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p® Chapter 1
(.’ Introduction
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1.1 General

g surface water from the
psistent with cost,
llard channel win
rarely provide the most satisfactory drainage for all sections of a highway, Right be adequate

Roadside drainage channels perform the vital function of diverting or remo
highway right-of-way. They should provide the most efficient disposal system

This publication discusses flow in roadside drainage channels, esti » arges from small
areas, prevention of channel erosion, and presents methods for th
to remove runoff from the areaimmediately adjacent to the hi

Drainage channel design requires, first, the determgnation of w or ground water will occur, in
what quantity, and with what frequency. Thisis a¥dro . Then structures of appropriate
capacity must be designed to divert water from the hi , to remove water that reaches the
roadway, and to pass collected water under the r hlisisahydraulic problem. This publication

Erosion control (1)1 is anecessary p phage design. Unless the side slopes and the drainage
channels themselves are protected fr | htly gullies appear, maintenance costs increase,
and sections of the highway m

Drainage design begins with th
frequently flooded
gathered in the field
highway. Adequate n
as these channels are

loc . Locations that avoid poorly drained areas, unstable soail,
y stream crossings greatly reduce the drainage problem. Data
he drainage problems that cannot be avoided when locating the
Inage, terraces, and manmade channels are particularly important,
shown on topographic maps.

The design of roadside di@linage channels has been discussed by 1zzard (2), and criteria for drainage
channel design appearsin the publication, "A Policy on Geometric Design of Rural Highways' (1).

Subsurface drainage of highways is discussed in Highway Research Board Bulletin 209 (3) and the

function of highway shouldersin surface drainage is discussed by Ackroyd (4).

In this publication, types and sections of drainage channels are first discussed, followed by a discussion
of channel alignment, grade, and protection from erosion. Hydrologic and hydraulic principles are
discussed briefly and design procedures are presented with typical charts for determining channel size.
Finally, the methods described are applied in the design of the channelsillustrated in Figure 2. For

convenience of the user, an tables are placed in Appendix A.



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

INumbers in parentheses refer to references

1.2 Factors in Design

The primary purpose of roadside drainage channelsis to prevent surface runoff from reaching the
roadway and to efficiently remove the rainfall or surface water that reaches tlae roadway. To achieve this
purpose, the drainage channels should have adequate capacity for the peak raf€@f runoff that recur with
afrequency depending upon the class of road and the risk involved. On less ig gt roads where little
damage would result from overtopping of the drainage channel and where d suffer only
minor inconvenience, a peak runoff that recurs frequently might be satisfact ; '
on minor highways where serious erosion damage would result fro frai nage channels,
aless frequent peak runoff might be used as the design runoff.

area, and the cost of the
Inutes during an intense
storm itself, but should water remain
ns, atraffic hazard will result. At
sceptible to erosion, the peak discharge for
of the road would otherwise warrant.

The frequency used depends somewhat upon the climate, the y of
drainage system. Water standing on the edge of the traveled w
storm might not interfere with traffic movement afpm
for along time or collect in pavement sags or in und
|ocations where shoulder gutters protect high fills high

which the channels are designed might

Bureau of Public Roads policy requires that stem projects, an drainage facilities other
than culverts and bridges be designed traveled ways usable during storms at least as great as
that for a 10-year frequency, except t

depressed roadways where pond can b&@removed only through the storm-drain system.



Intercepting Channels
Roadway Channels

Median Swale B
e ﬂ":.I" e _-:'."-".

The capacity of adrgina rying uniform flow depends upon its shape, size, slope, and
roughness. For agi 7 acity becomes greater when the grade or the depth of flow is
increased. The chan as the channel surface becomes rougher. For example, a
rubble or stone gutter R@s half the capacity of a concrete gutter of the same size, shape, and
slope because of the diff&ences in channel roughness. A rough channel is sometimes an advantage on
steep slopes where it is d@8irable to keep velocities from becoming too high.

The most efficient shape of channel isthat of a semicircle, but hydraulic efficiency is not the sole
criterion. In addition to performing 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 hydraulic capacity of the channel. Thus, the best design for a particular section of highway isa
compromise among the various requirements, sometimes with each requirement having a different
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 atypical divided highway in ahumid 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 thegedian. The types of
drainage channels are defined and discussed in subsequent sections of this ch

1.4 Gutters

Guitters are the channels at the edges of the pavement or the shoul
depression. Gutters are invariably paved with concrete, brick,
material.

acurb or by a shallow
some other structural

cks,

Guitters are generally used in lieu of other type ch% S jghway drainage and are sometimes
used in rural areas, particularly on parkways, in mou OuUS I , In sections with limited
right-of-way, in areas of poor soil stability, and eCl ainage problems such as traffic interchanges
and underpasses.

In areas where vegetative cover cannot reveri?erosion damage to high fills, shoulders are
designed to serve as a gutter withac at the outer edge to confine the water to the
shoulder. The water collected in the Is di@ehaP0ed down the slope through chutes. The curb may be
made of earth, bituminous mat d cgihent concrete, or cut stone.

1.5 Chute

Chutes, as used in this Ication, are steeply inclined open or closed channels, which convey the
collected water to alowd@evel. Chutes are also called flumes and spillways. The most common
applications in highway c@struction 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 vel ocity 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 slopes. The inlet of all chutes must be adequately designed
to prevent water bypassing the chute and eroding the slope. Frequently energy dissipators 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 (1) "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 gk least 4 feet wide. Flatter
side slopes are desirable on channels beside low fills. The depth of channel site@ikd be sufficient to
remove the water without saturating the pavement subgrade.

gf highway. Not
T runoff, rate of
PPDe varied by the use
distance between the
cuts are slight and where

It is unnecessary to standardize the design of roadside drainage channels foe
only can the depth and breadth of the channel be varied with variatio
channel grade, and distance between lateral outfall culverts, but th
of different types of channel lining. Nor isit necessary to standard
channel and the edge of pavement. Often liberal offsets can bef@bt
cuts end and fills begin.

Automobile proving ground tests reported by Storg he most important element in
controlling the shock of impact when driving into afl el isthe length of vertical curve
between the side slopes and the channel 3.) For aspeed of 65 miles per hour and a
striking angle of 15° with the channel centegh ith a6:1 side slope, a vertical curve 6%2
feet long is recommended and a vertical cur long is recommended for a channel with a

4.1 side slope.

1.7 Toe-of-Slo

Toe-of-slope chann ed ear the toe of afill when it is necessary to convey water
collected by thero he point of disposal. On the downhill side of the highway, this
channel can often be | amild slope and the lower end flared to spread the water over the hillside.
Where this practice wolll cause erosion or permit water to drain into the highway embankment, the
toe-of-slope channel mus@gonvey 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 so 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.

I ntercepting 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 aflat grade until the water can be spread
or emptied into a natural watercourse. In most cases, the owners of rangeland wi il permit highway
departments to construct a series of contour furrows beyond the right-of-wa order to recover the
water.

An intercepting channel constructed by forming a dike with borrow materig D&l to an excavated
channel because the latter destroys the natural ground cover and is more l| \ are should be
taken to avoid pending water at the tops of slopes subject to diding. | :
intercepted and removed as rapidly as practicable and sections of t
soil might require lining with impermeable material.

e Side Slope
% Channel B

Figure 3. Location o | hannel Cross Section

1.9 Median Swale

Median swales are the shallo or near the center of medians used to drain the median
area and portions of ghe roadw e depressed area or swale is sloped longitudinally for drainage, and
at intervals the wat |nlets and discharged from the roadway. It is not necessary that the
longitudinal slope of to the pavement grade, particularly on flat grades. (See Section

4.3)

Generally, curbs are not Wliovided on the edge of the pavement and the median swale drains part or all of
the pavement area in addi®on 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 a 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 minimum width that can be mowed with mechanical equipment (see
1k




1.10 Channel Changes

Channel changes alter the alignment or cross sections of natural watercourses. Replacing along sinuous
natural channel by a shorter improved channel will increase the channel slope and usually decrease the
channel roughness. Both 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
channél 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 magjor channel change may be
detrimental to fish and other aguatic life because of increased velocities, decreased depth of flow, and the
removal of boulders and irregularities in the channel. Placing boulders at rari@am in the new channel will
aid in restoring the fish habitat.

Occasionally, small watercourses crossing the highway can be diverted intqi@n adjaS@at watercourse at a
lower cost than by providing separate cross drains. Channel changes in the W&inity offg@ighway or at a
highway crossing are sometimes made to secure borrow material fo (Y gank ment with the
thought of incidental improvement in the channel cross section or _uch apractice on a

stabilized stream channel almost aways results in future main C alls. Channel changes al'so

Thus, channel changes should always be studied f ather than made to secure
borrow material or to save the cost of a cross drair

Borrow ditches should not be placed near the toe of jacent to natural streams which

' at high velocities with attendant damage to
the embankment section during flood peri 18ns borrow ditches on the upstream side of
the fill will direct the high-velocity water bac n channel in a manner that induces scour at

bridge piers and abutments.

1.11 Alignment

) g jal lows little choice in the alignment or in the grade of the channel,
e dafppreg@nges in alignment or in grade should be avoided. A sharp changein
Of attack for the flowing water, and abrupt changes in grade cause deposition
en the grade is flattened or scour when grade is steepened.

The width of therig
but insofar as practic
alignment presents a p&
of transported material

A drainage channel shoul¥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 alignment 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 alignment of the drainage channel should not cause eddies with attendant scour in the natural
watercourse or near drainage structures. In erodible sails, 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 watercourse in order to prevent erosion in the drainage channel.
The chute should be designed to prevent being undermined and destroyed.

1.12 Protection from Erosion

The need for erosion prevention is not limited to the highway drainage channels; it extends throughout
the right-of-way and is an essential feature of adequate drainage design. Erodlan and maintenance are
minimized largely by the use of: flat side slopes, rounded and blended with nalggl terrain; drainage
channels designed with due regard to location, width, depth, slopes, alignme®a8@Rrotective treatment;
proper facilities for ground water interception; dikes, berms, and other prot eWies,; and protective
ground covers and planting (1).

Irainage channels by proper

design, including the selection of an economical channel lining, Li : ied to drainage channels
includes vegetative coverings. The type of lining should be cONSLstOREyi > degree of protection
required, overall cost, safety requirements, and esthetic consi defgtions: trol of erosion caused by
overland or sheet flow is not discussed.

In general, when alining is needed, the lowest cost linf@that aff Ofs satisfactory protection should be
used. Thisis often sod in humid regions ' bination with other types of linings. Thus,
ith more resistant material on the steeper
ighly resistant material within the depth
required to carry floods occurring fr ed with grass above that depth for protection from

the rare floods.

e-control structures in channels because they are often a
way, they are difficult to maintain, they are often unsightly, and in

In semiarid and arid regi@os, some erosion of cut and fill slopesisinevitable. Occurring infrequently at
any one location, the dan\@ige 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 soil 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 maintain noneroding grades between drops. If the spacing of the dropsis close, their cost should
be compared with the cost of paving the entire channel and providing an adequate outlet structure. High
drop structures require careful design (see references 6, 7, and 8) and though hazardous to traffic and at
times unsightly, they are to be preferred to a deep gully.



Systematic maintenance is essential to any drainage channel. Without proper maintenance, a
well-designed channel becomes an unsightly gully. Maintenance methods 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 Checks

Go to Chapter 2




(\ Chapter 2

Estimating Storm Runoff from Small Areas

Go to Chapter 3

2.1 General

The first step in designing a channel is to determine the quantity of water the channel isto carry. Thisisafar more
difficult problem than computing the size of channel needed to carry the design flow ggd determining what protection
IS required to prevent channel erosion.

Many formulas have been developed (9) for estimating peak storm runoff, but most g jnul as were devel oped
from data collected from a limited area and can be considered applicable only to thei@rea and §@lsler the conditions for
which the data were collected. Runoff from devel oped surfaces, drainage areas of cOg@iarativel iform ope and
surface characteristics, can be determined by the method described by 1zzar [ i '
surface to justify the work required.

Some of the storm-runoff formulas used in the past give the size of tly Ut modern practice (11, p. 90)
isto first calculate the anticipated discharge and then design the wat 0 0 accommodate the discharge.
A formulawhich gives only arequired waterway area igmores ference In capacity of structures which

have the same waterway area but have different hydraul

In the design of storm sewers, more than 90 percent (12, p. the engifeering offices in the United States use the
rational method which has been in use since ' |
chapter. The method is recommended for use |
draining less than about 200 acres. For larger ar

the Soil Conservation Service (15) are mor [
end and another method be used. Them
other instances they may disagree by

n discharge for roadside drainage channels
escribed by Potter (13), by Dalrymple (14), or by
here isno clearly defined line where one method should
Ive results for the same area that agree quite well, and in
. Discrepancies between methods approaching 50 percent

d number of streamflow records) available for estimating
magnitude and frequency of stor od. However, when estimated runoff rates obtained by two

judged by the quantitygal1e
The expected frequenc v : the design discharge (Section 1.2) is of concern because economy is aways
afactor in the design. OvEEIEE'gn and underdesign both involve excessive costs on alongtime basis. A channel
designed to carry a 1-year N@od would have alow first cost, but the maintenance cost would be high because the
channel would be damaged @Astorm runoff almost every year. On the other hand, a channel designed to carry the
100-year flood would be higt?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 falling 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,
apart 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 soil moisture and adds to the ground-water storage. Some of
this underground 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 channelsis thus the residual of the precipitation
after losses (the extractions for interception, infiltration, and depression storage). The rate of water 1oss depends upon
the amount of the precipitation and the rate at which it falls (intensity), upon temperature, and upon the
characteristics of the land surface.

Not only does the rate of runoff vary with the permeability 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 ofd@currence of the numerous
factors which affect the rainfall-runoff relation and thus compute the magnitude of the Ngff for a given frequency
rainfall.

2.3 Rainfall Intensity-Duratign- Analysis

The intensity of rainfall isthe rate at which therain fals. In
the duration of the rainfall, although it may bestated
expressed as the probability of agiven intens
of the average interval (recurrence interval) bet ' sities of agiven or greater amount. The frequency
of rainfall intensity cannot be stated without |

WY stated in inches per hour regardless of
| in a particular period. Frequency can be

Frequency analysis of rainfall intensiji ussed [ Chow (16) and others (17, 18). Two methods are in generdl
use for selecting the rainfall data
onsiders only the maximum rainfall of each year (usually calendar

C the year. These lesser rainfalls during the year sometimes exceed the
maximum rainfalls of ke Yeas -duration series analysis considers all of the high rainfalls regardless of
the number occurring ‘ year. In designing drainage channels for return periods greater than 10
years, the difference betvigeg#e two series is unimportant. When the return period (design frequency) is less than 10
years, the partial-duration
annual seriesto one based @
(29, p.2):

2-year return period---------- 1.13
5-year return period---------- 1.04
10-year return period--------- 1.01
20-year or more--------------- 1.00

The Weather Bureau has prepared a Rainfall-Frequency Atlas of the United states (20). 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 1-, 2-, 5-, 10-,
25-, 50-, and 100-year. 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.



Also 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 stationsin the United States, Alaska, Hawaiian
Islands, and Puerto Rico. The curvesin this publication are based on the annual series and the preceding corrections
should be used for return periods less than 10 years.

2.4 The Rational Method

Rainfall intensity is converted into rate of storm runoff by the rational formula:
Q=CiA (1)
Where:

Q = Peak rate of runoff, in cubic feet per second.

C = Waeighted runoff coefficient (average of the coefficient
different types of contributing areas).

| = averagerainfall intensity, in inches per hour, for
for duration equal to the time of concentration.

A = drainage area, in acres, tributary to the poin{din

to the

uency and

at auniform ratein 1 hour to an
e no losses. This makes numerical value of
the losses (Section 2.4-1).

The formulais not dimensionally correct; however, a 1-i
areaof 1 acre will produce 1.008 cubic feet per second §run
Q very nearly equal to the product of i and A. The coeffici

The rational formulais based on the thesis th of intensity i were falling on an impervious area
of size A, the maximum rate of runoff at the age would be reached when all portions of the
drainage area were contributing; the runoff rate e constant. The time required for runoff from the
most remote point (point from which the ti of the drainage areato arrive at the outlet is called
the time of concentration.

Actual runoff isfar more complicat
an area of appreciable size or for
rainfall of duration equal to theti

formulaindicates. Rainfall intensity is seldom the same over
of time during the same storm. If a uniform intensity of

n were to occur on all parts of the drainage area, the rate of runoff
ecause of differencesin the characteristics of the land surface and the

er some conditions maximum rate of runoff occurs before all of the

6). The temporary storage of storm water en route toward defined
elves accounts for a considerable reduction in the peak rate of flow except on
) the runoff estimate increases as the size of the drainage areaincreases. For these
reasons, the rational methodg@hould not be used to determine the rate of runoff from large drainage areas. For the
design of highway drainage Suctures, 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.

nonuniformity of anted
drainage areais contrib

very small areas. The erro

Many refinements have been suggested in the application of the rational method. A few of the discussions of the
method are listed in the references (12, 21, 22, and 23, Appendix A). The suggested refinements in the method
probably improve the runoff estimate, but the collection probably improve the runoff estimate, 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 Runoff Coefficient

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

6 Peak runoff rate of a given frequency
~ Averagerainfall intensity of the same frequency

remained reasonably constant for the various frequencies.

Therangein valuesof C listedin Table 1, Appendix A, permit some allowancefor land slope and
differences in permeability for the same type cover. For flat slopes and permealS@soil, use the lower
values.

Where the drainage area is composed of several types of ground cover, the rufié ent is weighed

(see example 1) according to the area of each type of cover present.
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Bosed on study by P.J. Kirpich,
Civil Enginearing, Yol 10, No.6, June 1240, p, 367

Figure 5. Time of Concentration of Small Drainage Basins

Example 1

Given: An areatributary to aroadway channel. The area has afairly uniform cross section as follows:
12 ft. of concrete pavement; 26 ft. gravel shoulder, channel, and backslope; 2 of grassed pasture.
The length of the areais 400 ft.

Find: Runoff coefficient, C
Solution:

Area Type of Surface
(sg. ft)) (Table 1)

4800 [Concretepavement--------------=--=----- 09 4320
10,400 |Shoulder, channel and backslope- - - - -----------
80,000 |Pasture------------=-------- ‘

For use in the rationa formula, the
without computing the weighted C

The time of coné 1 EE! i Section 2.4) varies with the size and shape of the drainage area,

many other factors}
design of drainage

eme precision is not warranted in determining time of concentration for the
nels on rural highways. Time of concentration can be obtained from Figure 5
whichisbased onas by Kirpich (22, p. 309n318) of six watersheds which varied in size from 1.25
to 112 acres. The watefSheds were all located on asingle 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
concentration of 5 minutes is recommended for finding the intensity 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 (Section 2.3) are taken from Weather Bureau Atlas Technical Paper 40
(20) or from Weather Bureau Technical Paper 25 (19). A chart such asthat of Figure 6 (19, 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 arainfall intensity-duration-frequency curveisgivenin Technical
Paper 25 (19), the Weather Bureau chart can be used directly or for frequencies less than 10 years
convert chart values to the partial-duration series. For other areas, the design chart should be constructed
from the maps in the Rainfall-Frequency Atlas of the United States (20). For use in the rational method,
the values of total rainfall are converted 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- on-frequency data
can be obtained from Figure 7 by the use of coefficients. Figure 7 is adapted f in the Weather
Bureau Atlas by converting total rainfall for 30 minutes to 30 minute rainfall de map value
by 0.5) for the 2-year recurrence interval. The 2-year rainfall intensity for othe obtained by
multiplying the 30-minute rainfall intensity for the project location f '
factors:
Duration (minutes) Factor
I R i et S DDA N L it 0.8
(g R S e, G 8, SR L e 0.7
i s el s A g e G, e, ASE G pe e AR 0.6
DO i L e s g O W o e i S 0.5
g oA LIB e FEN e R EE . Y (GG (o, AR L e M RN 0.4

iven duration to other recurrence intervals,

results in much of the country. The use of these
ureau Atlas before extensive use in a particular locality.
he maps or the method given in reference 20 (using the

To convert 2-year recurrence interv
multiplying by the following factor

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
concentration (Section 2.4-2) and the runoff coefficient (Section 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 (Section 2.4) as explained in example 2.
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Figure 6. Rainfall Intensity-Duration-Frequency Curve for Washington, D.C., 1896n97, 1899n1953 (U.S.
Weather Bureau)



Adapted from chart 2, rainfall frequency atlas JI'
of the United states, U.5. Department of :fﬁ
Commerce, Weather Bureau, Technical Paper ey
Ho. 40. May 1961 o :

Example 2

Given: The contributing area ple 1 (Section 2.4-1). The weighted C is 0.35; the
channel grade is 0.5 percentadiid the of the contributing area at the crest of the hill is 4 ft.
above the bottom of the ch Thelo nis near Washington, D.C.

) O_y

uency rainfall at the outlet of a grassed roadside channel 400-ft.

Find: The disces08

from the crest of v

Solution: The timé pncentration is obtained from Figure 5. The distance from the channel to the
ridge of the areais ft. (200 ft. of grassed pasture and 10 ft. of ditch bank slope) and that of the
channel is400 ft., makilag L = 610 ft. The height of the most remote point above the outlet = 4 ft. +
(0.005)(400) = 6 ft. Frdm Figure 5, T.= 7 min.

The rainfall intensity for a 7-minute duration and 10-year return period is6.8 in./hr. (Figure 6).

The drainage area = (238)(400) = 95,200 sqg. ft. or

95,200
43,560

Then Q = (0.35)(6.8)(2.2) =5.2 cf s

= 2.2 acres




2.4-6 Computing the Design Discharge for Complex Drainage 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 dischargeis
to be determined. Generally, less work is required to compute the runoff from the separate areas asis
done for point 5B in Section 8.5 rather than obtain aweighted 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 atime of concentration of only 5 minutes. The 20 acres with a 5-minute intensity
produces a higher peak discharge than the total areawith a 14-minute intensit other combination of
drainage areas that might produce the maximum rate of runoff from a partial contgition of the total
areais a downstream impervious area with a high runoff coefficient and a shor, 8@k concentration.

concentration are considerably out of balance, as the example in the
unnecessary to check the peak from part of the area.

The discharges in the illustrative problems of Chapter 8 were a SEEPBY the rational method,
using combinations and assumptions other than tglé edili@ncd i "'\l s publication in order to check the
sensitivity of the method. It was found that the meth as any reasonable assumption and
that the results by different assumptions were well wit e range®l accuracy of the method.

Go to Chapter 3




(\ Chapter 3

Hydraulics of Drainage Channels

Go to Chapter 4

3.1 General

Most highway drainage channels can be designed by using the open-channel charts in Hydraulic Design Series
No. 3 (25) or the tables and formulas presented in this publication. The tables coffg@hped in references 26
through 28 are helpful in designing channels not included in reference 25. These aidSieduce the work required
to design drainage channels, but they cannot replace engineering judgment and 3 ge of the hydraulics
of open-channel flow. Open-channel flow also includes flow through conduits cc\lgter surface. The
discussion of hydraulicsin this chapter does not provide the knowledge of open-gha W needed for the
more difficult design problems; nevertheless, a brief review of some of s ples governing

A movie, "Introduction to

movieis available on loan

open-channel flow should be helpful to the designer of highway drain
Highway Hydraulics," illustrates many of the principles of open-
from the Bureau of Public Roads.

Flow in open channelsis classified as steady or unst&y. W results from variations in the supply
and will not be covered in this publication. Although th ' annels during the storm period is an
excellent example of unsteady flow, we are usually inter in desigiing a channel to carry a peak flow that
recurs with a selected frequency. Considerigg y flow greatly simplifies the design of
drainage channels. Steady flow occurs when Y passing any section of the stream is constant.

Steady flow is further classified as uniforgas epth of flow are constant, and nonuniform or
varied if velocity and depth of flow chag
designed on the assumption of uniform
flow problems. Another classific
discussed in Section 3.3-2.

lelige of varied flow is needed to solve the more complex
itical (tranquil) or supercritical (rapid or shooting), will be

3.2 Unifor

To have uniform flow, th&@rade must be constant and all cross sections of flow must be identical in form,
roughness, and area, nec ing a 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 parallél to the streambed (Figure 11). Normal depth is also defined as the depth at which uniform
flow will occur when a given quantity of water flows through along 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
discharge. 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 isresisted 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 (V) depend upon the channel shape,
roughness, and slope (S;). Various eguations have been devised to express the flow of water in

open channels. A useful equation for channel design isthat named for Robert Manning, an Irish
engineer. The Manning equation for velocity of flow in open channelsis:

V= 19 Rossy2 @)

Where:

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

n = Manning coefficient of channel roughness.
R = hydraulic radius, in feet.

S=dlope, in feet per foot. When the Manning equation aj @

The value of the Manning coefficient n is determined by exjri values for various
types of channels are given in Table 2, Appendix A.
R, the hydraulic radius, is a shape factor that dg 0 he channel dimensions and the

depth of the flow. It is computed by the equation,

R= (3)
Where:
A = cross-sectional the fi@wing water in square feet taken at

right angles to tlhgltir low.
WP= wetteghberimet the length, in feet, of the wetted contact
of Wgter and its containing channel, measured
es, to the direction of flow.
Another basic equ
(4)

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

By combining Equation (2), Equation (3), and Equation (4), the Manning equation can be used to
compute discharge directly or

Q — 1749 R2/3Sl/2 (5)

In many computationsit is convenient to group the properties peculiar to the cross section, in one
term, called conveyance (K) or



K = 1.49 A RZ3 (6)

then
Q=KS23 (7)

When a channel cross section isirregular in shape such as one with arelatively narrow deep main
channel and awide 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, Section 8.5.)
The same procedure is used when different parts of the cross section have gifferent roughness
coefficients. In computing the hydraulic radius of the subsections, the watelN@gpth common to two
adjacent subsectionsis not counted as wetted perimeter.

Conveyance can be computed and a curve drawn for any channel cross s and
hydraulic radius are computed for various assumed depths and the corresp A€ of K is
computed from Equation (6). The values of conveyance are plot s of flow and

a smooth curve connecting the plotted pointsis the conveyance th@section was
subdivided, the conveyance of each subsection (kg, K, - . . i) i ut d the total

conveyance of the channel is the sum of the conveyanceﬁ of orK=2btky...+
k- Discharge can be computed using guatloﬁ) e in each subsection can also be
computed with Equation (7), using the conveyan '

The concept of channel conveyance | CON@@LLi ng the distribution of overbank flood
flowsin the stream cross section and [ rosgh the openings in a proposed stream
crossing (29). The discharge through [ e assumed to have the same ratio to the
total discharge asthe ratio of conv opening bears to the total conveyance of the
channel.

Discharges computed by th
can be carried. Results of
inference of gr

n do not have the accuracy to which the computation
utations are generally rounded off to avoid an

3.2-2 Aids of the Manning Equation

The examplesin th tion show the solution of the Manning equation and the use of the
computation aids me@ioned in Section 3.1. Figure 9, used in example 4, istypical of the
open-channel chartsin reference 25. Nomographs such as that in Appendix B provide a graphical
solution of the Manning equation (see example 3). Tables in references 26n28 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.) Chartsin 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 channel, of straight alignment 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. InTable 2, Appendix A, for aweathered earth channel in fair condi#@g, n is 0.020.
2. The cross-sectional area (A) of the channel is 3.0 sg. ft. and the hydrau§@&adius (R) is 0.6

values of S=0.003 and n = 0.02. Mark the point where t
turning line.

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

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

6. Thedischarge, Q = AV, is3.0 sg. ft. times 2}
obtained from the table on page 388

The preceding example showed the so nifig equation for the velocity and
discharge in achannel of given dimensio rmal depth is known. The more common
' annel required to carry the design discharge on
the available slope and to comp he channel in order to determine what
protection is needed to prevgih c el erod®n. Unless channel charts (25) or special tables (28)
are available, this probl [ i d-error procedure illustrated by example 4.
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Figure 9. Open-Channd Chart (from Design Chartsfor Open-Channel Flow, Hydraulic Design Series
No. 3)

Example 4

Given: A trapezoidal channel (Figure 8) in stiff clay, bottom width 4 ft., side slopes 2:1, n = 0.03,
slope 0.005, and discharge 100 c.f.s., water carries fine silt.

Find: Depth, d, and velocity, V.

Solution:
1. Genera solution of area and hydraulic radius.
A=14 +2d)d
WP =4+ 2dy/5 =4 +447d
_ A _ [4+2dd
WP d+447d
2. Try,d=3ft. ‘

A=(4+6)3=30 sq ft

WP =4+134=174 ft \
R=172ft
From the nomodgraph@or app E V=51fps

Q=230(5 1) =153 f too high
3. Try:d=25ft.

From the nomograph, V = 4.6 f.p.s.

Q=225(4.6) =104 cf.s. too high
4. Try:d=2.4ft.



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

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

R = 1.44ft.

From the nomograph, V = 4.6 f.p.s,,

Q=45(21.1)=95cf.s too low

Thelast two trials (d = 2.5 and 2.4 ft.) are about equally high and lo
solutionisd =2.45ft.,,V =4.6f.p.s.

, thus, the

Where design charts are avail able, the problem is greatly simplified; for exggigi@hsee Figure 9

taken from reference 25. For Q = 100 c.f.s. and S = 0.005, the value of d  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 avelocity of 5.0 f.p.s. can be permj
Thus the natural material will withstand erosion.

.

e 10. Irregular-Channel Section

The discharge in I ion is computed by dividing the channel into subsections, each
approximately r In shape. See example 5 for a two-subsection channel.

Example 5

Given: The channel in Figure 10, n = 0.02, and slope 0.005.
Find: Discharge, Q. The average velocity has little meaning in a channel of this shape.
Solution:

1. Subsection A:



2.

A=10(50) =500 sg ft.
WP =10+50+8 =68 ft.
R = St 7.35
B3
The wvelocity by formula (2) is:

W= 99 173512030 0051112 = 19.9 fp.s

0.020
The welocity could have been obtained from the no raph,

appendix B, or page 388 of reference 26,
(2 =19.91500) =3950 ¢ fs.

Subsection B:

A = 2(50) =100 sq ft.

WE s BU A2 =80
100 ¢

R=_——_=182f
5
V=81fps
2 =100(8.1) =810 cfs

For the entire channel:

A =500 + 100 =
Q =9,950 + 810&.10,8

If the
the foll

I.s.

considered as a whole without subdividing,
would have been obtained.

WP =52 + 68 = 120 ft.

_ 600
120

R =5 0

V =154f.p.s.
Q=15.4(600) = 9,240 c.f s.



The discharge (9,240 c.f.s.) computed for channel considered as awhole 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 subdividing 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.f.s., but it is much closer to 10,800 than to
9,240 cf.s

3.3 Nonuniform or Varied Flow

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

Q=AVi=AV,..= AV,

Equation 8 is sometimes called the equation of continuity.

jon, using the slope of the
S require other methods.

Velocity of uniform flow in open channels can be computed by the M
channel bed as the slope of the energy line but nonuniform stead

put

ied flow in\@kder to determine the behavior of the
occur. A discussion of varied flow

The hydraulic design engineer needs a knowledge of
flowing water when changesin channel resistance, siZe,
properly begins with a discussion of energy of the flowi ater.

3.3-1 Energy of Flow

y of two kindsCpotential energy and kinetic
of the water above some datum, and kinetic

Water flowing in an open chann
energy. The potential energy is

Where

V = the mean velocity in feet per second
g = acceleration of gravity or 32.2 feet per second per second.

A useful hydraulic concept of the energy of the flowing water within one vertical cross section of
the channel isthat of specific head (also called specific energy).

2
Specific Head (H,) = d + z_g 9)



If the potential head is related to some datum (Figure 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 elevation of the channel bottom,
total head at any section is:

Total Head (H) =d + ¥
29

The energy losses due to friction, channel contractions, changes in alignment, and other factors are
termed head losses (h, ). 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 downstr plus intervening
head |osses or for the channel in Figure 11, is equal to the total head at sec

between sections 1 and 2, or

+Z (10)

29

In Figure 11, the head loss, in a channel of uniform cross
Z,) Thus, the water surfaceis parallel to the streambed, and

I0 astp@changeinZ or (Z, -

\ 4
dy+ V_‘F =d, + V_?E
29 29
The flow is uniform and can be comput the MaN@ng equation. The head loss
(Z1-27) =L S (12)
Where:
L = horizontal distance b sectl and section 2

Sy = channel ‘» _
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esc iction slope. For uniform flow, the Manning equation

for S(=Sy).

Sy in uniform flow is so
be com

(13)

not equal the change in Z, nonuniform flow occurs and the depth of flow
reases in auniform channel. In Figure 12, flow takes place with decreasing

When the head |oss
either increases or d

depth.

Between sections 1 and 2, the velocity isincreasing 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, theresult isa
specific-head (energy) diagram. (See Figure 13.)

The specific-head curve is asymptotic to the line representing the energy due to depth and the
vertical line of zero depth. Examination of Figure 13 reveals severa important facts. Starting at

the upper right of the curve with alarge depth and small velocity, the specific head decreases with
decrease in depth, reaching a minimum value at depth d., known as critical depth, sometimes

called the depth of the minimum energy content. Further decrease in depth resultsin rapid increase

to as equal energy depths.

When the flow occurs at depths greater than critical depth (velocity lesst eflowis
called subcritical or tranquil. When the flow occurs at depths less thag cri velocities
greater than critical), the flow is called supercritical, rapid, or , e from
supercritical to subcritical flow is often very abrupt, resulting i enon known as

the critical velocity. The channel slope which produces criti | itical velocity for
given discharge isthe critical slope. ’

Critical depth for a particular discharge is depen
independent of channel slope and roughness._Cu

e depends upon the channel roughness,
cr depth and critical velocity, the critical
slope for a particular roughness can be e Manning equation (Section 3.2-1).

Supercritical flow isdifficult to © abrupt changesin alignment or in cross section
produce waves which travel dow, [
i channel shape, slope, or roughness cannot be
reflected upstream except igances (upstream control). Supercritical flow is

affect the flow f
characteristic of t
relatively flat.

flreams located in the plains and valleys regions where stream slopes are

Critical depth isimportant in hydraulic analyses because it is aways a 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 aflat (subcritical) slopeis sharply increased to a steep (supercritical)
slope.

2. At achannel constriction such as a culvert entrance under some conditions.

3. At the unsubmerged outlet of a culvert or flume on a subcritical slope, discharging into a wide channel or
with afreefall at the outlet.

4. At the crest of an overflow dam or weir. Distinguishing between the types isimportant in channel



design, thus the location of critical depth and the determination of critical slope for a cross section of
given shape, size, and roughness becomes necessary. When flow occurs at critical depth
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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 28, p. 8n7) by the following equations:

Rectangular sections



_0a15 Q)
d. = 0315 [B] (15)

Trapezoidal sections

4zH, -3b+ J’lafH,f + 162Hb +9b? (16)
7 10z

The tablesin King's Handbook (28) provide a much easier solution for critical depth than
Equation (16).

Triangular sections

Q P

d. =05745 [_] (17)
Z

Circular sections, approximate solution (31)
213

dii= 0.325[%] +00830 ¢ (18)

Accurate only when i lies

D

Where:

A = area of cross secti

B=

b=

D=di

g =

Hg= spec

Q=rateo

T =top wid

V= ;

z=dopeof s of achannel (horizontal to vertical).

For irregular sections, critical depth may be found by atrial-and-error solution using Equation
(14). An expression for the critical velocity (V) in channels of any cross section is:

Ve = 0t (19)

where d,,= the mean depth of flow [ﬂ]

T



2
In a given channel when the velocity head i] Is less than one-half the mean depth, the flow is

i

subcritical; if the velocity head is equal to one-half (1/2) the mean depth, the flow is critical; and if
the velocity head is greater than one-half (1/2) 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. Asthe flow

approaches the critical depth from either limb of the curve, avery small changein 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 desigg, the least favorable
type of flow should be assumed for the design.

3.3-3 Problems in Nonuniform Flow

channel
ems are beyond the

Problems in nonuniform flow include computing the water surf
transitions, and dissipation of energy of the flowing water. All
scope of this publication; however, two cases of nonunifor briefly, subcritical
flow around bends and a case that must be considered in th . (See Section 4.15.)
The latter is a case of asudden changein cha@ ar e lessthan critical to one greater
than critical. (See Figure 14.)

The depth of flow at section 1 can be comput
(which for practical purposescanb
critical depth (d,). If the channel grade

the flow will become uniform at ad

Manning equation. The flow at section 2
e change in grade) passes through
tion 2 is equal to the critical slope,

(downstream control) and t e (upstream control).

Knowing the specific h in the approach channel, the capacity of the chute entrance, such

gular channel can be computed by aweir formula:

Q= (20)
For atrapezoidal cR@nel the capacity can be computed by the formula (23, p. 79):
Q = 8.03kWHp - do)V2(d,) (b + zdy) (21)

Where

d.= critical depth at section 2.
Ho= specific head at section 1.
ko= coefficient which represents the entrance loss varies from 1.0 for perfect entrance

of smooth curves and gradual transitions to 0.82 for rectangular shaped structure with
sguare corners.
z = dope of sides of achannel (horizontal to vertical).



The critical depth, d,, is computed by Equation (15), Equation (16), Equation (17), Equation (18),
and Equation (19) of Section 3.3-2.

H
1
!
H
zI E!
.T
SECTION | SECTION 2 £3
y_| DATUM | 5, A
Figure 14. Water-Surface Profile
The usual problem isto determine the
The bottom width at the chute entrance
rectangular channel,
. 0.324
K.H O3/2 (22)
and approxim [ 3) for atrapezoidal channel (23, p. 84).
s (23)

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

The flow through the chute must satisfy Equation (11). If the head loss (h, ) through the chute is

solely from friction, it can be expressed in terms of the hydraulic properties at each end of the
chute, the roughness coefficient (n), and the length of chute (L) or

< W
L 1 24
ey [F&,Em Rzzm] ] (24)




If the flow is accelerating (h, < LSp), the cross section of alarge chute can be gradually reduced in

order to provide a more economical section, by the method described on page 8.41 of reference
28.

3.3-4 Subcritical Flow around Curves

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) between the water surface
along the sides of the curved channel can be found by the equation

2
=t B:; (25)

Where

B=width, in feet, of arectangular channel.
g=acceleration of gravity, 32.2 feet per second per secon
r=mean radius, in feet, of curvature.

V=mean velocity, in feet per second.

r in the natural channel because of
puted value will be generally

The equation gives values of AE somewhat |o il o

assumption of uniform velocity and uniform curv

Other problems introduced by curv
flow, changesin velocity distribution, jction losses within the curved channel as
contrasted with the straight channel.

supercritical ve OS of smooth channels builds up waves which may climb out of
the channel and ndye SagPon continuing for some distance downstream. Changesin
alignment, whene\@®possi ble, should be made near the upper end of the sectionCbefore the
supercritical veloci§has developed. If achange in alignment is necessary in a channel carrying
supercritical flow, trigshannel should be rectangular in cross section, preferably enclosed and
satisfy Equation 31. Changes in alignment of open channels should be designed to reduce the
wave action, resulting from changing the direction of flow. (See reference 22, 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

e
b gqﬂ_h’c (26)

Where:

d,= mean depth of flow in feet. In the general expression any characteristic dimension of flow
might be used.

g = acceleration of gravity = 32.2f.p.s.2

V = mean velocity in feet per second.

V = critical velocity for the channel and discharge.

thie dominant factor
al ue of the Froude
ific head. The Froude
Iow d values less than one

The Froude number uniquely describes the flow pattern when gravity and inerti
in the flow. For example, in Figure 13 each point on the specmc-head
number, although two values on the curve can be found for a parti cuI
number of critical flow is one; values greater than one indicate su

Go to Chapter 4

indicate subcritical flow.




(\ Chapter 4
4 Design Procedure

Go to Chapter 5

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, butdlie actual layout and design of
the drainage system requires an experienced hydraulic engineer who is familiar with 5@k the construction and the

mai ntenance problems involved.
ocation@lignment, and grade
3gn of flle’channel then

2eded to protect the

After the highway has been located, the topography and other factors largely fix t
of the channels and determine the quantity of surface water entering the channels. 3
consists of determining a suitable channel section and specifying the typ
channel from erosion.

4.2 Layout of the Drainage gy

The layout of the drainage system should preferably be m
the highway, the location of all drainage strugtures,
The edges of the right-of-way and of the ro
intercept the water before it reaches the roadb
water that cannot be intercepted before r mehth

when the design storm occurs are estim or afew
explained in Chapter 2 for areas smaller 200
to the flow along the channels.

atop hic map which contains the location of
uated ridge and drainage lines. (See Figure 25.)
ap. Then the drainage channels necessary to
followed by the channels required to remove the
way. The quantities of water which must be removed

ts along the drainage channels using the method

Israrely necessary to compute the incremental additions

When the highway locgtion cuts
farmer's drainage sy e farm
collected and concent
in amore or less unifor
channelsin the vicinity
runoff.

illed farmland, the highway drainage plan should be coordinated with the
terraced and plowed on contour lines. Thus, the overland flow is

he highway intersects the farm drainage channels, rather than occurring
ilIside. Adequate notes by the locating party describing the farm drainage
ocation centerline are essential to the design of facilities for handling the storm

t
h

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




4.4 Channel Alighment

Changesin channel alignment should be as gradual as the width of right-of-way and terrain permits. Whenever
practicable, changes in alignment 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 (1). The rounding (xertical curves) at the junctions
of the side slopes and the bottom do not appreciably affect the capacity, but they do's@il greatly to the safety and
appearance of the channel.

Stonex (5, p. 26) states that for roads designed for speeds above 65 miles per hour N channel section
required for safety should have side slopes 6:1, a bottom width of 6.5 feet, and verfii@e WD feet long

Safety considerations are not as important for drainage channelsin ' ay traffic; however, shallow,
wide channels disturb the natural surface least and are much easier t '
dikes of borrow material do not disturb the existing topsoil hus ess susceptible to erosion than are
excavated channels. In most soils, the channel side slop er than 1:1; but the limit will vary with
the type of material, from vertical in rock and %21 in stiff to 2: ter in loam and sandy soils. Side slopes
of vegetative-lined channels should be flat enough f enance and have suitable slopes for growing grass
in the particular soil type and climate.

On some highways, storm water is removed thro
facilities is beyond the scope of this publi

derground storm drains. The design of these

4.6 Channel Cap

Determination of chafiié

estimated for several p
sharp breaksin grade a

lained in Section 3.2-2. Generally, the discharge to be carried is

el. The points selected should include a section immediately above

try of concentrated flow. Channel charts (25) or King's tables (28)
provide a direct solution Qe size of channel needed to carry the flow. Without these aids atrial size of channel
must be selected and the dgith of channel required to carry the flow computed. Thetrial size is adjusted until asize
is found that will carry the Q&8 gn discharge and the need for protection is determined (Section 4.7). Freeboard is

added to the required depth.

Where a standard channel section has been adopted as a minimum section, 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 resistance 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 asthat 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 scale 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 flow and steep slopes, while values below the line indicate subcyii
slopes. Use of the channel charts for channels having the same value of n asth r which the charts
were constructed is explained by example 6. Use of the charts with values of
which the chart was constructed is explained by example 7.

Example 6
Given: A trapezoidal channel in erosion-resistant soil; bottom wid ghslopes 2:1; grade 0.5
percent; n = 0.030; and discharge 30 c.f.s. The channel isto bghling ed grass sod.

Find: Depth, velocity, critical slope, and adequag of the chan

Solution:

slope line 0.005, the depth

S. Flow is subcritical, since the point of

intersection is below the dashed imum permissible velocity from Table 4

isabout 5f.p.s.
2. Critical dopeisread or inter e slope line at the intersection of the design Q and

ther than that for which the chart was constructed by

using the Q, and V , scalest ue of n. Next the chart is entered with the value of Q,
on the Qy, scal ems [ ion of the Q,, value with the slope line read the value of V.. V is
then the vV, val alue of the critical depth isread at the intersection of the Q line
(not Q,)) and the & the critical velocity isthe V value for this point. Critical Sope
varies with channe ghness and when the value of n is other than that for which the chart was

Example 7

Given: The same cross section and design discharge (30 c.f.s.) asin example 6, but with a concrete
lining (nis 0.015).

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

Solution:

1. Qn=30(0.015) = 0.45, and from the chart (Figure 9), Vnis0.08 and d = 0.9 ft. Then V =
0.08/0.015=5.3f.p.s.

2. Critical depthis 1.0 ft. and critical velocity is5 f.p.s. (both read at intersection of Q and critical



curve). Flow isin the supercritical range, since V is greater than V. and d isless than d...

3. Thecritical slopeisfound by first finding the critical depth (1.0 ft.). The critical Slopeisthen
read or interpolated from the intersection of this depth line and the Qn value on the Qn scale. In
this example the critical slope is 0.004, alesser slope than in example 6 because of the reduced
roughness of the channel.

4.6-2 Use of King's Tables

"Handbook of Hydraulics' (28) 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 is explained by

examples 8 and 15. The references to King's Handbook applies to section 7 e 4th edition, but the
corresponding references to chapter 7 of the 3'd edition follows, in parenth

King's solution for depth of flow requires the computation of a discharge f IS equation 37

(40), whichis

: n
gl 27)
erst 8/3W0wer which facilitate the preceding

~p8/3sL/2

Where

Q =discharge, in cubic feet per second.
n = Manning coefficient of channel rough
b = bottom width of atrapezoidal channel, in
S = dope of channel, in feet per foot.

King'stable 95 (111) contains values o

nel, find the value of i (King's
b

puted e df K' and the given channel side slopes. The depth of

computation. Then in table 97 (113), oidal ¢

Handbook uses D for dy,) for the c

flow isthen b multiplied tabu of ﬁ ]
8]

100 c.f.s.

Solution:
1. Compute:

7 i e IR e k2

ST T E3 0012 (403)(01)
2. InKing'stable 97 (113) for K'=0.74 and side slopes




21, % =052 Thend.=052(4) = 2.1 1.
g

3. The mean velocity isfound from Equation (4), Q = AV, after computing the areawhich is
A= d(b+zd) =2 1[4 +2(2.1)] =17.2 sq. ft.

Q_ 4
V= A 172 = 5.8f.p.s

4.6-3 Significance of the Roughness Coefficient (Manning n)

5s. A value about

pacity of the
d, but when

% g might

Table 2 (Appendix A) lists n values for channels with various degrees of roug
midway in the range of valuesis ordinarily used for design. When new, the
channel will be greater than that for which the channel is designed. Thisisg
the design velocities are near the permissible velocity for the lining of the C
occur before the channel reaches the design condition. Thisisillustrgi

Example 9

received the design flow (36 ¢.f.5.) bef
would be 6.7 f.p.s. The channel would pr

discharge occurring before the gr
probably be used. (See Section 5.

old (when n = 0.02), the velocity
ed. (See Table 4.) If therisk of adamaging

Another type of problemist
different roughness.

Example 10

Given: A trapezoi annel in easily eroded soil; bottom width 3 ft.; side slopes 3:1; grade 2
percent; and design harge 40 c.f.s.

Find: Which is the m@e economical lining for the channel Cconcrete (n = 0.015) or stone (n = 0.030)7?

Solution: Using the tables of reference 26 or King's tables (see Section 4.6-2), the comparative
channel characteristics (without freeboard) are:

Concrete Stone
A (area) 4.32 7.00
d (depth) .8 1.1
Q (discharge=VA) 40.0 38.5

V (velocity) 9.3 55



With the required cross sections for the two linings computed, 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 supercritical to subcritical.

Example 11

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

under the roadway.
@ R 26 are:

and from p. 370 of reference 26, the velocity for | 1.2 ft. and slope
0.01is11.2 f.p.s. The discharge is comput®d to Fwhich checks the design
discharge. However, water flowing at 11.2 f.[%@lS Su [ , Since from Equation (19)

W, = J{SE.Z)ZD'D ~

Find: A suitable type of channel lining.

Solution:
1. For aconcrete-lined channel (n = 0.015) the required data from p. 20

A =20.0 s ft.
d=20ft.
R=1.2ft.
T=16.0ft.

ow will be difficult to turn.

S nie i
16.0

2. If the channel is hued with gr

A =41.3 s. ft.
d=3.1ft.
Q=223cfs.
R=1.75ft.

uired data from reference 26 are:

amuch larger cross section, but the water flowing at 5.4 f.p.s. is
.S.) and will be much easier to handle than the same quantity of water flowing

of over 11 f.p.s. in the concrete-lined channdl.

subcritical (V=7.
at supercritical velo

4.7 Channel Protection

Maximum permissible velocities for channels in various soil types are givenin 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 impregnated with pitch. Generally, the
lowest cost (including maintenance cost) lining that provides adequate protection should be used. The type of
channel lining might vary along the length of the channel, using alow-cost lining such as grass on the flatter slopes




and a high-cost lining such as concrete on the steeper slopes. The capacity of the channel varies with the roughness
(nvalue) of the lining, thus the channel dimensions must often be changed when the channel lining is changed.

Research on vegetative linings (35, 36) 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 permissible
velocities for channels lined with various vegetal covers are given in Table 4, Appendix A.

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

reason why thisistrue. Velocities in a straight, uniform channel are generally greatest in the upper part of the
middle portion. Ve ocities 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 efliie of the bank slope might be
low enough for grass. The most economical solution would probably be the combinal’@of arigid-typelining in

the lowest part of the channel and grass lining on the upper bank slopes.
0 urnished by a
ass. Insuch a

. frass above the

Combination linings are also used where the channel bottom requires protection
grass lining, but low flows of long duration, from snow melt or seepage, ret
situation, the channel could be paved with arigid-type lining to carry the
elevation of the continued low flow.

If grassisto be seeded, a strip of grass sodding should be placed a e of

construction) to prevent undermining of the grass lini na

id-type linings (at the time of

The method presented@i r the design of grass-lined channelsis based principally upon the
experiments of the Soi\@onsery ce (35, 36). The Manning equation can be used to determine the
capacity of agrass-lined\@haihe e value of n varies with the type of grass, the development of the grass

cover, the depth of flow, 38 the velocity of flow.

The permissible velocity in@yrass-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 some 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 velocity used to check the adequacy of the protection should be
computed assuming alower grass height which will likely be maintained.

The variable value of n complicates the solution of the Manning equation. The depth and velocity of flow must be
estimated and the Manning equation solved using the n value (Table 2, Appendix A) which correspondsto the
estimated depth and velocity. Thetrial 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 a grasslined channel. The first method (example 12) uses Table 2 to
obtain atrial 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 achart is available for the type of channel to be used. Construction of channel charts for grass-lined
channelsis 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.s. and the adequacy €hthe grass lining.

Solution:
1. Assume adepth of 2 ft. and avelocity of 4 f.p.s.

2. From section IV of Table 2, Appendix A, the value of n for tall grass

increased depth (2 as compared with 1.5 ft.) compensates for 5 o flow (5 as
compared with 6 ft. per sec.). For 2-inch grass, the value of . 1he solution of the
Manning equation is the same as for an unlined ditch.

3. Thefollowing data are taken from p. 241 of reference | gSLable@8y Section 4.6-2 could be

sed):
: n= 03

and from p. 450 of referenc@®6

c.f.s. whis@gearly equals the design discharge.
4. For com f the lining (n = 0.035), the velocity is4.6 f.p.s. and d is 1.9 ft.
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hich exceeds the computed value. The

Table 4, Appendix A, gives the allow ' f.p.

A more general solution for exam
classify the retardance of the gr

from the product of the esti
values and repeat the proc
13.

that lie outside therange of Table 2 is: First
heYhformation given in Table 5, Appendix A. Then

he estimated hydraulic radius obtain the estimated
sfound that carries the design discharge. See example

Example 13
Given: The same
Find: Depth and ad

Solution:
1. Inthe example, the retardancein Class C (Table 5), using slightly taller grass than 4 inches, and
the hydraulic radiusis 1.17 ft. for an assumed depth of 2 ft. The assumed velocity is5f.p.s.
2. From Figure 16, the Manning n for aVR 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 thisis 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.

in example 12.

y of grasslining.




Example 14
Given: The same dataasin example 12.
Find: Depth and adequacy of grass lining.

Solution:

1. Channel charts (Nos. 30 to 33, ref. 25) have been prepared for trapezoidal channels with bottom
width 4 feet and various side slopes, having retardance classifications, C and D. Charts for
median swales are also supplied (No. 34, ref. 25).

2. To usethe 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 reference 25 for the
bottom width, side slope, and retardance classification. Enter the chart@ith the design discharge
and channel slopes and read the depth and velocity from the graph.

3. Inthis example, the retardance classification for capacity is C (Table
chart isNo. 31 (Figure 17). Entering the bottom graph of Figure 17
0.01, the depth is 2 ft. and the velocity is 4.1 f.p.s. For allowable velo
depth is 1.9 ft. and the velocity is4.6 f.p.s.

4.9 Concrete-Lined Channels

Concrete linings are generally used for protection against
used on very flat slopesto increase the velocity of flow to
from ponded areas, or to reduce the size of ¢

slopes; however, they are sometimes
city, to more efficiently remove water
the design discharge. The capacity of

pn Section 3.2-2 and Section 4.6. Vaues of the

For economy of construction, the side s ined trapezoidal sections should not be so steep (no
steeper than 1%2:1 and preferably no st @\ th&surface forms would be needed. Other construction

Velocities in concrete-lined chan longitudinal grades are usually supercritical. At high velocities
air entrainment occurgi ulking effect which increases the depth of flow. Air entrainment also

causes a reduction in GEENMERERSL resulting increase in velocity over that computed using the Manning n
from Table 2. An n of 288 C pmmended (37, p. 289) for computing velocity and specific energy in
concrete-lined channel s Gglg#hg supercritical flow

To alow for the bulking eff@&t of the entrained air, the depth of channel required to carry the air-water mixture
must be greater than that cofgputed by Manning's equation using the n value from Table 2. One method (37, p.
289) isto use an n of 0.018 for computing normal depth. Another method for computing the depth of the air-water
mixture in arectangular channel is adapted from a formula given on page 547 of reference 22 in which:

d=0.11(Q/B)23 (28)

Both methods of allowing for air entrainment are 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 provision made to dissipate
the excess energy. Otherwise, erosion might occur at the channel outlet, resulting in damage to embankment slopes
or in undermining of the channel outlet. Design of stilling basins and energy dissipators is discussed in references



38 and 39.

High-velocity flow can damage the lining itself if projections of the lining occur as aresult of faulty design or
construction or through unequal settlement of the supporting soil. Offsets at construction or expansion joints cause
negative pressures beneath the joint and loss of the supporting soil. To avoid offsets, transverse joints should be
made so that the upstream edge of the lower slab cannot heave without moving the downstream edge of the upper
slab alike 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 slip dowelsis
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 gachor walls may be necessary.
The cutoff wall also minimizes erosion underneath the lining. The absence of a cutoNg@all at the outlet often
results in the loss of part of the concrete lining. The cutoff wall at the outlet is particylsiidnecessary where a
hydraulic jJump occurs. Cutoffs on pipe chutes usually take the form of collars bolt i

Another frequent cause of failure of concrete-lined channelsis overtopping of the Cig IWthe freeboard is
insufficient to contain the waves generated by disturbance of the high-vel Qgi : ghtion 4.15.)
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Figure 17. Open-Channel Chart for Grass-Lined C@nel from
Design

4.9-1 Buoyancy of Emptygh

sfor Channel Flow, Hydraulic

In saturated soils, empty channels with ri
pressure. The total upward forceis
times the volume in cubic feet of t

oat or break up because of the uplift water
eight ot the water displaced by the channel or 62.4
nel cross section which lies below the water table.

The uplift pressureisresist
than the uplift pressure, th
in thickness to &
intervalsin the
weep holes varis
is supercritical,

t of the lining. When the weight of the lining isless
in saturated soils. The lining should then be increased
e flow is subcritical, weep holes may be placed at

ieve the upward water pressure in the channel. The diameter of
inches and the spacing depends upon soil conditions. When flow
d be used rather than weep holes to reduce uplift pressure.

destruction of concre
draining, subdrainage
(See Section 5.5.)

inings in regions with subfreezing temperatures. Unless the subgrade isfree
ight be required. All rigid linings require afirm, well-compacted subgrade.

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 islined 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.

Thetop of arigid lining should be protected by a strip of sod at the time of construction and the edge of the lining
finished as described in Section 5.5. The design of channels with combination liningsisillustrated by example 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.f.s.

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

Solution:
A. Unlined Channel
1. Table 3 givesapermissible velocity of 2.5 f.p.s. for an unprotected ¢ ) value of the
unprotected channel (Table 2) is 0.020. The channel will be designed webles. (See
Section 4.6-3.) The tables referred to in the computations follg : Basafrion 7,
reference 28, but the corresponding table in Chapter 7 of thg pf King's Handbook is

given in parentheses. Compute K' from Equation (27),

(In 170(0.020

el i

King's table 95 (111) contains 8/3 pow.
power of decimal numbers.

d histable 92 (108) contains 1/2

2. InKing'stable 97 (113), for Kg ide slopes 3.1, d_n =0.59. Thend,=0.59(4) =24

b

ft.

3. Thevelocity iscom
zd) = 2.4]d4 3(2.4)] =

from
sg. ft. Then

(4), Q=AV where A for atrapezoidal channel = d(b +

Ps.

A channdl 2.
velocity of 6.3

deep (2.7 ft. with freeboard) will carry the design discharge, but the
.S. exceeds that allowable. Therefore the channel should be protected.

B. Concrete-Lined Channel

1. For aconcrete-lined channel (n = 0.015). The computations are similar to part A of this
example.

2 Wi 17010.013) _ 089 or

(4}813(0.005)“2




c ok e 1190019 _ g9
n, (0.020)

3 d_n = 0.52 and d,, = (4)(0.52) = 2.1 ft.
b

4. A=21[4+3(2.1)] = 21.6 sq. ft.

170
V=—"=78fps
216
5. The Froude number (Section 3.4) of the flow is 0.96, which indicates

unstable range just below critical flow. The flow should be considered
allowing for freeboard or in attempting to change the channel gl

C. Combination Lining

1. A more economical lining than that of part B might be
concrete-lined channel designed to carry the spring flo
above the concrete lined with Bermuda grﬁ
cross section shown in Figure 18. The dep
first determined.

a0015)
(AF(0.005)

Isdesign will have the
d) of the concrete-lined channel is

2 el

dy =022 d,=
b

4. Area=0.9[4 + 3(O0. 6.0 0.

i
5.0

Top width=b + 2z

W

4+ (2)(3)(0.9) = 9.4 ft.

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

The next step isto estimate the total depth of the channel. As a guide, arectangular 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(9)(9.4) or 85 c.f.s. Thetrial depth isthen 170/85 or 2 ft. (1.1 ft. above concrete lining).

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

A =6.0+ (9.4)(1.1) = 16.4 sq. ft.
WP = 9.7 ft.



a1
WP 97
V =10.0f.p.s. (from homograph, Appendix B for S = 0.005,

n=0.015, and R = 1.69)
Q=16.4(10.0) =164 cf.s.

4

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

ﬁh=% (33)(1.1) =1.81sq ft
WP = J33F +(1.17 =35 ft
187
Rl w52
35

The value of n from Table 2 is 0.050 for a depth of between 0.7 and
f.p.s. ThenV = 1.25f.p.s. (Appendix B) and Q = 1.25(1.81) = 2.3

velocity of 2

The water carried by the two triangular grassed sections will and
combination ditch (without freeboard) is 164 + 4.6, or 169 c.f.

discharge.

total capacity of the
equals the design

velocities carried in the few feet
h1g cCom ion ditches rather than lining the
crete paving throughout the slope would
e required an additional 7.0 sq. ft. of

The small quantity of water (4.6 c.f.s. in thisexam
of channel near each bank is a powerful argument fo

ure 18. Trapezoidal Channel with Combination Lining

4.11 Bituminous Linings

Capacity of channels lined with bituminous material can be computed as described in Section 3.2-2 and Section
4.6. The Manning roughness coefficient (Table 2, Appendix A) for bituminous linings is about the same as that of

portland cement concrete linings, thus the channel size and the velocities devel oped 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 1v2:1.




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 Section 4.9-1.)

Weeds and other plants are a potential hazard to bituminous linings when conditions are favorable to their growth.
Soail sterilization of the lining subgrade is sometimes required.

Additional information on bituminous linings for channelsis contained in The Asphalt Institute's Manual No. 12.
(40)

4.12 Channels Lined with Stone

Stone channel linings can be constructed (Section 5.7) of dumped stone, hand-placed Si@ae, or grouted stone. The

channel bed and slopes can be lined throughout the area that will be in contact withdc (s flood or stone can be
used in a combination channel with grass or concrete. The size of stone used rangdSifrom gra§@l size to large stone
several feet in diameter. The size of stone needed to protect a particular channel frd ey be calculated as
explained in Section 4.12-1 and Section 4.12-3. Bank and shore protectiond

A dumped stone lining is the most flexible of the three types and will mQié rg 3l ust itself to uneven bank
settlement (Section 7.5). In areas where stone is plentiful, dumped ‘
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Figure 19. Relation of Manning n to Size of Stone

Hand-placed stone linings require less materia than dumped stone linings and might be used where the cost of
stone is exceptionally high. Hand placement is generally restricted to larger size stone and includes both manually
and machine placed stone. (See Section 5.7) The finished appearance of the hand-placed lining is somewhat more

uniform than dumped stone but its performance is less satisfactory. (See Section 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 afilter blanket of gravel or crushed stone unless the gradation of the
natural soil issuch that it will not filter up through the stone lining. The design of thgfilter blanket is discussed in
Section 4.12-4.

e Subcommittee on
hsion, American

The procedures for selection of stone size which follow are based largely upon the g
Slope Protection of the Committee on Earth Dams of the Soil Mechanics and Fou
Society of Civil Engineers (41). The size of stone needed for slope protection (see

Engineers Chart 712-1, reference 42.

The Cdlifornia Division of Highways discusses the design of stone
bulletin on Bank and Shore Protection. The use of stone sausages for
(44). Reference 39 (p. 209) gives a curve showing the i
Reclamation for protection downstream from stilling basi
for al:1 slopein Figure 21.

otection is discussed by Posey
e recommended by the Bureau of
uld lie dightly to the left of the curve

When the cost of stone liningsis great, alter
Investigated.

otection by reducing the velocity should be

4.12-1 Dumped-Stone

The resistance of stone to dag@ifac ing water depends uponC
1. Weight, size, and sh the individual stones.

2. The graOgii8 he ston

3. Depth of w irmng.
4. The steepncgig

5

. The stability @
placed.

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

l efficiency of the filter blanket and the embankment on which the stoneis

The size of stone required is determined by first computing the mean velocity of the water and the size
of the channel required to carry the design discharge. Next, asize of stone (k) is selected that will
withstand the expected velocity. A direct solution of the problem isimpracticable, unless charts
similar to the charts (Nos. 30n34) for grassed channels in reference 25 are constructed, because the
value of the Manning n increases with increase in the size of stone used; thisrequiresatrial and error
procedure. (See example 16.) The steps in the procedure are as follows:

1. Sdlect atrial 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 channel



sides are lined, the n value might require weighting when the bottom width exceeds 4 times the
depth of flow. The value of the Manning n also varies with the ratio of stone size to the
hydraulic radius (45). The effect of this variation is generally minor in the determination of
stone size.

. Compute a size of channel, using the Manning eguation, that will carry the design discharge.

. Divide the assumed stone diameter (k), in feet, by the computed depth of flow in the channel (d)
48

d

to obtain the ratio.

. Enter Figure 20 with thisratio to obtain the VJ V ratio.

. Multiply the computed mean value of V by the V4 V ratio from Figu hn the value of

s
W ersection of the

than'the required size (step 6),
| the estimated size agrees with the

. Enter Figure 21 with the value of the V4 and read the stone g
V¢ and the curve corresponding to the channel side slop:

. If the estimated stone size (step 1) is smallgr or much gr
select a different size stone and repeat step®'1 th

required size.
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EQUIVALENT SPHERICAL DIAMETER OF STONE, IN FEET

Figure 21. Size of Stone That Will Resist Displacement for Various Velocities and Side Slopes

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 appliesto 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 alignment 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 alignment (step 5)@sfore entering Figure 21 for
stone size. Lane (45) recommends reducing the allowable velocity by 22 percent for VE@asi nuous channels, or for
determining stone size the velocity isincreased. The factor applied to the velocity easing the stone size
at the point of impingement would vary from 1 to 2 depending upon the severity o the current. The

areawhere the larger stone is placed should be determined by the conditions at eac Vious that
protection is not required on a bank where deposition occurs.

The size of stone (k) taken from Figure 21 isfor stone with a unit weigh oflills per cubic foot. The stone

size (k) for stone of other weights can be computed from Creager'S@gu (di ion of reference 41):
102 5k
e ¢ (29)
w—G2.0

The American Society of Civil Engineers Sucommy
of the stone:

should make up 50 percent of the

2. The gradation of the lower 5
between the stone and the ter blanket.

3. The depth of th ommodate the theoretically sized stone with atolerance in surface
elevations desi Qi [ ersized stones mentioned in rule 1. (This requires a tolerance of about 30
percent of thet

4. Within the precedi@ig
Figure 24 for gooo

Tests made at the U.S. Army@isngineer Waterways Experiment Station (46) show the importance of gradation as
compared with maximum siZe of stone. Two gradations failed under the same conditions athough one gradation
had maximum 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 gradation was 16 inches (200 pounds). Two other gradations failed
under the same conditions, one with maximum pieces 24 inches (700 pounds) in equivalent diameter and the other
16 inches (200 pounds) in equivalent diameter. However, 75 percent of each of these gradations consisted of stone
10 inches (50 pounds) in equivalent diameter or smaller. In the model tests, the large pieces were dislodged 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.

Adation curve.)

Example 16 shows a sample calculation of stone size for aroadside channel. Bank protection of stream channelsis



briefly discussed in Section 4.16 and placing of riprap is discussed in Section 5.7.

Example 16

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

0.02 g8 =6fps The
018
velocity against the stone (Figure 20) would be about 0.8 (estimating k
f.p.s. Thisvelocity (Figure 21) would require stone of about 0.25-ft. dilé ae trial value of
n (for k = 0.25) from Figure 19 is 0.028.

2. From p. 201, reference 26, for atrial depth of 1.35ft., A = 1048
Onp. 430 for n=0.030, V =6.3f.p.s., and for n = 0.028, m 6.
@’

Q =10.9(6.8) = 74 c.f.s., which checks the design Q.

Lol Dag s
d 125

4. E ratio from Figure 201s 0.5

W
5. V=058V, V = 0.58(6.8) =3

rougher stone lining, the velocity will be reduced to approximately

The depth of the channel aftS@ining is 1.35 ft. (without freeboard allowance). The minimum

IS2i ith atolerance of about 1 inch in surface elevation. Stone of
equivaent sph o or larger than 2 inches with afew larger stone not exceeding 3
inches, should m of the rock by weight.

4.12-2 Hand-P@&ced Stone Linings

Hand-placed stone linings consist of stones placed by hand following a more or less definite pattern
with the voidsin the larger stones filled with smaller stones and the surface kept relatively even. The
stone should be placed on afilter blanket of graded gravel or crushed stone. (See Section 4.12-4)
Enough voids should be Ieft in the surface of the stone lining to properly vent the subsurface. The
depth and size of the stone required to resist displacement is generally specified as one-haf (1/2) of
that required for dumped stone (41, p. 857), but the experience of the Corps of Engineers (47) isthat a
half thickness of hand-placed stone is not satisfactory as a substitute for dumped stone. (See Section
7.5.) Although data are lacking for a definite conclusion, it is probable that hand-placed stoneis
inferior to an equal thickness of dumped stone because it is not as flexible as dumped stone and does




not have the structural 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 stoneis placed on agravel 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 not adaptable to hand placing.

4.12-4 Filter Blankets

A filter blanket is often needed beneath the stone lining to prevent the bank hassing
through the voids in the stone blanket and escaping. The loss of bank | ities behind
the stone blanket and afailure of the blanket might result. Whethey eeded will
depend upon the gradation of the bank material and the openings d riprap cover. In
general, afilter ratio of 5 or less between successive layers Wil est alfe condition. Thefilter

ratio (48) is defined as the ratio of the 15-percent particle size Parser layer to the
85-percent particle size (Dgs) of the finer layer. ‘ ad jrement for stability isthat the ratio

of the 15-percent particle size of the coarse materi t particle size of the fine material
should exceed 5 and be less than 40. These requirem an be staled as follows:

Dy=(of coarser layer)
Diee (0f finer layer )

sel |ayer) ¢ 40

filter requirements, one or more additional layers
irement applies between the bank material and the
er blanket material, if more than one layer is used; and

The thickness of the@liter blanket ranges from 6 inches to 15 inches for asingle layer, or from 4
inches to 8 inches foidividual layers of a multiple layer blanket. The thicker layer is used where the
gradation curves of adfacent layers are not approximately parallel.

An example of filter design follows:

Example 17

Given:

Particle size (mm)

Material
D15 ’ Dgs




Riprap ("B" curve, Figure 24)- - - - - - - - - - - - - - - - -

CHteaTihalG e e i it I s B Al P 58 90.0 308.0

e R I i M e e T S .006 .10

SIS el P e e L S e e P 14 2.4
4.0 50.0

Find: Design filter, if needed.

Solution:

1. Isfilter required?
Ly e(riprap) A

=900 >3

Dge(Streambank] 0,10
2. Canasingle layer of gravel be used?
Ly s(riprap) 90

=—=18<%
Deslgravel) 50
Dysiriprapy 40 4055
Deocistreambank) 010 ¢

3. Can alayer of sand and alayer of gravel be ?
18t requirement:
D= sand 0.14
el 7 X5 OK

Dge(Streambank) 010

Dy=(aravel) 4.0
Slaeneae] (1
Doc(cand) 24 o
Dys{rniprap) 9
- T3 <5 oK
Deslg S0
2nd requir
Dy () 014
- ~ 03¢ 40 K
Dye(strear k) 0006 >
Di-(aravel) 4.0
L ankag
Dye(sand) 012 o
isPrER) 9V on ¢ dg oK

Dyolgravel] 4.0

If the gradation of the sand and the gravel is satisfactory 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 cheeks (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 protective cover. (See example 18.) In
channels not accessible to vehicles or in arid and semiarid regions, ditch checks or 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 checksisto 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 clgannel lining. The difference
between the allowable grade and the existing grade is taken up in the drop at the ditCR@Recks. The drop at each
check in aroadway channel is preferably from 7 to 12 inches. Ditch checks may be cai ed of local stone,
aannel side slopes,

the channel, and with the weir crest on level with the bottom of the upper gotcr apacity (Section
3.3-3) should be sufficient to prevent overtopping of the wings which sh@i
by the amount of the freeboard.

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

0 h
S-S,

ion,

spacing =

Where

h = vertical drop, in feet.
S =dope of channel without chec
S,= slope of channel, in perc

The size of the channel is compu
the velocity exceeds

Reducing the velocit
18.)

Example 18

Given: A trapezoidal\@annel; bottom width 4 ft.; side slopes 3:1; grade 0.3 percent; and discharge 65
c.f.s. The channel isinfirm loam and carries clear water.

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

Solution:
. Unprotected Channel
1. In Appendix A from Table 2, n = 0.020, and from Table 3, the alowable velocity
(Vo =25f.ps
2. From reference 26, p. 201 and 378:



d=17ft R=105ft.
T=142ft. V=42fps
A =155 ftQ=65cf.s

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

B. Ditch Checks

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

1. On p. 387 of reference 26, avelocity of 2.5 f.p.s. requires a slope of O.4@percent, with n of
0.020 and R of 1.1 ft.

The spacing by Equation (30) is:

Spacing, infeet 100 (0.5) =250
= 0.3-0.10 ft
2. The new channel on a slope of 0.10 percent and a velocity

c.f.s/25f.p.s. = 26 sq. ft. of cross-sectional area, provi
and 387 of reference 26: for a bottom width of 14 ft. anOg@ide

. @l!! require about 65
out 1.1 ft. From p. 243

Trial 1 Tric® Trid 3 Units
d=14 d=15 =145 ft.
T =252 T=256 ft.
A =274 A =287 s, ft.
R=1.07 R=1.10 ft.
V =2.2 V =225 f.p.s.
Q= 60 Q=65 cf.s.

, but are sufficiently accurate to show that this
uirements. Various other combinations of channel section and

Thelarger c el required with ditch checks often eliminates their use particularly ina
humid section\@lsen any sod-forming grass would adequately protect the channel (Table
3). Changing th&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 alower elevation. One
application of drop structures is conveying water from a drainage channel into a watercourse that is at
alower elevation. The design of drop structuresis 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 (see Section 1.5) are characterized by their stegp grade and short length. They carry water at
supercritical velocity (see Section 4.9) and unless excavated in rock, they willgrequire lining to prevent
channel erosion. Concrete linings are frequently used, often without providindW@& the high velocities
at the outlet. When the quantity of water to be carried is small, sodded flumes gacillse used; however,
the sod must generally be held in place by stakes and chicken wire until the g8t 1

established. Stone linings (Section 4.12) not only furnish protection from er
the velocity of flow. For long cut or embankment slopes, pipes are gegegall
channels because the flow is confined and the water cannot spill oui#o Cas Pinder the sides.
The design of pipe drains and outlets for shoulder drains will be d@tussg@n

G

al so reduce




Figure 22. Chutewith Sharp Changein Alignment. Note Erosion Due to Sharp Curvature

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
designisagrasslined channel on aflat slope discharging into a concrete lined chute of the same cross
section. The carrying capacities of the two sections are often in aratio 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 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 @gall chutes.

Changes in channel alignment or in section must be made smoothly in order to 2M@id violent wave

action and resultant overtopping of the channel sides. Figure 22 shows the efg i@, sharp a change
in alignment. Large chutes require careful hydraulic design. (See reference :
37, chapter 8.) On small chutes, experiments have shown (see reference 37, e
variation of the flow boundaries should not exceed that produced b [

1
tan o= —
2F

where F is the Froude number (Section 3.4) and’Ist

The chute outlet is always a problem. The energy of

prevent erosion. Often this requires angpron i
basins and energy dissipators suitable [
symposium by Bradley and Peterka and 0
spillway design isincluded with pap

When the velocity in the chuteis
and conditions at theinlet (u
reduced to maintain econoga

ute capacity is determined by the cross section
the chute islong, its cross section can often be
Section 3.3-3.)

Equations are g | [ -3 for computing the discharge of chutes with inlet channel in line
with the chute.
isdiscussed on p
small concrete ch

eference 37. The application of these equations to the design of a
by example 19.

Example 19

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

Find: The chute dimensions for atrapezoidal section with side slopes 2:1 (z = 2) and entrance loss
coefficient = 1.
Solution:
. Entrance
1. From example 4, at section 1 (see Figure 14),



Q=100cf.s.
d1: 2.45 ft.

V,=46fps.
2. The specific head (H,) (Section 3.3-1, Equation 9) just upstream from entrance of

thechuteis 5 45 4 (4.6)° — 2.78 ft. Substituting in Equation 23 (Section
' 2132 2]

3.3-3):

_ 0.324(100)

(2.78)%"
3. Thedepth at the entrance will be critical, or by Equation 16 (

~0.7(2.0)(2.78) = 309 ft. use3.0ft.

[4(2)(2 s \/’16 (2. ?8
doi=
10(2]
=2 124t
4. The mean velocity (V) at the entra‘e ' ischarge, 100 c.f.s. divided
by the flow area of the entrance sectio : =2.12ft), 154 sq. ft. or

V=65fp.s, R=123ft (26, p.

Thevaueof d.and V. co tly from chart 16,

B. Chute

The mi nimum dept the chute will occur can be computed by the

(Section 4.6-2), or following the method in

exampl efinal trial isasfollows (26, p. 161)
d=0.7 S=05
A =3.10 ] SV2 =0.707
R=050f n = 0.018 (Section 4.9)
R2/3 -
W= 199 pansgi ﬂm_ee.)m_mﬂ =350 fps.

1 0.018

Q=3.10(36.9) =114 cf.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 determineif the fall in chute (60
ft. in this example) is sufficient to devel op the specific head required at normal depth plus
the friction loss. Specific head is computed by Equation (9).

2 2
Hy =d+2 - =06+120°0

29
Thefriction loss (h; ) is computed by Equation (24).

=260 ft-

b
L 441 R12r3] [Rzzm

12 (0.015) 6.5 40 5
A (] 23y (044773,
h, = 30.3ft.
Tota head required is 26.0 + 30.3 = 563ft (60 ft.) is sufficient to

develop the specific head plus the friction | oss.

Fully developed air-entrained fl
over 80 f.p.s. (using n = 0.008, SeC

0. uld have developed a velocity of
uld require ahead in excess of 100 ft.

Reducing the cross section g provide little saving. For larger chutes, see
Section 3.3-3.

4.16 Bank and Sh@ke Protection

The discussion in Secti joh 4.12-4 on stone channel liningsisintended to apply to roadside

channels where both ba V streambed are protected by a blanket of stone. At times, however, highways
encroach on rivers or are QEllt along the seacoast or beside large bodies of water, thus exposing roadway
embankments to attack by &@lkirent velocity or wave action. Stream crossings are unavoidable, but most crossings
expose highway embankmer¥s to attack by the stream. Wave action can be a more severe form of attack than
water flowing parallel to the embankment. Protection from wave action is discussed in references 37, 41, 43, and
50.

Problems involving scour of streambanks vary for many reasons and standard solutions cannot be specified even
for types of problems. Sometimes the best solution isto relocate the highway and avoid the hazard or to move the
attacking water away from the embankment by a channel change (Section 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 (Section 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 (Sections 4.12 to 4.12-4).

The method given in Section 4.12-1 for computing stone size might require modification for deep swift streams.
When the depth, d, is great the k/d ratio becomes small and Figure 20 shows a low velocity against the stone. This
results in asize of stone (Figure 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 coversis the undermining of the toe or the termini of the
protection. 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 (Section 5.7). If the protective cover islong,
intermediate anchorage might be required to reduce the hazard of complete failure. The upper vertical limit of the
protective cover should extend to an elevation that provides protection from floods ag@@hwaves having a recurrence
interval consistent with the importance of the highway, initial investment, and replacerN@at costs. Sod placed above
more rigid protection will provide considerable protection from unusual floods.

The beginning of the protection should extend above and below the point of revers AP the outside of a
curved channel. Bank protection is usually not required on the inside of theg
creates a scour problem. On a straight channel, bank protection should bg
if practicable. Such features might be outcroppings of erosion-resistant
evidence of stability.

tabl e feature in the bank
S, vegetation, or other

4.17 Drainage Structures in‘ )

Where driveways or access roads cross a dray cul or other structures are placed in the channel to
carry the flow underneath the crossing. These theapacity of the drainage channel and at some

locations create problems. Silt and debris may b channel upstream from structure and scour may
occur at the culvert outlet. The design of t
proper functioning of both.

Go to Chapter 5




p® Chapter 5
(.’ Construction

Go to Chapter 6

5.1 General

Construction methods depend upon the equipment used and the experience afiihe contractor and are
outside the scope of this publication. This chapter will discuss afew of the pro8@alures that should be

followed to construct satisfactory highway drainage channels.
% 8oy channel

0 construction
rom a saturated subgrade.
Ml mize damage and lessen
to drainage structures.

Drainage channels should be constructed early in the grading operations ane
protection should be provided before erosion damage occurs. Effecti '
frequently eliminates costly delays as well as |ater failures that mi
Slopes should be protected from erosion as early as practicablein
the discharge of eroded soil into existing and newly construct

Elements of farm drainage systems, such as terrac@eut|

drains, that are cut by the highway
should be properly drained to avoid pending or erosi [

roperty or on the highway.

5.2 Supervision

Proper design of drainage channels wf not pro
supervision during construction. SUp@Avision 0
that the construction complies

adequate drainage system without careful
rainage structure construction means not only seeing
specifications but that any omissionsin the plans are

e shown on the construction plans together with sufficient
e area and design discharge, so that the construction engineer has
eseen drainage problems. Some guides for showing drainage

in reference 52.

hydraulic design dg
the necessary infor
information on proj

5.3 Excavatia

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 necessary, but the time of the year, and the likelihood of damaging rains
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 (53). 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 intervalsto protect the intervening seeded area. These S#ips have proved very
effective in some locations. Their use is restricted to channels designed for veN@aiti es between 2 feet and
4 feet per second.

Sod can be used alone or in combination with seeding. Sod might be used | bottom and up
part of the side slope for immediate protection with the remainder of ' g8ded. In some

States sod chutes have been used successfully at the downhill end toc@mect the runoff from
the end of the bridge to natural ground level. The sod isheld in pl ' wire and staked to the
embankment.

ap, and similar linings, and along the
. |f sod cannot be maintained asin
e lined channedl.

A strip of sod should be placed along the edges ofgll co
edges of open chutes to prevent erosion and undermini

semiarid or arid regions, adequate freeboard should b vid

e, or precast. Soil-cement linings have been
concrete channel linings as applied to irrigation canals
Is discussed in reference 54. Ifications usually give requirements for constructing

concrete drainage ciaanels.

well-drained foundation to prevent cracking or failure of the

e thoroughly compacted or removed and replaced with suitable
®deep |oess, concrete or other type rigid linings might not be suitable.
Expansive clays are extr@ely hazardous to rigid-type linings because their movement buckles the
linings as well as produciN@ an unstable support. Reference 54, page 30, discusses methods of controlling
or reducing damage to linings which must be placed on expansive clays.

Concrete lining mus
lining. Soils of low d
material. Where the so

The Bureau of Reclamation found (37, p. 535) that when placing an unformed slab on a slope, atendency
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%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 construction joints as possible. Construction
joints should be made watertight. Longitudinal and transverse reinforcing steel should be used
throughout to control cracking with the longitudinal steel carried through the construction joints. The
lining should be anchored to the slope as necessary by reinforced cutoff walls to prevent dliding.

BRI LR 1

T
+| - ___.:-‘_" i

Figure 23. Section of Concrete-Lined Channel Showi

Proper curing of the concrete lining is important, particularly in w
early drying of corners, edges, and surfaces. A well-moisten b
the exposed concrete surfaces is excellent for curing purposes.

, ilndy wesather, to prevent the
andiet burlap in contact with

The edges of newly constructed channels should t@pr
The design of the lining edges should allow enough
channel side corners of the top edge should be

rip of sod at the time of construction.
of ermit the growth of grass, and the

own in Figure 23.

5.6 Bituminous-Li nnels

The construction of bituminous- nelsp8 described in reference 40. A well-drained subgrade is
necessary beneath a bitumino ing e strength and weight of the lining is not sufficient to
withstand high hydrgstati ' re. Weed control (40, p. 12) measures are sometimes necessary
beforethelining is § res consist of careful grubbing of the subgrade followed by the
application of a soil ¢

5.7 Stone-LiINgd 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.
Quarried 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, particularly if the rounded stones are relatively uniform in size (37, 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 approximately parallel to these curves and passing through the
theoretical size (Section 4.12-1) at the 50-percent point should make an acceptabl e gradation.

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

blanket.

The stones should be placed on the filter blanket or prepared natural slope in a 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 one operation and in such a manner asto
avoid displacing the underlying material. Placing of stone protection in layers or by dumping into chutes
or by similar methods likely to cause segregation should not be permitted. Ti@@&larger stones should be
well distributed and the entire mass of stones should roughly conform to the gi@@igtion specified. The
stone protection should be so placed and distributed as to avoid large accu
largely of either the larger or smaller sizes of stone. The mass should be fai with all sizes of
material placed in their proper proportions. Hand placing or rearranging V|dual rones by

desired distribution of the various sizes of stone throughout the ma g [ obtal ned by selectlve

loading at the quarry, by controlled dumping of successive lo g’ olaclllg, or by a combination of
these methods. Ordinarily the stone protection should be plac P with the construction of

the embankment, with only sufficient delay in co
prevent mixture of embankment and stone.

of t one protection as may be necessary to

Wuct'

Bank protection, where the channel is compo silt, should extend a minimum vertical
distance of 5 feet below the streambed o slo ith the embankment. Where the streambed
is of material other than sand or silt, the b ' ould be terminated in arock toe at the level of
the streambed to prevent undermining t otectiolY. The toe should have a minimum base width of
6 feet and a minimum thickness of 3 ' '
having a considerable depth of flow stages, the stone protection need be carried down only 5

can be omitted.

Hand-placed stone ly laid to produce a more or |ess definite pattern with a minimum of
voids and with the (QRUlks smooth. Joints should be staggered between courses. The stone
used for hand-placed ' e of better quality than the minimum quality suitable for

. Stones that are roughly square and of fairly uniform thickness are
rregular stones. Stones of aflat stratified nature should be placed with the
prmal to the slope. Openings to the subsurface should be filled with rock
voids or openings should be left to vent the subsurface properly.

much easier to place tha
principal bedding planes
fragments; however, eno

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 asill at the
downstream edge so that a pool will be created to dissipate the energy of the falling water. If clay is



available, local stone can belaid up in arich clay mortar. This makes the check almost watertight and
resultsin 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 Curvesfor Dumped-Stone Protection

Go to Chapter 6

‘N
\
™




(\ Chapter 6

@ \laintenance

Go to Chapter 7

6.1 General

Drainage channels rapidly lose their effectiveness unless they are adequatel intained. Thus, agood
mai ntenance program is of equal importance with the proper design and constrd@ion of the channels. In
fact, a knowledge of the equipment to be used in maintenance and the meth employedisa
prerequisite of proper design.

Maintenance of vegetative cover on slopes and in drainage channel
original treatment applied during construction will not last forever iR 0 gppliCations of fertilizer,
lime, or organic material at intervals are as necessary on the hi |48 as on the home lawn.
Areas often need reseeding or resodding to restore the vegetat ould be done before
Serious erosion occurs.

Minor erosion damage within the highway right-of -
and action taken to prevent arecurrence of the damagelilke damafe caused by light storms reveals the
are corrected when repairing the damage
itself, the drainage system will likely carr | hae without damage. Deficiencies that are
found in the drainage systems and the correc ' should be reported to the hydraulic or
design engineer so that similar troubl r on future construction. Reports on drainage works

that function well during severe stor uable to the designer.

Maintenance of high
sediment or debris dep

ludes repairing erosion damage, mowing grass, and removing any
in the channel. All these measures keep the capacity of the channel at the
design level. If the chanR@l cross section contains brush, sediment, or debris, the channel cannot carry the
flow for which it wasd ed. In addition, the sediment and debris may kill the vegetative 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 achannel Section 1.5 feet deep is designed for a velocity of 6 feet per second with agrass lining,

mowed to alength of 2 inches, the value of nis0.035. 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 growth is that the
channel will only carry 0.035/0.01, or about one-third the flow for which it was designed. The remainder




of the design flow must overflow the channel and cause flooding or possible erosion.

Go to Chapter 7
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(\ Chapter 7

®’ Economics of Drainage Channels

Go to Chapter 8

7.1 General

Providing adequate drainage is essential to the existence of the highway. Ecd@@mical drainage designis

achieved through doing an adequate job at the lowest cost.

The lowest cost adequate channel maintains proper balance between first cg amage, and
mai ntenance cost, and has the capacity and protection to carry the runoff foRgs

Selection of the frequency (see Section 1.2) of the design runoff is a4 cs, while
estimating the magnitude of the storm runoff for a selected freque gain the field of hydrology.
(See Chapter 2)

In this chapter some of the factors to be considered in the econOgi B#ON of highway drainage

channels are discussed.

7.2 Frequency of th orm

The average annual cost of adrainage
of the channel, plus (2) the average
damage from runoff exceeding t
Hewes and Oglesby (55, p. 59
charge for flood damageif afl

e sum of (1) the first cost divided by the expected life
e cost, plus (3) the annual charge for possible

ity. Computation of first cost is discussed briefly by

ual maintenance cost might aso include the annual

he channel capacity has occurred. It is probably better to
channel designed to carry a 10-year runoff from a chance

afew years record of maintenance expenditures would distort

> The annual charge for possible flood damage should consider the
prm and equal s the cost of damage from runoff exceeding the channel capacity
d, in years, of the design storm.

occurrence of, say,
the average annual ma
frequency of the desig
divided by the return pe

If these costs could be evaluated for various combinations of the component costs, the most economical
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 includes 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 isthe
variation in damage due to the magnitude by which the runoff exceeds the design runoff.



Individual analysisfor each small channel isimpractical if not impossible. The best solution appearsto
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 aless frequent storm

is moderate.

7.3 Effect of Channel Section

bottom, 4:1 side slope channel. The depth of channel in Table 6is
side slope remains 4:1, changing the bottom width from 2 to '
(compare ratio A); changes amount of lining by about 10 perce
velocity by 3 percent (compareratio V). The dept@f flQw

hme capacity by
ose for the 4-foot
depth of flow. When the

avation by 3 percent

WP, ft.

Ratio A 97 .98 1.00 1.00
Ratio WP 94 96 1.00 1.04
Ratio V 1.02 1.01 1.00 .99
d, ft 111 1.02 0.01 0.84
A, sq. ft. 5.96 6.19 6.15 6.34
R, ft. 66 65 63 61
V,fps. 3.75 3.71 3.63 3.56
Q,cfs. 224 229 223 226
WP, ft. 9.0 95 0.8 10.3
Ratio A 91 94 94 97
Ratio WP .80 85 88 92
Ratio V 1.09 1.08 1.06 1.03




Changing the side slopes to 3:1 has a greater effect on channel costs than changing the bottom width.
Excavation ranges from 91 to 97 percent of that of the recommended channel; lining required ranges
from 80 to 92 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 areain Table 6 is only the area occupied by water without freeboard. In a cut
section, 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 Q and V, for the same depth, but the velocity ratio
would remain the same.,

7.4 Effect of Topography

In degp-cut sections the added excavation necessary for atrapezoidal road SN Of tentimes
prohibitive in cost. A more economical drainage system might be a g SMa pacity at the toe of
the cut slope, with frequent inlets connected to a storm sewer undg @’ Ohed. A similar system is
sometimes used on parkways in combination with curbs and guite # this choice is often made
for appearance rather than economy.

@
7.5 Effect of Channel Linin

hstand the expected channel velocities.
(See Table 3 and Table 4, Appendix A.) Inc [ ost of channel linings, the effect of channel

In regions where grass grows channels are generally the lowest in cost. In some
areas, however, salt ysed for ic oval es the maintenance of grass linings difficult and such
ting the type of lining.

Where a choice must
Engineers (37, p. 204)
interesting although not

concrete and stone for lining, a survey by the U.S. Corps of
performance of materialsin upstream slope protection of earth damsis
ectly applicable to channel linings. The survey of approximately 100 dams,
from 5 to 50 years old, |0@&ed in various sections of the United States, with awide 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 arigid type of lining than for a more flexible type of lining.

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

In making a 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 aternate type of lining.

7.6 Drop Structures

QpES or into natural
structures for
Bnnel on the

Either drop structures or chutes are frequently needed to convey water dow s
watercourses with incised channels. An economic comparison of severa tyges
specific conditions indicated a wide range in cost. The types studied
maximum permissible grade; a corrugated metal pipe culvert with Wl stilling basin, a

reinforced concrete drop structure; and a gravel-lined channel on't permissible grade. The
results of this study for structures with drops of 4-, 6-, and 10 ned f@ a discharge of 10 cubic
feet per second are given in Table 7, following. The compariso e ratio of the cost of the

structure to the cost of a sodden channel with the €ne

Table 7. Cost Comparis8

Typeof structure Cost ratiodrop, in feet
Sodded Channel 1.00 1.00 1.00
C.M. pipe culvert on a 5% grade 5.98 4.33 2.33
C.M. pipe culvert on a20% gr 2.03 1.33 .66
Reinforced concrete drop 6.50 3.84 2.17
Gravel-lined channel 343 3.44 3.38
The variation in co ch@nel with the fall, based on the 4-foot fall, are: 4-foot fall, 1.00;

6-foot fall, 2.20; 10-f

Theratiosin Table 7 only to the specific conditions of this analysis and might vary locally with the

availability of materials. e costs used were the average of several 1960 bid pricesin 10 widely
dispersed states. Except for the 10-foot drop, the sodden 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 sodden channel requires that sufficient length be available to
place the channel on a noneroding grade.

Go to Chapter 8




(\ Chapter 8

lllustrative Problem in Channel Design

Go to Appendix A
8.1 General
The procedures given in this publication are used to design several of the drainage chg ure 2 and Figure 25. The site of

has been selected for the design
discharge. Typical cross sections of the roadway are not shown, but the maximu t and fill, a the centerline, are 50 ft. and 26

ft., respectively.

The design of drainage channelsisin three phases: (1) laying ou*e drainage Sytem (Section 4.2), (2) estimating storm runoff (Chapter
2), and (3) designing the channels (Chapter 4). For convenience, thedes ' ompleted for each drainage channel, combining the

estimate of runoff and the computation of size of channel before pro ing to ext channel.

ay lines have been drawn and the drainage divides are

shown by heavy dashed lines, but other r ave been omitted in this problem. The drainage channels are
indicated by short dashed lines with arr
for which channel sizes are cogg cated by letters. The numbers are for identification in this problem; however a

'! « n problem. The channels are numbered on the assumption that the road

tion 55 is the third drainage channel in the project.
In Figure 25, roadway channels 5 and 7) and the median swale (No. 6) drain the roadway cut. The water from the
roadway channels must be carrieOf@& the natural watercourse through the toe-of-slope channels which continue to carry the
channel number. Intercepting chanN@s (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.

project began at Station 45 and

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.

=~ \ Drainage —-
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Figure 25. Layout of Drainage System for lllustrative Problem
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of Drainage Channels

8.3 Channel 3

The grade of the small stream is 0!
5 (51) a 6-ft. by 6-ft. reinforced-co
when carrying the design discharge.

from the culvert outlet is to be trapezo

beflesign discharge is 300 c.f.s. Using the charts of Hydraulic Engineering Circular No.
ert is selected. The outlet velocity is 12 f.p.s. and the depth of flow at the outlet is 4.2 ft.
E specific head at the culvert outlet, computed by Equation (9), is 6.4 ft. The channel downstream

gl 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 increase in velocity. The depth and velocity at the expanded 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 arbitrary and is based on an



2
analogy to pipe flow. See any text on hydraulics. In this problem the approximate lossis 02 112) -05- The specific head at the
7 B ;

expanded sectionisthen 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 proggdure which can be facilitated by the tables
in reference 26 or the chartsin reference 25. A good starting depth for the trial computations I'S@Rout one-half the depth at the culvert
outlet, or 2.0 ft. Using table 10 on page 162 of reference 26, the area of the trapezoidal channg be found. The dischargeis divided by
the area to obtain the velocity . The velocity is squared and divided by 64.4 (29) to obtain t @ head, H,,. H,, is added to the depth

to obtain the specific head, H, The data for this problem are:

Quantity Trail 1
d 2.0
A 20.0
\ 15.0
Hy 35 ‘
Ho

A velocity of 16.1 f.p.s. will requireareductionin vel
will be used in this problem. When the stone size becom
concrete-lined channel would only move the erosion p

To compute the size of stone (see Section 4.12-1), me a

From Figure 21, the required stong ch checks the assumed size.

The increased roughness of the stoné i g will reduce flow velocities and change the depth of flow from that at the beginning of the
4.3 ft., computed as follows:

channel. The new channel depth will
From Figure 19, for 2.25-ft. stone, n = W04, and from page 162 and page 448, of reference 26:

d=4.3ft.

A =62.8 50. ft.

R =2.49t.

V =4.8f.p:s. forn=0.04 and S = 0.5 percent



Q=301cfs

The channel will be lined with 2% ft. equivalent diameter stone (see Section 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 afilter blanket, designed
after asoil analysis of the bank and bed material. The side slope above the stone lining would be grassed lined.

The freeboard alowance is somewhat arbitrary. The larger freeboard at the culvert outlet is t8
jump in the reach in which some of the energy is being dissipated. The velocity of flow in the ¢
be 4.8 f.p.s. Thisisonly an approximation because the reach of channel istoo short to devel@p
diameter would not be required at such alow velocity. The depth after the hydraulic jump | §&

ow for the turbulence and the hydraulic
nel at adepth of 4.3 ft. is computed to
a velocity. Stone 2% ft. in

8.4 Channel 4
This channel is an intercepting channel extending from Station 68 to Station 7 th de of the highway. The design runoff need
only be estimated at the downstream end of the channel. ‘

Estimating Runoff (See Chapter 2)

The channel drains the grassed cut slope which r wi \O 50 ft. and is 700 ft. long.
The components of the formula Q= CiA are:
C=0.7 (Table 1). < ,

I read from Figure 6 after compuitj

Computation T (Section 2.4-2
Channdl Total Units of
Reference
H=-------- 28 61 ft.
= e ee-- 700 750 ft.

| (Figure 6) for 10-year return period and T, of 5 min. = 7.1 in. per hr.

4 50[ (700

= .4 acres
2 1 (43560)



Then Q = CiA = (0.7)(7.1)(0.4) = 2.0 cf s

Computing Channel Section (See Section 4.8)

For a 2-ft. bottom, grass-lined channel, 2:1 side slopes, Q = 2.0 c.f.s, n = 0.10 (Table 2), S= 0.04. Chart 15, reference 25 can
beusedtofindd and V.

Qn= 2.0 (0.10) = 0.20.
d=0.5 and Vn=0.14.

V= 0.14 1l4f.ps
0.10

Note that a high value of n (0.10) is used to compute the size of channel beg ass might be allowed to grow taller
than anticipated. To check the adequacy of thelining, alow n value (0. channel being maintained at design
conditions, is used. If the lower value of n is effective, the velocity int chart 15 (Qn=0.10, Vn =0.115) is
2.3 f.p.s. Thisvelocity would not endanger the grass Iinir;%c theghannel@l he fre€ooard needed for this channel is
negligible, as the capacity was computed for the downstr nel and little damage would result from an
overtopping of the channel.

8.5 Channel 5

This channel is the left roadway channel from Stati
design runoff will be estimated (see Figure 26) jdst

runoff from each of the two large areason t Isi

68 to Stati 5 and atoe-of-slope channel from Station 55 to Station 68. The
ore (5Aand just after (5B) the entrance of channel 4; and below the entry of

(5C and 5D).

Estimating Runoff (See C

Point 5A (Station 68) abov

channel (Station 68 to 75) must carry the runoff from the left lane (24 ft. » 700 ft. =
and ditch section and the runoff from the triangular section of cut slope not intercepted
,000 5. ft., C=0.6)

The section ison a curve and
16,800 sq. ft., C = 0.9), the sho
by channel 4 (80/2 ft. » 700 ft.=

The components of the formulaQ = CiA are:
Weighted C (see Section 2.4-1) S.ft. C
pavement=- - - = 7=~ =~ 5o = oo 16,800 x 0.9 = 15,120




shoulder ditch and slope= - - - - 28,000 x 0.6 = 16,800

44,800 31,920
Welghted T -t itde 2o s i P D Eilr iy =0.7

| isread from Figure 6 after computing T.. Computation T (Section 2.4-2).

H=--------- Cut Slope | Channel | Unitsor Refer

- 21 10.5
Te=-------- 32 700.0
- 1 (approx.) 6.0

T, for pavement about 4 minutes (estimated). Total ’C: 4

5 44800
(43,560)
ThenQ=CiA=0.7x6.0x 1.
Point 5B (Station 68) belg

=1.0 acre (

The discharge below the ju
(10 min.) of thetwo areas. T

discharge for point 5B is:

Point 5C (Station 61)



This channel must carry the runoff from above point 5B plus the contribution from the triangular area to the left of the
channel (A = 19 acres, H = 110ft., L = 1,200 ft.), plus the runoff from the roadway area (A = 1 acre, weighted C = 0.66)
between channel 5 and the center of the left lane. The T for the roadway areais obviously much less than that of the larger

areato the left of the channel and need not be computed asit 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 = 24.5 ft.). This
requires 4 minutes (Figure 5) or atotal T of 14 min. T for the 19-acre areais:

H = 100 ft.
L = 1,200 ft.

T.=5min. (Figure 5)

The runoff from the two areas is concurrent and ordinarily the longer, T. wo
10-year return period and T.= 14 min.

e6) =5.1inper hr. for a

The conventional computation is made by recomputing the discharge o

of 14 min. and adding the discharges rather than computing a weighted
is:

using an i .correspondingtoa T

e
r re area above point 5C. This discharge

Above point 5B:

Atpoint4, Q=0.7x51x04=14cfs. \
Atpoint 5A, Q=0.7x51x1.0=36cf.s
50cfs
Between points 5B and 5C:

Q=04x51x19.0=388cf.s.
Q=066x51x10=34cfs

Total Q for point 5C =

The discharge estimated by th&@nventional method is probably low because 19.0 acres of the total 21.4 acreshasa T of 5
minutes and 4 minutes are requigl for the flow to reach point 5C from point 5B (1.4 acres, T .= 10 minutes). It appears
likely that the peak at point 5C will be reached before the total areais contributing because this would take 14 minutes.

Extreme precision is not warranted in determining the combination of contributing area (CA) and rainfall intensity (i) 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 atrial-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 this5 minutes (i = 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 contributing portion of the area above point 5B can be estimated 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 respective areas. In this problem after allowing 4 minutes for channel flow time, only that portion of the
area (total T.= 10 min.) that can reach point 5B in 1 minute will contribute to the peak discharge. This areais assumed to be

one-tenth of 1.4 acres= 0.1 acre.

The discharge at point 5C for part of the area contributing (T.= 5 min.) is:

Q=04x71x19.0= 539cf.s.
Q=066x71x10= 4.7cf.s.
Q=07 x 71x0.1= 05cfs.

Total Q------- 59.1 c.f.
The design discharge is 59.1 c.f.s., the peak from the partial ﬂ Y8 | arger than the peak of 47.2 c.f.s. from the total
area.

Point 5D (Station 55)

The areato the | eft of the channel between point 5C D is1/®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 areais:

H = 128 ft.
L = 1,600 ft.

T =6 min. (Figure

The T, for the area above po
600 ft., H =8.5ft., T = 5.5 mi
design dischargeiis:

5 tes plus the time required for the water to flow from point 5C to point 5D (L =
he total T,=5 min. + 5.5 min. = 10.5 min. and from Figure 6, i = 5.9 in. per hr. The

Between points 5C and 5D:

Q (left side) =0.4x 5.9x 17.0=40.1 cf.s.
Q (right side) =0.65x59x 1.0= 3.8cf.s.



Above Point 5C:

Q=04x59x190= 448cf.s
Q=066x59x10= 39cfs
Q= 07x59x01= 41lcfs

Total Q=96.7 cf.s.

It will be noted that computations of weighted C, and area once determined
interesting to note that the size of the channel at point 5C is computed g a
discharge (52.8 c.f.s.) contributed by the same areato the design disch

2

juccessive computations. Itis
@80.1 c.f.s) different from the

Computing Channel Section (See Section 4.8)

The following computations are for depth of water area
and 5D can be designed with chart 17 (using the

Point 5A (Station 68) above Junction

0 na@kclude freeboard. The channel section at points 5B, 5C,

, with much less work than the method used here.

Q=42cf.s,S=0.015 n=0.09, for grass-j le 2). The channel section is trapezoidal with a 4-ft. bottom

and side slopes 4:1 on the pavement side cut-slope side. Data from reference 26 for the final trials are:
Lt o R A SO e
PI= BIRG S Tl e
R=046-~---
NS A Gy 37f.ps.
Q=40------- ---- 6.8cf.s

A channel with adepth of 0.7 ft\@li!| have a capacity of about 5.4 c.f.s. which will carry the design discharge. The data listed
cannot be found directly in referehce 26 because of the unequal side slopes and the absence of atable of velocitiesfor n =
0.09. However, the values of A and R for a particular value of d can be taken from the table for a channel with a 4-ft. bottom
and 1%2:1 side slopes, and averaged with value of A and R for the some value of d taken from table for a channel with a 4-ft.
bottom and 4:1 side lopes. 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 (Station 68) below Junction
Q=59cf.s,S=0.065 n=0.08 (Table 2).

The channel isat afill section at point 5B and will have a grass-lined trapezoidal section with 4-ft. bottom width and side
slopes 2:1. Datafor the fina trials from reference 26 are:

d=06---=------ 0.4 ft
A=312--------- 1.92 sq. ft
R=047--------- 0.33 ft
V=285--=----:=-- 2.24f.p.s
Q=89---------- 4.3cf.s

A channel with a depth of 0.5 ft. will have a capacity of about 6.6 c.f.s., wh
which will not erode the grass lining (Table 4). Caution should be ob:

grass-lined channels. The value of n changes with changes in either dep
the worst condition (tall grass) was used to compute the cl‘nel Section 4.8.) The best condition, mowed

grass, should be used to compute the velocity for checking thé@kility ing to withstand the flow. The velocitiesin
this channel are well within the allowable velocity for grass an check is’not necessary.

Point 5C (Station 61)

Q=59.1cf.s, S=0.035 n=0.05 grasslined t
trials from reference 26 are:

the design discharge at avelocity
he value of n for shallow depthsin

elocity. It will be noted in Table 2 that

ecti

ith-a4-ft. bottom and side slopes 2:1. Datafor the final

d=14---------mmu-_
A=952----------_
R=093----------- 0.96 1.
V=53----- Sf.ps.
Q=51------ 8cf.s OK

For checking permissible vel oSl of the channel lining, n = 0.035 (Table 2). The velocity with thisn is approximately

U009 (55 =79fps Thisv
0.035

velocity is for the same depth of flow. The velocity for the same dischargeand ann =0.035is 7.3 f.p.s.
Point 5D (Station 55)
Q=96.7 cf.s.,, S=0.01, n=0.03, grass-lined trapezoidal section with 4-ft. bottom, and side slopes 2:1. Data for the final

city is less than the permitted, 8 f.p.s., in erosion-resistant soil (Table 4). The 7.9-f.p.s.



trial from reference 26 are:

d=21ft.

A =17.24 sq. ft.
R = 1.29 oft.

V =59fps
Q=102cfs.

0.03 (50)=71+ps Thisvelocity isless than that permitted, 8 f.p.s., in erosionfle | (Table 4).
0.02%

Channel 5 from Station 68 to Station 55

The toe-of-dope channel can be kept at the same bottom width (4 ft.) pes (@&1) and the depth progressively
increased between the points for which computations were made. A fr .3 to0 0.5 ft. should be sufficient and a
Bermuda grass lining is satisfactory throughout the length &k the nel \lihe berm between the edge of the channel and the
toe of thefill slope should be sloped to drain into the channdl,

8.6 Channel 6

The capacity of the median swale and the velocity o
from the top of the hill (Station 75 + 30) to Station

hecked at Station 55 to determine the feasibility of bringing the runoff

Estimating Runoff (See Chapter 2)

The components of the f

Weighted C ( ft. C
pavement = 24 % 0.9 =216
shoulders = 12 % 0.6 =D
swale = 48 % 0.4 =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, I isread from Figure 6.



Computation T (Section 2.4-2):

Crossslope| Channel Total Units or
Reference
H= 3.3 30.4 33.7 ft.
L = 54 2,030 2,084 ft.

T. =14 min. (Figure 5).
I (Figure 6) for 10-yr. return period and T of 14 min. =5.1 in. per hr.

A= B 087) =3 Olacres.

43,560
ThenQ=CiA=057x51x391=113cfs

4

Computing Channel Section (See Sectio

The median swale has a bottom width of 4 ft.; s
ft. below the shoulder edge.

From Table 2, for an estimated depth of 0.8 f
grass. Thefinal trial isfor an 0.8 ft. depth (n&0.06).

A =7.04 5. ft.
WP = 13.6 ft.
R = 0.52 ft.

V = 1.9 (reference 2
Q=134cfs.

5 percent; Bermuda grass lining; and a depth of 3.3

velocity of 2 f.p.s., n=0.05 for 2-in. grass, and 0.06 for 6-in.

The computed depth of flow, t., isless than the available depth, 3.3 ft., and the approximate velocity, 2.3 f.p.s. (1.9

0.06/0.05), is below the permi 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.

Go to Appendix A
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Go to Appendix B

The following tables have been modified from HDS-4, "Design of Roadside Channels' (1965) as
developed by The Bureau of Public Roads for printing and viewing accessibility.

Table 1. Values of Runoff Coefficients (C) for Use in the Rational
“Method
@Table 2. Manning's Roughness Coefficients, nt
Table 3. Maximum Permissible Velocities in Erodib

on Uniform Flow in Contlnuously Wet Aqed Chas

Go to Appendix B
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@’ Nomograph for Solution of Manning Equation
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Table 1. Values of Runoff Coefficient (C) for Use in the Rational Method
Type of surface

Goto Table 2

Runoff
Coefficient

(C)!

Rural Areas

Concrete or sheet asphalt pavement
Asphalt macadam pavement
Gravel roadways or shoulders
Bare earth
Steep grassed areas (2:1)
Turf meadows
Forested areas
Cultivated fields

Urban Areas?

Flat residential, with about 30 percent of area impervious
Flat residential, with about 60 percent of area impervious
Moderately steep residential, with about 50 percent of area impegiou
Moderately steep built up area, with about 70 percent of area imp&lyi
Flat commercial, with about 90 percent of area impe‘ious

0.8n0.9
0.6n0.8
0.4n0.6
0.2n0.9
0.5n0.7
0.1n0.4
0.1n0.3
0.2n0.4

0.40
0.55
0.65
0.80
0.80

1For flat slopes or permeable soil, use the lower values! s or impermeable soil,

use the higher values.

2See reference 12, pp. 48n49 for more det ata.




Go to Appendix A Go to Table 3
Table 2. Manning's n1 Roughness Coefficients
Manning's n
l. Closed Conduits: Range 2
A CONCretE PIPE - - - - - - - - - s o s o o o oo 0.011n0.013
B. Corrugated metal pipe or pipe arch:
1.2 2/3 by 1/2 in. corrugation (riveted pipe)3 - - - = - = = = = = - s o e e e 0.024
a. Plainorfullycoated---------- == - - - 0.021n0.018
b. Paved invert (range values are for 25 and 50 percent of circumference paved):
(1) Flow full depth - = = = = = = = 2 e m e e e e e e aa - 0.021n0.018
(2) Flow 0.8depth - - - = - = - = - oo e e e e o 0.021n0.016
(B)Flow 0.6 depth - - - = = = = = m oo e 0.019n0.013
2.3-by l-inch corrugation - - - = - = - = - = - = - - oo oo oo 0.027
3. 6- by 2-inch corrugation (field bolted) 0.032
C. Vitrified clay pipe --------------“ oo 0.012n0.014
D. Cast-iron pipe, uncoated - - - - - - - = - - - - - - - - - - - - - 0.013
E.Steelpipe---------------------- oo - 0.009n0.011
F.Brick-------ccmomem e ce e e e 0.014n0.017
G. Monolithic concrete:
1. Wood forms, rough - - - - - - - - = - - - - - - - - 0.015n0.017
2. Wood forms, smooth - - - - - - - ------- 0.012n0.014
3. Steel forms - - - -----------o oo oo 0 0.012n0.014
H. Cemented rubble masonry wall
1. Concrete floorand top ------ 0.017n0.022
2. Natural floor - -------------4 0.019n0.025
[. Laminated treated WoOd - - - - - - - - - Q- - - - - - - - - - - oo - oo oo oo oo 0.015n0.017
J. Vitrified clay liner plates - - - - - - = - = - - - - oo oo oo oo 0.015

Il. Lined Open Channels: 4

A. Concrete, with surfaces as indicated:




1. Formed, NOfiNiSh - = = = = = = = = o e e e e e e e e aaaaa--- 0.013n0.017
2. Trowel fiNiSh = = = = = = = = m o e o e oo e e o e e e e e e iiiiimmaa-- 0.012n0.014
3. Float finish - = = = = = = = o o m e e e e e e a oo 0.013n0.015
4. Float finish, some gravel on bottom - - - - - = === - - - oo oo oo 0.015n0.017
5. Gunite, gOOd SECHON = = = = = = == = = m s o e e oo eee e e een-ees-ee-oecaonaonn 0.016n0.019
6. GuNite, Wavy SECHION = = = = == = = s c e e e e e ieee e eenieceeceeecceeaaena 0.018n0.022
B. Concrete bottom float-finished, sides as indicated:
1. Dressed Sstone INMOItar - - - = = = = = = = = = = = = s @ oo oo o oo e oo o e e 0.015n0.017
2. Random stoneinmortar - - - - - === == - - - - - o m e e oo aaa- - 0.017n0.020
3. Cementrubble masonry - - - - --------- oo 0.020Nn0.025
4. Cement rubble masonry, plastered 0.016n0.020
5. Dry rubble (riprap) = === === ------- - 0.020n0.030
C. Gravel bottom, sides as indicated
1. Formedconcrete - - - - - - - ------- - - oo 0.017n0.020
2. Random stone in mortar 0.020Nn0.023
3. Dry rubble (riprap) - - - -----=---------------- £ - 0.023n0.033
0.014n0.017
D. Brick------cccmmmmeece e e e e ce e e e e g 0.013
E. Asphalt:
l.smooth-------------------------- 0.016
2.rough - - - - - - - - oo g 0.011n0.013
F. Wood, planed, clean ------
G. Concrete-lined excavated rock:
1. Good section ------------- 0.017n0.020
2. Irregular section - - - - - - - - - - - - 0.022n0.027

[ll. Unlined open channels: 4

A. Earth, uniform section:




1. Clean, recently completed - - - - - - = - - == - - oo oo e e e oo 0.016n0.018

2. Clean, afterweathering- ----------------cc-mccmm e e e cm i mm e e e e m e mc i mmm e e mm e mn - - 0.018n0.020

3. With short grass, few weeds- - - - - = = - === - oo m o e e e oo 0.022n0.027

4. In gravely, soil, uniform section, clean - - - - - === - - - - - - - oo 0.022n0.025
B. Earth, fairly uniform section:

1. Novegetation- - - - = - = - = - - = m e o e e e e e e e e e e e e e e e e o aa o 0.022n0.025

2.6Grass, SOME WEEAS- - = - === == == - - o s oo e e e e e oo 0.025n0.030

3. Dense weeds or aquatic plants in deep channels 0.030n0.035

4. Sides, clean, gravel bottom- - - - - - - === - - - oo oo 0.025n0.030

5. Sides, clean, cobble bottom - - - - - - - - - - - - oo 0.030Nn0.040
C. Dragline excavated or dredged:

1. Novegetation - - - === - = - - - e mccmm e m e e e e e o 0.028n0.033

2. Lightbrushonbanks - - ------------m-ommm e 0.035n0.050
D. Rock:

1.Basedondesignsection - -----------------------------7 0.035

2. Based on actual mean section:

a. Smooth and uniform - - - - - - - - - - - ------------ 0.035n0.040

b. Jagged and irregular - - - - -------------------3 0.040Nn0.045
E. Channels not maintained, weeds and brush uncut:

1. Dense weeds, high as flow depth - - - - - - - - - - - 0.08n0.12

2. Clean bottom, brush on sides----------- 0.05n0.0.08

3. Clean bottom brush on sides, highest sta 0.07n0.11

4. Dense brush, highstage - - -----------Q@&------% 0.10n0.14

IV. Highway Channels and swales
(values shown are for velocities of

A. Depth of flow up to 0.7 foot:




1. Bermuda grass, Kentucky bluegrass, buffalo grass:

a.Mowedto 2iNCheS - - - = - - - - - oo e o e e e e e e e e oo e oo oo oo 0.07n0.045
b.Length41t06iNCheS - = - = - = - - - o m oo e oo e oo oot ee e e e e e e o e 0.09n0.05
2. Good stand, any grass:
a.Length about 12iNChesS - - - - - - - - - - - - oo oo e i 0.18n0.09
b. Length about 24 INCheS - - - - - - = - = - - - - oo oo oo oo 0.30n0.15
3. Fair stand, any grass:
a.Lengthabout 12inches - - - - - - - - - - - - - -mm oo 0.14n0.08
b. Length about 24 inches - - - - - - - - - === - - - c oo 0.25n0.13
B. Depth of flow 0.7n1.5 feet:
1. Bermuda grass, Kentucky bluegrass, buffalo grass:
a. Mowedto 2iNCheS - - - - - - - - - s m e oo 0.05n0.035
b.Length4to6inCches - ------------cmmm oo 0.06n0.04
2. Good stand, any grass:
a. Length about 12 inches 0.12n0.07
b. Length about 24 inches 0.20n0.10
3. Fair stand, any grass:
a. Length about 12 inches 0.10n0.06
b. Length about 24 inches 0.17n0.09
\/. Street and expressway gutters:
A. Concrete gutter, troweled finish 0.012
B. Asphalt pavement:
1. Smooth texture - - - - - - - - - 0.013
2. Rough texture - - - - - - - ---- 0.016
C. Concrete gutter with asphalt pave
1.Smooth - ---------------- 0.013
2.Rough------------------ 0.015
D. Concrete pavement:
1. Floatfinish - - - -------- oo A - - - - oo m oo 0.014
2.Broomfinish - - - - - - - - - e PP m oo 0.016
E. For gutters with small slope, where sediment may accumulate, increase all above valuesofnby --------------------- 0.002




VI. Natural stream channels: 7

A. Minor streams8 (surface width at flood stage less than 100 ft):

1. Fairly regular section:

7. Cleared land with tree stumps, 100-150 per acre:

a. Some grass and weeds, little ornobrush - - - - - - - - - - - - - - - oo oo oo oo 0.030Nn0.035

b. Dense growth of weeds, depth of flow materially greater than weed height - - - - - - - - - - - - - - - - oo - oo oo 0.035n0.05

c. Some weeds, light brush on banks - - - - == - - - - - - oo c oo oo 0.04n0.05

d. Some weeds, heavy brushonbanks - - - ------------ommmm o - - - 0.05n0.07

e. Some weeds, dense willowsonbanks - - - - - ----------- oo R - - - m oo 0.06Nn0.08

f. For trees within channel, with branches submerged at high stage, increase all above values @ @ - - - - - - - - - - - - - ----- 0.01n0.10
2. Irregular sections, with pools, slight channel meander; increase valuesin 1 a-e aboud g -<@gm»y- - - - - ------------ 0.01n0.02
3. Mountain streams, no vegetation in channel, banks usually steep, trees and brush bmerged at high stage:

a. Bottom of gravel, cobbles, and few boulders 0.04n0.05

b. Bottom of cobbles, with large boulders - - - - - - - - - - - - - oo m oo 0.05n0.07

B. Flood plains (adjacent to natural streams):

1. Pasture, no brush:

a.Shortgrass------------------------------ 0.030n0.035

b.Highgrass ----------------------------- -~ 0.035n0.05
2. Cultivated areas:

a.Nocrop ------------m-mmmmme - 0.03n0.04

b. Mature row crops----------------------- 0.035n0.045

c. Mature field crops------------------- 0.04n0.05
3. Heavy weeds, scattered brush- 0.05n0.07
4. Light brush and trees: 9

a. winter------------------4 0.05n0.06

b. Summer----------------- 0.06n0.08
5. Medium to dense brush: ©

R =T R e R R L R 0.07n0.11

ST 000 1] 0.10n0.16
6. Dense willows, summer, not bent over by Current- - - - - - - - = - - - - - o oo 0.15n0.20




I [T (e T O R e 0.04n0.05
b. With heavy growth of Sprouts- - - - - - = - = - = - = - o - oo oo 0.06n0.08

8. Heavy stand of timber, a few down trees, little undergrowth:

a. Flood depth below branches- - - - - - - - - - - - - o oo oo - 0.10n0.12
b. Flood depth reaches branches- - - - - - - = - = - - - - oo oo oo 0.12n0.16

c. Major streams (surface width at flood stage more than 100 ft.): Roughness coefficient is usudiglless than for minor streams or
similar description on account of less effective resistance offered by irregular banks or vegetation Ofganks. Values of n may be
somewhat reduced. Follow recommendation of note 7 if possible. The value of n for larger strearg ast regular sections, with

no boulders or brush, may be intherange offrom------------------- -~ - - - - - - - --------------- 0.028n0.033

Footnotes to Table 2

1 Estimates are by Bureau of Pubic Roads unless otherwise noted and are for strai
channel alignment other than straight. ‘

or'pogl q

all increase in value of n may be made for

2 Ranges for sections 1 through 3 are for good to fair construction. F uction, use larger values of n

3 Friction Losses in Corrugated Metal Pipe, by M. J. Webster and L. R, _MecC orps of Engineers, Department of the Army; published in Journal of
the Hydraulics Division, Proceedings of the American Soci i ol. 85, No. HY 9, September 1959, Paper No. 2148, pp. 35n67.

4 For important work and where accurate determination of wat
to select n by comparison of the specific conditions with the

ssary, the designer is urged to consult the following references and
ow of Water in Irrigation and Similar Canals, by F. C. Scobey, U.S.
low of Water in Drainage Channels, by C. E. Ramser, U.S. Department of

> Handbook of Channel Design for Soil and Wate [ pared by the Stillwater Outdoor Hydraulic Laboratory in cooperation with the
Oklahoma Agricultural Experiment Station, pubjy dg@Pnservation Service, U.S. Department of Agriculture, Publ. No. SCS-TP-61
March 1957, rev. June 1954.

6 Flow of Water in Channels Protect i ings, by W. O. Ree and V. J. Palmer, Division of Drainage and Water Control, Research,
Soil Conservation Service, U.S. Deps i , Tech. Bull. No. 967, February 1949.

ural stream channels, it is recommended that the designer consult the local District Office of the
al Survey, to obtain data regarding values of n applicable to streams of any specific locality. Where this
sed as a guide. The values of n tabulated have been derived from data reported by C. E. Ramser (see

Surface Water Branch of the U.S. Geold
procedure is not followed, the table may -
footnote 4) and from other incomplete dat3

8 The tentative values of n cited are principally derived from measurements made on fairly short but straight reaches of natural streams. Where
slopes calculated from flood elevations along a considerable length of channel, involving meanders and bends, are to be used in velocity
calculations by the Manning formula, the value of n must be increased to provide for the additional loss of energy caused by bends. The increase
may be in the range of perhaps 3 to 15 percent.

9 The presence of foliage on trees and brush under flood stage will materially increase the values of n. Therefore, roughness coefficients for



vegetation in leaf will be larger than for bare branches. For trees in channels or on banks, and for brush on banks where submergence of branches
increases with depth of flow, n will increase with rising stage.

'Q
\
™




Go to Appendix A Goto Table4

Table 3. Maximum Permissible Velocities in Erodible Channels, Based on Uniform Flow in Continuously
Wet, Aged Channels 1

Maximum per missible velocities for C

: Clear Water Water
Material water carrying carrying
fine sand and
silts gravel
F.p.s F.p.s. F.p.s.
Fine sand (noncolloidal) 15 15
Sandy loam (noncolloidal) 1.7 20
Silt loam (noncolloidal) 2.0 2.0
Ordinary firm loam 2.5 2.2
Volcanic ash 2.5 20
Fine gravel 25 3.7
Stiff clay (very colloidal) 3.7 3.0
Graded, loam to cobbles (noncolloidal) 3.7 5.0
Graded, silt to cobbles (colloidal) 4.0 5.0
Alluvial silts (noncolloidal) 2.0 . 2.0
Alluvia silts (colloidal) 3. .0 3.0
Coarse gravel (noncolloidal) 4. 6.0 6.5
Cobbles and shingles 5.0 55 6.5
Shales and hard pans 6.0 5.0

1 Asrecommended by Special Committee on Irrigation
with straight alignment. For sinuous channels '

erican Society of Civil Engineers, 1926, for channels
by 0.95 for dightly sinuous, by 0.9 for

moderately sinuous channels, and by 0.8 for high ¢ Pe1257):



Go to Appendix A Goto Table5

Table 4. Maximum Permissible Velocities in Channels Lined with Uniform Stands of Grass Covers, Well

Maintained. 12
Maximum per missible velocities onC

Erosion-resistant Easly
Slope soils eroded
refig)s soils

Percent f.p.s. f.p.s.
B:—%5 3 5
Bermudagrass - - - ------------ 5-10 5
4
| O 10
Buffalo Grass - - - ------------- lo-s ]
Kentucky bluegrass - - - - - - ------ il y
Smooth brome - - - - - - - - == - - - - - = 4
Bluegrama----------------- aver 10
- - 53
Grass Mixture - - - ------------- g
s
Lespedeza sericea------------
Weeping lovegrass - - - - ------ - -
Yellow bluestem - - - - - - - - - - - - - - .
Kudzu------ccmccmmcaaanan- : _
Alfalfa - = = == e e mmmemaa e a
Crabgrass ------------------
Common lespedeza®----- - - - -
Sudangrass®------------ : .

1 From Handbook of @anfelgie
2 Use velocities over 5 g - good covers and proper maintenance can be obtained.
3 yer than 10 percent.

3 Do not use on slopes
10 percent is not recommended.

4 Use on slopes steeper
5 Annuals, used on mild sI§fles or as temporary protection until permanent covers are established.




Go to Appendix A

Table 5. Classification of Vegetal Covers as to Degree of Retardancel
[Note: Covers classified have been tested in experimental channels. Covers were green and generally uniform.]

Retardance [Cover — fconditon |
Weeping lovegrass Excellent stand, tall (average 30 inches).
A-cccmeaeaan
Yellow bluewestern Schaemum |Excellent stand, tall (average 36 inches).
Kadzu Very dense growth, uncut.
Bermudagrass Good stand, tall (average 12 inches).
Native grass mixture Good stand, unmowed.

(little bluestem, blue grama,

and other long and short

midwest grasses).
Weeping lovegrass

Bocooononen- Lespedeza seicea
Alfalfa
Weeping lovegrass

Kudzu
Blue grama

Crabgrass

Bermudag rass Go d, mowed (average 6 inches).

Common lespedeza stand, uncut (average 11inches).

Corommmme e - Grass-legume mi Good stand, uncut (6 to 8 inches).

summer (orchar@grass,
redtop, Itali
and com
tipede ¢

Very dense cover (average 6 inches).

lesp

Good stand, headed (6 to 12 inches).

Good stand, cut to 2.5-inch height.
Excellent stand, uncut (average 4.5 inches).
Buffalo®tass Good stand, uncut (3 to 6 inches).

Docommeeen Grass-legume mixture-- Good stand, uncut (4 to 5 inches).

fall, spring (orchardgrass,
redtop, Italian ryegrass, and
common lespedeza).

; After cutting to 2-inch height. Very good
Lespedeza sericea stand before cutting.




Bermudagrass Good stand, cut to 1.5 inches height.

Bermudagrass Burned stubble

1 From Handbook of Channel Design for Soil and Water Conservation. (see Footnote 5, Table 2).
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(3 Preface
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This publication, the fourth in a series on the hydraulic design of highway drainage structures
published by the Bureau of Public Roads, discusses methods of open-channel design including
determining both size of channel and protection required to prevent 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 whereN@ir highways must be
built. Design of roadside drainage channels will continue to require an eN@ineer well versed in
hydraulic theory and in highway drainage practice. The open-channg SQarts of Hydraulic
Design Series No. 3 and hydraulic tables such as those of reference % d 28 will greatly
reduce the work of computing channel capacity.

This publication is a revision of Hydraulic Engineering Clrcul the same title. The
circular was prepared by the Hydraulics Branch, Bridge ffigl of Engineering and
Operations, Bureau of Public Roads, and released in Ap ctions and comments
received from many users of the circular are regiated have been incorporated in this

publication. Acknowledgement of individual coht practical, but published sources
of information are listed in references.
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Symbols

To jump to a specific part of the alphabet, click on the above HotLinks!
Click the Back button to return to the top of this page.
(If the letter you are looking for does not appear in the HotLink list below, then there are no glossary entries for that letter!)

A

Symbol Units Description
A Acres Drainage area of a stream at a specified |ocat4
A sq. ft. Areaof cross section of flow
B
B ft. Width of arectangular channel or conduit
b ft. Bottom width of atrapezoidal chan
C
C Runoff coefficient in the ra ula
D
D ft. Height of conduit gadia ircular conduit
d ft. Depth of flow at an ction
de ft. Criticaldept
dn ft
dn ft
E
= ude number =
+ A
G
g Acceleration of gravity = 32.2
H
H ft. Total head
He ft. Specific head at minimum energy = d.+V:2/2g
Ho ft. Specific head = d+V2/2g
h ft. Vertical drop in ditch check
h_ ft. Cumulative losses in a channel reach

i in./hr. Average rainfall intensity during the time of concentration



|<

=

|Z

|70

L

b,

1<

=

IN

K
Channel conveyance = 49 4»2/3
N
Kk ft. Stone diameter for bank protection (165 Ib./ft.3 stone)
Ke ft. Entrance loss coefficient
Ky ft Stone diameter for bank protection for stone weighing other than
165 Ib./ft.3
L ft. Length of channel reach
n Manning roughness coefficient

Q c.f.s. Rate of discharge

R ft. Hydraulic radius = A

‘WF’

S ft./ft.

& ft./ft.

oS¢ ft./ft. i lope of a uniform channel at which normal depth
Ss ft./ft. réquired to overcome friction

So ne of a channel (bed slope)

T width of water surface in a channel

L& of concentration of a watershed

Vv Mean velocity of flow

Ve Mean velocity of flow in a channel when flow is at normal depth
s f.p.s. Mean velocity of flow in a channel when flow is at normal depth
Vg f.p.s. Mean velocity of flow against stone in a rocklined channel

w Ib./ft.3 Unit weight of stone used for a channel lining

WP ft. Wetted perimeterClength of line of contact between the flowing

water and the channel



ft. Elevation of bed of channel above a datum
ft. Slope of sides of a channel (ratio of horizontal to vertical)

'Q
\
2
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