the temporary measures taken should be promptly
reported to the responsible authority.

10.3 INSPECTIONS OF BRIDGES

Bridge and culvert inspections should be done as part of normal road inspections
and after heavy rains. The following features should be checked:

® Damaged or misplaced clearance markers.

® Damaged or missing signs.

@ Settlement or roughness of approaches.

® Encroaching vegetation.

@ Scaled or deteriorated paint on timber rails and kerbs.

® Damaged or deteriorated rails and kerbs.

@ Uneven or cracked bridge approaches or deck surfaces.

® Broken or loose timber decking.
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® Blocked drains.

® Accumulated dirt or debris on decks.

@ Ineffective tomming or underpinning.

@ Loose bolts.

@ Accumulated flood debris adjacent to abutments and piers.
® Fire hazards.

® Erosions and damage to rip rap. etc.

10.4 INSPECTION OF CULVERTS

In addition to matters covered in Section 4. drainage culverts should be inspected
for the following structural defects:

@ In concrete culverts, signs of cracking or spalling. exposure and rusting
of reinforcing steel. etc.

@ In galvanised steel culverts, damage to galvanising, damage 1o protec-
tive treatment or invert paving. rust and distortion (particularly where
steel plates overlap). ponding of water and deposits of silt likely to cause
rust.

@ Subsidence, scours likely to cause subsidence, lateral displacement. tip-
ping of wing walls, open joints. etc

10.5 REPORTING FLOOD HEIGHTS

To provide adequate hydraulic data for future design. records should be taken and
reported of the maximum flood height reached at any bridge. large culvert. or
floodway during exceptionally heavy downpours. If possible, flood levels should
be marked with pegs or paint on wing walls, abutments, or piers. Where flood 183
levels are marked on structures the date of occurrence should always be recorded.

10.6 MAINTENANCE

10.6.1. Clearing and Removal of Debris. The waterway, both upstream and
downstream, should be maintained clear of wind blown debris, water-borne soils.
gravel. and vegetation. Logs. stumps, and other debris should be cleared as soon
as possible. see figure. During heavy floods debris should. if possible, be assisted
through the bridge with poles or ropes.

The area in the vicinity of the bridge should be kept clear of undergrowth rub-
bish. Special attention will be required for timber bridges and culverts during
summer when bush fires could occur.

The decks of bridges, culverts. and approaches should be kept free of loose
material. Sweeping may be required at intervals. Scuppers should be kept clear so
that drainage of the deck is effective. See figure.

Weepholes in abutments should be cleaned periodically to ensure that the hole
through the wal! & .10t blocked by foreign matter which could prevent the free
flow of seepage water.
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10.6.2 Bridge Approaches. Depressions near abutments should be filled and, if
extensive, the cause investigated.

10.6.3 Timber Bridges. Loose longitudinal planks should be tightened and
any broken deck or longitudinal planks replaced. Wide gaps between deck planks
may require a length of timber packing nailed into one side of the planks. It is
desirable to hold small stocks of the most frequently used timber sizes at the
nearest field depot for urgent repairs, the quantity and sizes held depend on
availability. Timber should be stacked clear of the ground with adequate and even
support, and with sufficient separation to allow the free circulation of air.

10.7 TREATMENT OF SLIPPERY TIMBER DECKS

A method of correcting slipperiness in timber decking of bridges using a sprayed
bituminous seal coat is as follows:
® Remove all the high spots, sharp edges, and abrupt changes in level.
Caulk all gaps (e.g. with timber strips or with oakum) and cover all
knotholes and large gaps (e.g. with 5 mm thick black iron).
® Clean the deck thoroughly, allow to dry, and apply a tack coat.
Petroleum tars should not be used for the tack coat on decks made from
creosoted unseasoned timber as the creosote can affect the seal coat
bond. The surface to be sealed should preferably not be creosoted or
alternatively the creosote allowed to dry thoroughly before applying the
seal coat.
@ Apply a seal coat of R90 bitumen with 10 or 14 mm cover aggregate. 185
A premixed bituminous deck wearing surface may also be used for this purpose <
provided it does not overstress the structure. In such cases, the deck should be
tight to minimise cracking of the surfacing. (The cramping of transverse deck
planks between longitudinal planks placed above and below the deck and bolted
through the deck planks, has been used as a means of tightening the deck.)

10.8 CATTLE GRIDS

Cattle grids are sometimes constructed in place of road boundary fencing on
lightly trafficked roads in sparsely populated areas. Inspections and maintenance
of these structures is similar to that for bridges and culverts.

In particular they should be checked for loose, cracked or broken grid bars,
cracked or broken welding, and excessive silt, dirt, or debris under the structure.
The maintenance supervisor should know who owns each grid and be familiar
with the road authority’s policies or administrative procedures with respect to
their maintenance.
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loadings for bridges, the structural capacity of
pavements and legal load limits are covered, and
conclusions relating to pavement design, design
standards for 2-lane highways, incrementatl
development of highways, and levels of service ‘are
presented.




SELECTED TEXT REFERENCES

Reference 1
DESIGN OF ROADSIDE DRAINAGE CHANNELS

Searcy, James K.; U.S. Federal Highway Administra-
tion, Office of Engineering, Bridge Division, Hydraulics
Branch.  Washington, DC: U.S. Federal Highway
Administration; 1965 May. (Reprinted 1973 December).
56 p. (Hydraulic Design Series Number 4).

Order from: U.S. Federal Highway Administration,
Office of Engineering, Bridge Division, HNG-3l,
Washington, DC 20590.

Methods of open-channel design including the deter-
mination of both size of channel and the protection
required to prevent erosion are discussed. The
estimation of storm-water run-off from small areas,
the hydraulics of drainage channels and their design,
construction, maintenance, and economics are pre-
sented. The publication also includes illustrative
problems in channel design.

Reference 2
DESIGN CHARTS FOR OPEN-CHANNEL FLOW

U.S. Federal Highway Administration. Washington, DC;
196! August. (Reprinted 1977 November). 165 p.
(Hydraulic Design Series Number 3; stock number 050~
002-00026-8).

Order from: Superintendent of Documents, U.S.
Government Printing Office, Washington, DC 20402.

This publication, the third in a series on the hydraulic
design of highway drainage structures, is intended as
a working tool for the designer already familiar with
the subject. The text includes a brief discussion of
the principles of flow in open channels. Charts which
provide direct solution of the Manning equation for
uniform flow in open prismatic channels of various
cross sections are presented, together with instruct-
ions for using them. A table of recommended values
for n for use in the Manning equation, tables of
permissible vejocities in earth and vegetated
channels, instructions for constructing charts similar
to those presented, and a nomograph for use in the
solution of the Manning equation are also included.
Charts are included for rectangular, trapezoidal, and
triangular channels, grass-lined channels, and oval
concrete pipe channels.

Reference 3
HANDBOOK OF HYDRAULICS FOR THE SOLUTION
OF HYDRAULIC PROBLEMS

4th ed. King, Horace Williams; Brater, Ernest F.,
reviser. New York, New York: McGraw-Hill Book
Company, Inc.; 1954. Various paging.

Out-of-print; may be consulted at U.S. Department of
Transportation, Library Services Division, Room 2200,
400 Seventh Street, S.W., Washington, DC 20590.

This handbook presents information regarding the
properties of water and other fluids, as well as the
principles of hydrostatics and their application to
hydraulic engineering problems. Orifices, gates and

tubes are discussed, and weirs (sharp crested and not
sharp crested) are considered. Pipes, open channels
with uniform flow, and open channels with nonuni-
form flow are covered in detail. The measurement of
flowing water is also covered. Tables are provided
which enable quick and accurate routine compu-
tations. Different methods have been presented for
the solution of many hydraulic problems. Thus, the
Darcy-Weisbach equation, the Manning formula, and
the Hazen-Williams formula for the solution of
problems involving flow of water at ordinary temper-
atures are considered. A discussion of viscosity and
the numerical values of viscosity, and new data on
flow through orifices and through culverts are also
included. Recent research on submerged weirs is
presented. The equations which are the basis for the
tables for determining critical depth and depth after
the hydraulic jump in trapezoidal channels and for
determining critical depth in triangular parabolic and
circular channels are presented with appropriate
derivations. The methods of analyzing flow condi-
tions on the downstream side of sluice gates are
discussed.  Equations for laminar flow in open
channels, and methods of solving problems involving
flow in thin sheets are presented.

Reference 4
GRADING ILLUSTRATED

Aveling-Barford, Ltd., Technical Publications Depart-
ment. Grantham, U.K.; 1974, Various paging. (Publica-
tion TP549).

Order from: Aveling-Barford, Ltd., Technical Publica-
tions Department, Invicta Works, Houghton Road,
Grantham NG31 6JE, U.K.

This book is concerned with grading methods and is
designed to assist the operator to get the best work
out of a grader. The book is divided into three
sections: (1) blade control; (2) grading techniques; (3)
grader attachments. Grading instructions for all
Aveling-Barford graders have been included, and the
illustrations throughout show typical Aveling-Barford
graders in action. The book commences with ele-
mentary instruction for new operators and moves on
to forms and situations of grading for experienced
operators.

Reference 5
ROAD MAINTENANCE PRACTICE

National Association of Australian State Road Author-
ities. Sydney; 1975. 136 p.

Out-of-print; may be consulted at U.S. Department of
Transportation, Library Services Division, Room 2200,
400 Seventh Street, S.W., Washington, DC 20590.

This manual is intended to help and guide those
directing or planning maintenance work. [t gives the
procedures for proper performance of routine mainte-
nance; other publications are referred to for detailed
information on specific tasks. The scope and organi-
zation of the work are outlined. The treatment of
paved and unpaved roads and the maintenance of
efficient drainage are discussed. Advice is given on
the grading and forming of gravel roads, seal patching
bituminous surfaces and maintaining traffic control.
Defects encountered in concrete pavements are
described and advice is given on their treatment.

189



190

Methods of making and restoring road openings for
private and public utilities are recommended. The
treatment of road signs, markings and other street
furniture is discussed. Advice is given on methods of
snow clearing and treatment of ice. The storage and
handling of materials is discussed.

ADDITIONAL REFERENCES

Reference 6
HANDBOOK OF HYDRAULICS FOR THE SOLUTION
OF HYDRAULIC ENGINEERING PROBLEMS

6th ed. Brater, Ernest F.; King, Horace Williams. New
York, New York: McGraw-Hill Book Company; 1976.
584 p.

Order from: McGraw-Hill Book Company, 1221 Avenue
of the Americas, New York, New York 10020.

This handbook presents fundamentals needed to solve
hydraulics problems and provides appropriate tables,
graphs and computer techniques to facilitate solu-
tions. In this 6th edition (see Reference 3 for 4th
edition) pertinent new material has been included
throughout the book. This edition also includes new
material on the metric sysiem, the design of pipe
networks, and a completely new section describing
the applications of numerical methods and digital
computers to hydraulic engineering. This section
introduces hydraulic engineers to techniques used in
programming problems for solution by digital
computers. It includes ten examples of hydraulic
engineering problems with flow charts, corresponding
computer problems and outputs. An appendix to the
new section provides explanations of the more im-
portant numerical methods used in applying compu-
ters to hydraulic problems.

Reference 7
OPEN-CHANNEL HYDRAULICS

Chow, Ven Te. New York, New York: McGraw-Hill
Book Company; 1959. 690 p. (McGraw-Hill Civil
Engineering Series).

Order from: McGraw-Hill Book Company, 1221 Avenue
of the Americas, New York, New York 10020.

This book which gives a broad coverage of recent
developments is organized into five parts; Basic
principles, uniform flow, gradually varied flow,
rapidly varied flow, and unsteady flow. In Part I the
type of flow in open channels is classified according
to the variation in the parameters of flow with
respect to space and time. The state of flow is
classified according to the range of the invariants of
flow with respect to viscosity and gravity. Four
coefficients for velocity and pressure distributions
are introduced. The energy and momentum principles
which constitute the basis of interpretation for most
hydraulic phenomena are treated thoroughly. In Part
I, several uniform flow formulas are introduced. The
design for uniform flow covers nonerodible, erodible
and grassed channels. In the third Part, several
methods for the computation of flow profiles are
discussed. A new method of direct integration is

introduced which requires the use of a varied flow
function table. The method of singular points for the
analysis of flow profiles is also discussed. Part IV on
rapidly varied flow discusses problems supported by
experimental data. The use of the flow-net method
and the method of characteristics is mentioned. In
Part V on unsteady flow, the treatment is general but
practical.

Reference 8
USE OF RIPRAP FOR BANK PROTECTION

Searcy, James K. Washington, DC: U.S. Federal
Highway Administration, Office of Engineering and
Traffic Operations, Bridge Division, Hydraulics Branch;
1967 June. {Reprinted 1978 February). Various paging.
{(Hydraulic Engineering Circular Number 11).

Order from: U.S. Federal Highway Administration,
Office of Engineering, Bridge Division, HNG-31, Wash-
ington, DC 20590.

The design and construction of riprap protection for
highway  embankments and streambanks are
described, and the design criteria used by several
governmental agencies are compared in an appendix.
A sample specification for riprap is also appended.
The riprap slope protection discussed here includes
dumped riprap (graded stone dumped on a prepared
slope), hand-placed riprap (stone laid carefully by
hand or derrick following a more or less definite
pattern with the voids between the larger stone filled
with smaller stone and the surface kept relatively
even), wire-enclosed riprap (stones placed in wire
baskets or wire covered mats), grouted riprap (riprap
with interstices filled with portable cement mortar),
concrete riprap in bags {concrete in cement sacks or
suitable burlap bags handplaced in contact with
adjacent bags), and concrete slab riprap (plain or
reinforced concrete slabs poured or placed on the
surface to be protected). A filter layer under all
riprap is essential unless the bank material meets the
filter requirements. It is also noted that broken
concrete may be substituted for stone when it meets
the requirements for stone.

Reference 9
TENTATIVE DESIGN PROCEDURE FOR RIPRAP-
LINED CHANNELS

Anderson, Alvin G.; Paintal, Amreek S.; Davenport,
John T. Washington, DC: Highway Research Board;
1970. 75 p. (NCHRP Report 108).

Order from: University Microfilms International, 300
North Zeeb Road, Ann Arbor, Michigan 48106.

The erosion-resistant riprap lining has protective
qualities which lie between those of a grassed
drainage channel and a concrete-lined drainage chan-
nel. It consists of a layer of discrete fragments of
rock of sufficient size to resist the erosive forces of
the flow. The design of such riprap-lined drainage
channels involves the interrelationship between the
discharge, the longitudinal slope, the size and shape
of the channel, and the size distribution of the riprap
lining. This report describes these interrelationships
and develops design criteria by which a riprap-lined
drainage channel can be proportioned and the riprap
lining can be specified for a given discharge and



longitudinal slope. The relationships so developed
have been reduced to design charts, the use of which
permits rapid and simple establishment of channel
shape and size as well as of the properties of the
riprap lining. Highway drainage channels are divided
into two groups. In the first group are those that
serve as median or side ditches for the drainage of
the roadways. These are relatively small and often
approach a triangular cross section because of the
relatively flat side slopes and generally small bottom
width. In the second group are large drainage
channels that convey a larger discharge and are
usually trapezoidal in cross section. A set of design
charts for each type has been prepared. Limited
experimental data are presented which serve to
verify the design procedure, to test the efficacy of

design and charts are presented for all cases and
example problems are discussed. The development of
flow rate versus slope curves for a selected channel
geometry, and a method of programming channel
design procedure are detailed.

Reference 11
HIGHWAY ENGINEERING

3rd ed. Oglesby, Clarkson H, New York, New York:
John Wiley & Sons, Inc.; 1975, 783 p.

Order from: John Wiley & Sons, Inc., 605 Third Avenue,
New York, New York 10016.

channels designed according to this procedure, and to
examine somewhat more closely the phenomenon of
leaching of base material through the riprap inter-
stices. These experiments, although preliminary in
character, indicate that the design procedures are
suitable and incorporate sufficiently large factors of
safety to provide stable channels.

Reference 10
DESIGN OF STABLE CHANNELS WITH FLEXIBLE
LININGS

McWhorter, J.C.; Anderson, Alvin G.; Cox, Allen L.
Washington, DC: U.S. Federal Highway Administration,
Office of Engineering, Bridge Division, Hydraulics
Branch; 1975 October. 136 p. (Hydraulic Engineering
Circular Number 15; stock number 050-002-00101-9).

Order from: Superintendent of Documents, U.S. Gov-
ernment Printing Office, Washington, DC 20402.

This circular presents design methods developed from
recent research results for temporary linings, vegeta-
tive linings and rock riprap linings. The temporary
lining materials for which design information was
produced were: bare soil, Erosionet 315 (a paper yarn
with openings approximately 7/8-inch by 1/2inch),
jute mesh (woven mat with openings about 3/8-inch
by 3/4-inch), stranded fibzr glass roving with
Erosionet 315, 3/8-inch fiber glass mat, 1/2inch fiber
glass mat, Excelsior mat (dried shredded wool held
together with a fine paper net and secured with steel
pins), and straw with Erosionet. A complete des-
cription of each temporary lining material Is
presented along with design charts. Maximum per-
missible depth charts have been developed for three
different types of vegetation: Bermuda grass of
various -lengths, uncut grass mixtures, and common
Lespedeza, The development of the maximum per-
missible depth of flow curves for dumped rock riprap
channel linings are discussed. Criteria for plastic
filter cloth design and a new procedure for design of
channel protection in bends are aiso included. Design
concepts, design procedure, composite channel lining

This text is designed for use in college courses and
for use as a starting point for advanced study for
those with a special interest in this field. The book
also offers a summary of new developments in
technology as an aid to practicing engineers and
administrators. The history and future of highway
developments are discussed and highway systems,
organization and associations are reviewed in the
first two chapters. The third chapter, Highway and
Urban Transportation Planning, deals with planning
techniques as well as the role of the professional and
the public in today's decionmaking. Chapter 4,
Highway Economy, presents recent data on vehicle
operating and accident costs, and develops techniques
for evaluating highway improvements in terms of
savings to users in operating, time, and accident
costs. Chapter 5 on Highway Finance reviews past
and present highway and urban transportation
financing by the various levels of government and
traces their effects. Chapter 6, Highway Surveys,
Plans, Computations, emphasizes the importance of
remote sensing (photogrammetry) and computers in
modern practice. Chapter 7 treats the problems
encountered in taking property for public purposes
and in compensating owners for land improvements
and loss of light, air, view and privacy. It also
outlines the legal and administrative problems asso-
ciated with the displacement of people and activities
from rights of way. Topics related to geometric
design, traffic engineering, and highway safety are
incorporated in chapters &, 9 and 10. Chapter 1l
emphasizes the value of engineering analysis in
highway engineering, particularly in relation to
highway drainage. This chapter discusses the means
for collecting, transporting, and disposing of surface
water originating on or near the highway right of way
or flowing in streams crossing or bordering that right
of way. Chapter 12 analyzes recent environmental
lesgislation and its effects on highway practices and
presents procedures for predicting air pollution and
noise impacts of highway and traffic control
measures. The Chapters (13-19) on soils, bases, and
pavements, present research findings and test results
related to roadway and pavement design. A repre-
sentative group of design procedures for flexible and
rigid pavements is given in detail. Chapter 20,
Highway Maintenance, discusses traditional mainte-
nance practices as well as outlines new developments
in maintenance management.
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Index

The following index is an alphabetical list of subject
terms, names of people, and names of organizations
that appear in one or another of the previous parts
of this compendjum, i.e., in the Overview, Selected
Texts, or Bibliography. The subject terms listed are
those that are most basic to the understanding of
the topic of the compendium.

Subject terms that are not proper nouns are
shown in lower case. Personal names that are listed
generally represent the authors of selected texts and
other references given in the bibliography, but they

may also represent people who are otherwise identi-
fied with the compendium subjects. Personal
names are listed as surname followed by initials. Or-
ganizations listed are those that have produced in-
formation on the topic of the compendium and that
continue to be a source of information on the topic.
For this reason, postal addresses are given for each
organization listed.

Numbers that follow a subject term, personal
name, or organization name are the page numbers
of this compendium on which the term or name ap-

Indice

El siguiente indice es una lista alfabética del
vocablo del tema, nombres de personas, y
nombres de organizaciones que aparecen

en una u otra de las partes previas de este
compendio, es decir, en el Vista General,
Textos Seleccionados, o Bibliografia. Los
vocablos del tema que se listean son aquellos
basicos necesarios para el entendimiento de
la materia del compendio.

Los vocablos del tema que no son nombres
propios aparecen en letras minusculas. Los
nombres personales que aparecen representan
los autores de los textos seleccionados y
otras referencias dadas en la bibliografia,

pero también pueden representar a personas
que de otra manera estan conectadas a los
temas del compendio. Los nombres personales
estan listeados como apellido seguido por
las iniciales. Las organizaciones nombradas
son las que han producido informacién sobre
la materia del compendio y que siguen siendo
una fuente de informacién sobre alguna
parte o el alcance total del compendio. Por
esta razén se dan las direcciones postales
para cada organizacioén listeada.

Los ndmeros que siguen a un vocablo del
tema, nombre personal, o nombre de organi-
zacion son los numeros de péagina del com-

Index

Cet index se compose d'une liste alphabétique
de mots-clés, noms d'auteurs, et noms d’or-
ganisations qui paraissent dans une section
ou une autre de ce recueil, c'est a dire dans
I'Exposé, les Textes Choisis, ou la Biblio-
graphie. Les mots-clés cités sont ceux qui
sont le plus élémentaires a la compréhension
de ce recueil.

LLes mots-clés qui ne sont pas des noms
propres sont imprimés en minuscules. Les
noms propres cités sont les noms des auteurs
des textes choisis ou de textes de référence

cités dans la bibliographie, ou alors les noms

de personnes identifiées avec les sujets de ce
recueil. Le nom de famille est suivi des initiales
des prénoms. Les organisations citées sont
celles qui ont écrit sur le sujet de ce recueil

et qui continueront d’étre une source de docu-
mentation. Les adresses de toutes ces organisa-
tions sont incluses.

Le numéro qui suit chaque mot-clé, nom
d’auteur, ou nom d’organisation est le numéro
de la page ou ce nom ou mot-clé parait. Les
numéros écrits en chiffres romains se rappor-



pears. Roman numerals refer to pages in the Over-
view, Arabic numerals refer to pages in the Selected
Texts, and reference numbers (e.g., Ref. B) refer to

references in the Bibliography.
Some subject terms and organization names are
followed by the word see. In such cases, the com-

pendium page numbers should be sought under the

alternative term or name that follows the word see.
Some subject terms and organization names are fol-
lowed by the words see also. In such cases, relevant
references should be sought among the page num-

bers listed under the terms that follow the words
see also.
The foregoing explanation is illustrated below.

pendio donde el vocablo o nombre aparecen.
Los numeros romanos se refieren a las paginas
en la Vista General, los nimeros arébigos
se refieren a paginas en los Textos Selec-
cionados, y los nimeros de referencia (por
ejemplo, Ref. 12) indican referencias en la
Bibliografia.

Algunos vocablos del tema y nombres de
organizaciones estan seguidos por la palabra
see. En tales casos los nimeros de pagina

del compendio se encontraran bajo el término
o nombre alternativo que sigue a la palabra
see. Algunos vocablos del tema y nombres
de organizaciones estan seguidos por las
palabras see also. En tales casos las referen-
cias pertinentes se encontraran entre los
numeros de pagina indicadas bajo los termi-
nos que siguen a las palabras see also.

La explicacion anterior esta subsiguiente-
mente ilustrada.

tent aux pages de I'Exposé et les numeros
écrits en chiffres arabes se rapportent aux
pages des Textes Choisis. Les numéros de
référence (par exemple Ref. 12) indiquent les
numéros des références de la Bibliographie.
Certains mots-clés et noms d’organisations
sont suivis du terme see. Dans ces cas, le
numéro des pages du recueil se trouvera apres

le mot-clé ou le nom d'organisation qui suit
le terme see. D'autres mots-clés ou noms
d'organisations sont suivis des mots see also.
Dans ce cas, les références qui les touchent
se trouveront citées aprés les mots-clés qui
suivent la notation see also.

Ces explications sont illustrées ci-dessous.

Hlustration {from Comp. 1)

Selected Text page numbers

lhustracién (del Comp. 1)

Ilustration (du Recueil 1)

Subject term and see also terms

Nimeros de pagina en los Textos:
Seleccionados
Numeéros des pages des Textes Choisis

Organization name and address
Nombre y direccion de la 0rganiZacion me—m——— e
Nom et adresse de I'organisation

Overview page numbers and
reference number

Nimero de pagina en la Vista
General y Numeéros de referencia

Numéro des pages de I'Expose et
numéros des références

Subject term and see term
Vocablo del tema y término see (ver)=————-—"""—"="
Mot-clé et see

Personal names

Nombres personales
Noms propres

Vocablo del tema y términos see also
{ver también)
Mot-clé et see also

mountainous terrain (see also degree of curvature;
design speed; maximum gradient; radius of curva-
ture; shoulder width): 11, 17, 34, 35, 38, 173, 175,
217, 234, 238

L——> National Association of Australian State Road Author-

ities(P.O. Box J141, Brickfield Hill, N.SW. 2000,
Australia):
publications, xxiii, Ref. 8, Ref. 9

no-passing markings and signs: 31, 95, 132

~———> non-passing sight distance, see stopping sight distance

Odier, L.s Ref.3
Oglesby, C.H.: 231, 233, 234, 239, 240, 241, 242, Ref.14

Selected Text page numbers and reference
number

Ndameros de pagina en los Textos
Seleccionados y nimero de referencia

Numéros des pages des Textes Choisis et
numéros des références
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American Society of Civil Engineers, Soil Mechanics
and Foundation Division, Committee on Earth Dams,
Subcommittee on Slope Protection (345 East 47th
Street, New York, New York 10017): 37, 40

Anderson, Alvin G.: Ref. 9, Ref. 10
arid regions: 10, 12, 41-42

Aveling-Barford, Ltd. (Technical Publications Department,
Invicta Works, Houghton Road, Grantham, Lincolnshire,
NG31 6JE, U.K.): xix, Ref. &

bank slopes, see slope banks
batter drains (see also chutes): xx, 171, 176

bibliographies: xxi
channel design, 58-59

bituminous materials (see also channel linings): 155
Brater, Ernest F.: Ref. 3, Ref, 6

bridges: xxi, 177
inspection and maintenance, 182-186

buoyancy of channels: 35

California Division of Highways (California Department
of Transportation, P.O. Box 1499, Sacramento,
California 95807): 37, 40

catch drains (see also intercepting channels): xxi, 9,
175, 180

cattle grids: 185-186
channel changes: 9, 11
channel construction: xvi, Ref. 1

channel design (see also design charts): xiv-xvi, 8, 14,
28-45, 52-57, Ref. 1, Ref, 10

channel economics: xvii, 50-51, Ref. 1

channel linings: xiv, xv, xvi, xviii, 11, 30-42, 51, 60, 175,

Ref. 8, Ref. 9, Ref. 10

bituminous, 36, 47

combination, 35-36

concrete, 33-35, 36, 43, 46-47, 54

grass, xviii, 30-33, 34, 42-44, 46, 51, 60, 69, 85, 87,
174, Ref. 2, Ref. 7, Ref. 10

rigid, xvi, 35

stone, 36-41, 44-45, 47-48, 51, 54, Ref. 8

vegetative, 11, 12, 28, 31, 32, 49, 62

channel maintenance: xvi, 12, 49, 171-179, 183, Ref. |,
Ref. 5

channel protection (see also channel linings; erosion
prevention and control): xv, xvii

channels, see buoyancy of channels; cross drainage
channels; intercepting channels; open channels;
rectangular channels; roadway channels; terraced
channels; toe-of-slope channels; trapezoidal channels,
triangular channels; unlined channels

charts (see also design charts): 38
for calculating Manning equation, xvi, 69, 71-85, Ref. 2

Chow, Ven Te: Ref.7

chutes (see also batter drains): 9, 10, L1, 26, 27, 33,
40, 42-45, 46, 51

computer techniques: Ref, 6

construction, see channel construction; road buildings
terrace construction

Cox, Allen L.: Ref. 10
Creager's equation: 40
critical depth: 24, 25, 26, 69
critical flows 24

cross drainage channels: 176
crossfall: 169, 170

culverts: xxi, 51, 177, 178
inspection and maintenance, 182-186

cutoff walls: 33, 42, 48
Davenport, John T.: Ref, 9
debris clearing and removal: 183

design, see channel design; design charts; design runoff;
design storm; rational formula and method

design charts (see also charts): xiii, xvii-xviii, 21, 29, 33,
86-87, Ref. 2, Ref. 9, Ref. 10

design runoff: 8
design storm: 50

ditches: xviii, xx, 136-145
borrow, 11
checks, 11-12, 41-42, 48
cleaning, xiv

diversion drains: xxi, 173-174

drainage: Ref. 1
of bituminous and concrete pavements, 168-169
of gravel surfaces, 169-170
of small areas, 13-18
of unpaved surfaces, 170

drains, see batter drains; catch drains; diversion drains;
shoulder drains; side drains; subsoil drains; table drains;
underground drains and pits

earth roads: xiv
construction, 136-141
maintenance, 134-135, Ref. 5

energy dissipators: 33, 43-44

equations (see also Creager's equation; Manning equation;
rational formula and method; weir formula): ‘7

erosion prevention and control (see also channel linings;
riprapk xiv, 8, 1112, 30-31, 33, Ref. 1, Ref. 8, Ref. 9

filter blankets: 41, 47
floodways and fords: xxi, 176-177

tlow, see critical flow; sheet flow; steady flow; subcritical
flow; supercritical flow; unsteady flow



flumes, see chutes
fords: xxi, 176-177

formulas, see equations; rational formula and method;
weir formula

Froude number: xvi, 7, 27, 43
graders (see also grading): xiv, xix, 104-155

grading (see also graders): xix-xx, 104-155, 170, 171,
174, Ref. 4

gravel surfaces: xx, Ref. 5
ground covers: xv

gutters: 9-10

Highway Research Board (now Transportation Research

Board, 2101 Constitution Avenue, N.W., Washington,
D.C. 20418): Ref.9

hydraulic jump: 33
hydraulic radius: 7, 23, 32, 33, 69

hydraulics (see also hydraulic jumps hydraulic radius)
xiii, xv, xix, 19-27, Ref. 1, Ref. 3, Ref. 6, Ref. 7

intercepting channels (see_also catch drains): 9, 10, 53

John Wiley & Sons Inc. (605 Third Avenue, New York,
New York 10016): Ref. 11

King, Horace Williams: xix, Ref. 3, Ref. 6
lined channels, see channel linings
loess soils 46

low-volume roadss xiii

maintenance, see channel maintenance; road maintenance

Manning equation: xvi, 7, 19-20, 23, 26, 33, 69, Ref. 2,
Ref. 3

Manning roughness coefficient, n: 7, 19, 30, 32, 33,
37, 38, 60, 69, Ref. 2

McGraw-Hill Book Company, Inc. (1221 Avenue of
the Americas, New York, New York 10020): Ref. 3,
Ref. 6, Ref. 7

McWhorter, J.C.: Ref. 10

median swales: 9, 11

National Association of Australian State Road Authorities

(Box J141, Brickfield Hill, New South Wales 2000
Australia):
publications, xx, 182, Ref. 5
nomographs: 20, 69, 84, Ref, 2

nonuniform flow, see steady flow

Oglesby, Clarkson H.: Ref. 11

open channels (see also design charts): xiii, xv, xvii, xviii,

19, 21, 34, 69, 86-87, 92-99, 175, Ref. 1, Ref. 2,
Ref. 3, Ref. 7

Paintal, Amreek S.: Ref. 9
peak runoff: 8, 14
pipes: Ref. 2, Ref. 3, Ref. 6
rainfall: 13-16
frequency analysis, 13-14
intensity, 13-16, 17, 18
rational formula and method: xv, 7, 14, 16, 18, 60
rectangular channels: 69-85

riprap: Ref. 8, Ref. 10

road building (see also road location): xx
earth roads, 136-141

road location: 8

road maintenance: xx, 166-186, Ref. 5
earth roads, 134-135, Ref. 5

roads, see earth roads; low-volume roads
roadway channels (see also table drains)k 9, 10, 16
runoff (see also design runoff, peak runoff)s
coefficient, 14-16, 60
estimation, 13-18, 54-56, Ref. |
safety: 28
during inspection and repair, 182
factors, Ref. 9
of grading personnel, 106
scour: 11, 169, 170, 171, 173, 175, 177, 178, 179, 181
Searcy, James K.: Ref. I, Ref. 8
sheet flow: 169, 179-180
shoulder drains: 177-179
side drains: xx, 173
side slope: xiii, xv, xviii, 50
slope banks: xiv, 146-147
small drainage areas: 13-18
soil, loess: 46

spillways, see chutes

steady flow: xv, 19
nonuniform flow, xvi, 23-24, 26-27, Ref. 3

uniform flow, xv-xvi, 9, 19-23, 24, 26, 92-99, Ref. 2,

Ref. 7
stilling basins: 33, 37, 43-44, 54
subcritical flow: 24, 26, 27, 35
subsoil drains: xxi, 177-179, 180
supercritical flows: 24, 27, 42, 44
table drains: xx, 171, i72

terrace construction: 151-153
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terraced channels (see also terrace construction): xiv
toe-of-slope channels (see also side drains): 9, 10

trapezoidal channels: xviii, xx, 7, 20, 22, 29, 30, 33,
35, 50, 51, 69-85, Ref. 2

triangular channels: 7, 69-85, Ref. 2
underground drains and pits: 180-181
uniform flow, see steady flow

United States Army Engineer Waterways Experiment
Station (P.Q. Box 631, Vicksburg, Mississippi 39180): 40

United States Bureau of Reclamation (18th and C
Streets, N.W., Washington, DC 20240): 46

United States Department of Transportation (400 Seventh
Street, S.W., Washington, D.C. 20590) (see also United
States Federal Highway Administration, Office of
Engineering, Bridge Division, Hydraulics Branch):

publications, xiv, xvii

United States Federal Highway Administration, Office
of Engineering, Bridge Division, Hydraulics Branch
(HNG-31, Washington, D.C. 20590): Ref. I, Ref. 2,

Ref. 8, Rei. 10

United States Weather Bureau (now U.S. National Weather
Service, 8060 13th Street, Silver Spring, Maryland
20910): 14, 17

unlined channels: 35, 42, 60, 175

unpaved surfaces (see also earth roads): xx

unsteady flow: 19, Ref.7

varied flow (nonuniform flow), see steady flow

warning signss 176

weep holes: 35

weir formula: 26



