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Other Publications of the Hydraulic Design Series
Hydraulics of Bridge Waterways

Hydraulies of Rridye Wafermeans. Hydraulic Design Series No., 1, Second
Edition, published in 1970 und reprinted in 1974, presents simplified methodds
for computing backwater caunsed by bridges. These methods were developed
from extensive maodel tests and actual measurements of flow on streams with
wide flood plains. The empirical curves and methods of culeulation contained
in the new publication have n much wider range of application than those of
the first edition, published in 1960, which were based principally on hydranlie
model studies. Additional field data collected during floods were available
for the second edition. A considerable amount of new material has been
added, including chapters on partially inundated superstructures, the propor-
tioning of spur dikes at bridze uburments, and supereritical flow under n bhridge,
together with examyples.

The nature of this publication is indicated by the chapter titles: computa-
tion of hackwater; difference in water level across appreoach emhankments;
configuration of backwater; dunl bridge: abnormal stage-discharge conditions;
effects of scour on hackwater; superstruyctures partially ingyndated ; spur dikes;
flow passes through critical depth; preliminary field and design procedures;
illustrative examples; and discnssion of procednres and limitations of method.

Hydraulics of Bridge Watericuys is available from the Superintendent of
Documents, U.8. Government Printing Office, Washington, D.C. 20402.

Peak Rates of Runoff from Small Watersheds

Peak Rates of Runoff fronmt Smail Wetersheds, published in 1961 as No. 2
in the Federal Highway Administration’s Hydraulic Design Series, is presently
out of print. This publication will be reissued pending completion of current
(1973) research to update and expand the data base and to improve the
method of estimating peak discharges.

Design Charts for Open Channel Flow

Design Charts for Open Channel Flow, Hydraulic Design Series No. 3,
published in 1961 and reprinted in 1973, makes generally available a group of
hydraulic charts which facilitate the computation of uniform flow in open chan-
nels. Some of the charts are also useful in the design of storm drains.

The text is not intended to be a treatise on the design of open channels,
although a brigf discussion of the principles of flow in open channels is in-
cluded® ¥t 1S Intended rather, as a working tool that should be of considerable
service te the designer already familiar with the subject.

This publication contains charts which provide direct solution of the Manning
equation for uniform flow in open prismatic channels of various cross sections;
instructions for using the charts: a table of recommended values of n for use
in the Manning equation ; tables of permissible velocities in earth and vegetated
channels ; instructions for constructing charts similar te those presented; and
a nomograph for use in the solution of the Manning equation. Charts are
included for rectangular, trapezoidal, and triangular channels, grass-lined
channels, circular pipe channels (part-full flow), pipe-arch channels, and oval
concrete pipe channels.

Design Charts for Open-Channel Flow is available from the Superintendent
of Documents, U.S. Government Printing Office, Washington, D.C., 20402,






DESIGN OF
ROADSIDE DRAINAGE CHANNELS

Hydraulic Design Series No. 4

By the Hydraulics Branch, Bridge Division,
Office of Engineering

Reported by James K. Searcy, Hydraulic Engineer

U.S. DEPARTMENT OF TRANSPORTATION

FEDERAL HIGHWAY ADMINISTRATION

May 1965

Reprinted December 1973

Preceding page blank o



=



CONTENTS

Page Page
Preface___.___...-..- ECLEEEEPPEPEEEPEPEPEEES ifi 49 Concrete-lined channels__.________________ 26
Letter symbols _a“d unibs - vii 4.9-1 Buoyancy of empty channels_ __ 28
Principal equations____ ... ______. vii 4.10 Channels with combination linings. .. ______ 28
. " 4.11 Bituminous linings__ ... .__ .. _._____ 29
1.1 General__,.c_lj?t_e_r_{ - _I.lttf ? ii:l _c fl_o _n_ ________ 1 4.12 Channels lined with stone._. ittt 29
1.2 Factorsin design_ . - ... 1 4.12-1 Dumped-stone lmmgs: ........ 30
1.3 Types of drainage channels__ _ oo . _____ 2 4,12-2 Hand-pla.ced St?ﬂ? hnlngs ----- 33
14 GUEETS. - — - o e oo 2 4.12-3 Grouted-stone linings _____..__ 34
1.5 CRUES - - o e e 3 4.12-4 TFilter blankets_______________ 34
1.6 Roadway channels._ ... ... _._._.. 3 4.13 Ditchchecks ... 34
1.7 Toe-of-slope channels__________.__________ 3 4.14 Drop structures. ... 35
1.8  Intercepting channels__________________.___ 3 4.15 Chutes........_._. et 35
1.9 Median swaleS.o—— oo oo 4 4.16 Bnn_k and shore pl'Ot'eCthIl ________________ 37
1.10 Channel changes_ .- ___ ... _._____ 4 4.17 Drainage structures in channel. .. ...______ 38 .
1.11 Alinement and grade_____________________ 4 Chapter V—Construction
1.12 Protection from erosion__________.________ 4 51 Gemeral ... 39
Chapter 11— Estimating Storm Runoff from Small Aress 53 Enowwation.-----o-ooorooorr. 39
21 Qeneral _______ e 6 5.4 Grass-lined channels. . .- - . ... ... ..._ 39
22 Stormrunoff .. ______ . el... 6 5.5 Concrete-lined channels and chutes_______. 39
2.3 Rainfall intensity-duration-frequency analy- 5.6  Bituminous-lined channels_ .. _....__._.._... 40
BB e imacm e —————— 6 5.7 Stone-lined channels_ . _ ... _.... 40
2.4 Theratiopal method. .o ..____. 7 58 Ditchechecks_ .. _.__..__._. 41
2.4-1 Runoff coefficient..._....... 7 Chapter VI—Maintenance
2.4-2 Time of concentration_ . ___.___ 9 6.1 General. .o oo 42
2.4-3 Rainfall intensity-..........._. 9 6.2 Effect of maintenance on channel capacity. . 42
2.4-4 Drainagearea___ .. _._______ 9 . .
2.4-5 Computing the design discharge_ 9 Chapter VII——Econom@cs of Drainage Channels
2.4-6 Computing the design discharge 7.1 General __________ S 43
for complex drainage areas__ _ 11 7.2  Frequency of the design storm_____________ 43
7.3  Effect of channel section__________.________ 43
Chapter III—Hydraulics of Drainage Channels 7.4 Effect of topography_ . .o ... 44
3.1 QGeneral. 12 7.5 Effect of channel lining_..______...___._._. 44
3.2  Uniform A0W__ - - o e 12 7.6 Dropstructures. ... .. . _ .. _L_ ... 14
3.2-1 The Manning equation_________ 12 Chapter VIII—IHustrative Problem in Channel Design
3.2-2 Aids in solution of the Manning 81 General... - 45
) equation_ ... ___......... 13 82 Layout of the drainage system____________ 45
3.3 Nonuniform or varied flow___.____.__..... 16 83 Channel 3 46
3.3-1 Energy of low_ ... cccceaceaao 16 8.4 Channel 4_ 47
3.3-2 Critical QoW e 17 8.5 Chsnnel 5. 47
3.3-3 Proble'n{ls in nonuniform flow.. - 19 86 Channel 6 . 50
3.3-4 Subcntl»cl;ll flow around ourves.._ 20 87 Channels7,8and 9 .o _oooooooo.. 50
3.3-5 Supercritical flow around curves. 20
34 The Froude number_____ . __________ 20 References._ ___ ..o 51
Chapter IV—Design Procedure Appendix A—TABLES
1. Values of runoff coefficient (C) for use in the
41  General ... bttt iuieteiiei el 21 rational method. . . oo m oo 53
4.2 Layout of the drainage system____.____.... 21 2. Manning n roughness coefficients. ___ ._______ 53
4.3  Channel gr.ade """"""""""""""" 21 3. Maximum permissible velocities in erodible
4.4 Channel alinement_ . ________._.._...___._. 21 channels. - - - o oo 54
4.5 Channel sectlo.n """"""""""""""" 21 4. Maximum permissible velocities in channels
4.6 Channel capacity. ... ... 21 lined with uniform stands of various grass
4.6-1 Use of channel charta__________ 22 COVETB. - o e o e oo e 54
4.6-2 Use of King's tables_____._____. 22 5. Classification of vegetal covers as to degree of
4.6-3 Significance of the roughness retardanee - — - - - o o o 55
coeflicient (Manning n)_____ 23
4.7 Channel protection__ ____________________ 23 Appendix B
4.8 Grass-lined channels_ ____________________ 24 Nomograph for solution of Manning Equation - 56
v

Preceding page blank



FIGURES Page

1. Elements of the highway cross section.._.._. vi
2. Types of roadside drainage channels____._____ 2
8. Location of vertical curves in channel cross
B8eCtiOn & 3
4. Poorly designed diteh checks. . ____________ 5
5. Time of concentration of small drainage basins.. 8
6. Rainfall intensity-duration-frequency curve for
Washington, D.C____________________._.. 10
7. Map of the contiguous United States showing
2-year 30-minute rainfall intensity . _________ 11
8. Trapezoidal channe}.______________________. 13
9. Open-channel chart_ _______________________ 14
10. Irregular-channel section. ____________ e lo 15
11. Water-surface profile of channel with uniform
AOW . - o e 16
12. Water-surface profile of channel with non-
uniform flow______ . ____ . . _______ 17
13. Specific-head diagram for constant Q._________ 18
14, Water-surface profile of channel with sudden :
changein grade ... .. ___________.__.____. 19
15. Approximate distribution of velocities in a
straight trapezoidal channel __ _____.________ 24
16. Manning n for vegetal-lined channels. __._.___ 25
17. Open-channel chart for grass-lined ehannel.___ 27
18. Trapezoidal channel with combination lining. . 29
19. Relation of Manning n to size of stone.._._... 30
20. Average velocity against stone on channel
DO OM e e e e eeean 31
21. Size of stone that will resist displacement for
various velocities and side slopes.__________. 32
22. Chute with sharp change in alinement_.___.__ 36
. 23. Section of concrete-lined channel showing treat-
# ment ofedges oo 40

24. Gradation curves for dumped-stone protection. 41

25. Layout of drainage system for illustrative
problem ___ _____ . ______ 45

26. Identification of drainage channels..________ 46

GRADED WIDTH

INTERCEPTING

/CHANNEL L-— ROADBED ———»1
f«———— ROA ———

\4 SHOULDER | OADWAY

TRAVELED WAY— z'lSHOULDER

ROADWAY CHANNEL

TOE-OF-SLOPE

Cror OF CuT CHANNEL
TOE OF swpy‘\_/i-

Figure 1.—Elements of the highway cross section.




Symbol Units
A acres
A sq. ft.
B ft.

b ft.

C

D ft.

d it.

d. ft.

dp ft.

d, ft.

F

g ft./sec.?
H ft.

H, ft.

H, ft.

h ft.

hy ft

1 in./hr.
k ft.

k,

kw ft.

L ft.

LETTER SYMBOLS AND UNITS

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

Mean depth of flow (-‘%)

Normal depth of flow
channel for steady flow

in uniform

Froude number=—‘_,—_
Vgdn
Acceleration of gravity =32.2
Total head
Specific head at minimum energy

=d.+ ch/ 29
Specific head =d+V?2/2¢g
Vertical drop in ditch check
Cumulative losses in a channel reach
Average rainfall intensity during the
time of concentration

Channel conveyance = 1—:—9A KR

Stone diameter for bank protection
(165 1b./ft.2 stone)

Entrance loss coefficient

Stone diameter for bank protection for
stone weighing other than 165 1b./ft.2

Length of channel reach

Symbel Units
n
Q c.f.5.
R ft.
S ft./ft,
S. ft./ft.
e ft./ft.
Sy ft./ft.
Ss ft./ft.
T ft.
T. min.
vV f.ps.
V. f.p.s.
V. fps.
V. f.ps.
w 1b./ft.3
WP ft.
V4 ft.

PRINCIPAL EQUATIONS

Rational formula (p. 7):

Q=Cid @

Manning equation (p. 12):

y=l2 pagn - @
n
Q=% AR Q12 (5)

Vn 2
8 =(1.49R”‘) a3

Description
Manning roughness coefficient
Rate of discharge
: . A

Hydraulie radms—w

Slope of the energy grade line (total
head line). When the Manning
equation applies, §=38;

Slope that produces the sallowable
velocity for a given discharge

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

Minimum slope required to overcome
friction

Slope of the flow line of a channel (bed
slope)

Top width of water surface in a channel

Time of concentration of a watershed

Mean velocity of flow

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

Mean velocity of flow in a channel when
flow is at normal depth
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Chapter L.—INTRODUCTION

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

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

Erosion control ()1 i8 a necessary part of good drainage
design. Unless the side slopes and the drainage channels
themselves are protected from erosion, unsightly gullies
appear, maintenance costs increase, and sections of the
highway may be damaged or even destroyed.

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

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

In this publication, types and sections of drainage chan-

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

nels are first discussed, followed by a discussion of channel
alinement, grade, and protection from erogion. Hydro-
logic 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 channels illustrated in
figure 2. For convenience of the user, all tables are
placed in appendix A.

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

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

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

Bureau of Public Roads policy requires that on Inter-
state System projects, all drainage facilities other than
culverts and bridges be designed to keep the traveled
ways usable during storms at least as great as that for a
10-year frequency, except that a 50-year frequency shall
be used for underpass or other depressed roadways where
ponded water can be removed only through the storm-
drain gystem.
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Figure 2.—Types of roadside drainage channels.

The capacity of & drainage channel carrying uniform
flow depends upon its shape, size, slope, and roughness.
For a given channel, the capacity becomes greater when
the grade or the depth of flow is increased. The channel

capacity decreases as tne channel surface becomes rougher.

For example, a rubble or stone gutter has only about half
the capacity of a concrete gutter of the same size, shape,
and slope because of the differences in channel roughness.
A rough channel is sometimes an advantage on steep
slopes where it is desirable to keep velocities from be-
coming too high.

The most efficient shape of channel is that of a semi-
circle, but hydraulic efficiency is not the sole criterion.
In addition to pertorming ita 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 is a compromise among the various require-
ments, sometimes with each requirement having a dif-
ferent influence on the design from that of another section.

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

1.4 Gutters. Gutters are the channels at the edges
of the pavement or the shoulder formed by a curb or by a




shallow depression. Gutters are invariably paved with
concrete, brick, stone blocks, or some other structural
material.

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

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

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

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

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

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

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

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

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

In arid and semiarid regions, the water draining out of
the roadway cut should be diverted away from the fill far
enough s0 that it does not come back to the highway.
The landowner will seldom object to receiving storm water
from the highway, provided it is delivered without causing
erosion.

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

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

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

\r—i‘e(l—vanncu M
SIDE SLOPE

L cHANNEL BOTTOM

Figure 3.—Location of vertical curves in channel
cross section.



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

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

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

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

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

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

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

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

The point of discharge of a drainage channel into the
natural watercourse requires particular attention. The
alinement of the drainage channel should not cause eddies
with attendant seour in the natural watercourse or near
drainage structures. In erodible soils, if the flow line of
the drainage channel is appreciably higher than that of
the watercourse at the point of entry, a spillway or chute
should be provided to discharge the water into the water-
course in order to prevent erosion in the drainage 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. Erosion and main-
tenance are minimized largely by the use of: flat side
slopes, rounded and blended with natural terrain; drainage
channels designed with due regard to location, width,
depth, slopes, alinement, and protective treatment; proper
facilities for ground water interception; dikes, berms, and
other protective devices; and protective ground covers
and planting (I).

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

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

Diteh checks were onee used extensively to prevent erosion



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

In semiarid and arid regions, some erosion of cut and
fill slopes is inevitable. Occurring infrequently at any
one location, the damage can be repaired without excessive
average annual cost. The roadbed is generally protected
by paving or treating the road shoulders. Channels in
cut sections can be protected by rubble or by paving.
Channels off the roadway can best be protected by laying
them on grades which will not produce velocities in excess
of those permissible (see table 3) for the 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 channe]l 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 drops is close, their cost should be compared with
the cost of paving the entire channel and providing an
adequate outlet structure. High drop structures require
careful design (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 meth-
ods should be considered in the design of drainage channels
sa 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.



Chapter IL—ESTIMATING STORM RUNOFF FROM SMALL AREAS

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

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

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

In the design of storm sewers, more than 90 percent
(12, p. 31) of the engineering offices in the United States
use the rational method which has been in use since 1889.
Application of this method to channel design is described
in this chapter. The method # recommended for use in
determining the design discharge for roadside drainage
channels draining less than about 200 acres. For larger
areas, the methods described by Potter (13), by Dalrymple
(14), or by the Soil Conservation Service (15) are more
applicable. There is no clearly defined line where one
method should end and another method be used. The
methods sometimes give results for the same area that
agree quite well, and in other instances they may disagree
by 50 or more percent. Discrepancies between methods
approaching 50 percent may be expected because of ‘the
small sample (length and number of streamflow records)
available for estimating magnitude and frequency of
storm runoff by any method. However, when estimated
runoff rates obtained by two methods differ by ratios of
2 to 1 or more, the relative accuracy of the methods be-
comes important, and must be judged by the quantity
and quality of the data upon which the method is based.

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

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

2.2 Storm runoff. Runoff comes from precipitation
failing on the land and water surfaces of the watershed.
A small part of the precipitation evaporates as it falls and
some i8 intercepted by vegetation. Of the precipitation
that reaches the ground, a part infiltrawes 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
50il 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 channels i3 thus the residual of the precipitation
after losses (the extractions for interception, infiltration,
and depression storage). The rate of water loss depends
upon the amount of the precipitation and the rate at
which it falls (intensity), upon temperature, and upon the
characteristics of the land surface.

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

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

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



specifying the duration of the rainfall because the rainfall
intensity varies with the duration of rainfall. (See fig. 6.)
Frequency analysis of rainfall intensity is discussed
by Chow (16} and others (77, 18). Two methods are in
general use for selecting the rainfall data used in frequency
analyses. These methods are the annual series and the
partial-d uration series. The annual-series analysia con-
siders only the maximum rainfall of each year (usually
calendar year) and ignores the other rainfalls during the
year. These lesser rainfalls during the year sometimes
exceed the maximum rainfalls of other years. The
partial-duration series analysis considers all of the high
rainfalls regardless of the number occurring withia a
particular year. In designing drainage channels for
return periods greater than 10 years, the difference be-
tween the two series is unimportant. When the return
period (design frequency) is less than 10 years, the partial-
duration series ig believed to be more appropriaste. To
change the frequency curves based on the annual series
to ore based on the partial-duration series, multiply the
annual series values by the following factors (19, p. 1):

2-year return period - - ..o o.-_ 1.13
5-year return period. ... _._____ 1.04
10-year return period__ . _.__.._ 1. 01
20-year or more. .. __ . _e_.-_ 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, i-, 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 stations in the United States, Alaska,
Hawaiian Islands, and Puerto Rico. The curves in this
publication are based on the annual series and the pre-
ceding corrections should be used for return periods less
than 10 years.

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

Q=CiA (1)
Where

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

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

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

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

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

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

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

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

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

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

Peak runoff rate of a given frequency

_Average rainfall intensity of the same frequency

remained reasonably constant for the various frequencies.

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

Where the drainage area is composed of several types of
ground cover, the runoff coefficient i3 weighted (see example
1) according to the area of each type of cover present.
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Example 1

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

Find: Runoff coefficient, C

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

When the Weather Bureau Atlas is not available,
approximate rainfall intensity-duration-frequency data can
be obtained from figure 7 by the use of coefficients.
Figure 7 is adapted from a map in the Weather Bureau
Atlas by converting total rainfall for 30 minutes to 30-
minute rainfall intensity (divide map value by 0.5) for

Solution: the 2-year recurrence interval. The 2-year rainfall
intensity for other durations is obtained by multiplying
R T st c ca the 30-minute rainfall intensity for the project location
(sq‘r ?ta.) ype o7 surfaee (table 1) | (sq. ft.) from figure 7 by the following tactors:
4,800 { C te PAVEMENt .. eomeomenmcnmnaaans 0.9 4,320
10, 400 Sgggger,%ﬂh‘fnﬂgﬁnd backsiope I -3 5200 Duration (minutes) Fnctorjl Duration (minutes) Factor
Pasture._ - ... - .3 24, 000
95, 200 T S 33,520 X1 o8
14 0.6
1.25 0.5
— 1.0 0.4
Weighted C = — = 0.35
& 95, 200

For use in the rational formula, the CA product (33,520)
can be converted to acres and multiplied by 7 without
computing the weighted C.

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

Use of figure 5 requires the length (L) of the drainage
area measures along the principal drainage line to the most
remote (longest T.) point and the height of this point
above the outlet at which the flow is to be estimated.

2.4-3 Rainfall intensity. Rainfall intensity-frequency
data (sec. 2.3) are taken from Weather Bureau Atlas
Technical Paper 40 (20) or from Weather Bureau Technical
Paper 25 (19). A chart such as that of figure 6 (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 a rainfall intensity-duration-frequency
curve is given in Technical Paper 25 (19), the Weather
Bureau chart can be used directly or for frequencies less
than 10 years convert chart values to the partial-duration
series. For other areas, the design chart should be con-
structed from the maps in the Rainfall-Frequency Atlas
of the United States (20). For use in the rational method,
‘the values of total rainfall are converted to rainfall irtensity

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

Recurrence interval (years): Factor
S U 0.75
- U 1.0
R 1.3
100 e 1.6
25 . e 1.9
B0 e aceoo 2.2

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

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

Example 2

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

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

Solution- The time of concentration is obtained from
figure 5. The distance from the channel to the ridge of
the area is 210 ft. (200 ft. of grassed pasture and 10 ft.
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of diteh bank slope) and that of the channel is 400 ft.,
making L=610 ft. The height of the most remote point
above the outlet=4 ft.4(0.005X400)=6 ft. From
figure 5, T.=7 min.

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

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

95,200
43,560

Then Q@=0.35X6.8X2.2=5.2 c.f.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 discharge
is to be determined. Generally, less work is required to
compute the runoff from the separate areas as is done for
point 5B in section 8.5 rather than obtain a weighted C
for the whole area.

On some combinations of drajnage 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

4

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

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

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

11
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Chapter IIL.—HYDRAULICS OF DRAINAGE CHANNELS

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

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

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

3.2 Uniform flow. To have uniform flow, the grade
must be constant and all cross sections of flow must be
identical in form, roughness, and area, necessitating 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 parallel to the streambed (fig. 11).
Normal depth is also defined as the depth at which uniform
flow will occur when a given quantity of water flows
through a long channel of uniform dimensions, roughness
(n), and slope (S,).

Uniform flow conditions are rarely attained in drainage
channels, but the error in assuming uniform flow in a
channel of fairly constant slope and cross section is small
in comparison to the error in determining the design dis-
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charge. If the channel cross section, roughness, and
slope are fairly constant over a sufficient distance to
establish essentially uniform flow, equations such as that
of Manning give reliable results.

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

. velocity of flow in open channels is:

V= L.:.gm/asm (2)
Where

V =mean velocity in feet per second (f.p.s.).
n=Manning coefficient of channel roughness.
R=hydraulic radius, in feet.
S=slope, in feet per foot.
equation applies, S=8,.
The value of the Manning coefficient »n is determined
by experiment. Some n values for various types of
channels are given in table 2, appendix A.
R, the hydraulic radius, is a shape factor that depends
only upon the channel dimensions and the depth of the
flow. It is computed by the equation,

When the Manning

A
Where

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

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

wetted contact between a stream of water

and its containing channel, measured in a

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

Q=4V 4

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

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

Q=%AR2RSU¢ (5)



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

K=%’Amn ®)
then
Q=KS8117 )

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

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

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

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

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

the Manning equation (see example 3). Tables in ref-
erences 26-28 contain the channel properties (A4, R) of
many channel sections and tables of velocity for various
combinations of slope and hydraulic radius. Their use is
explained in example 3. In addition to tables of channel
properties, reference 28 contains tables for the direct
solution of the Manning equation. (See sec. 4.6-2.)
Charts in reference 30 can be used to compute flow in
rectangular and trapezoidal sections and circular sections
with free water surface.

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

Example 3

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

Find: Velocity and discharge.

Solution:

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

2. The cross-sectional area (A4) of the channel is 3.0
sq. ft. and the hydraulic radius (R) is 0.6 ft. (A4 and R
can be computed or obtained from tables such as that on
p. 121 of reference 26.)

8. Using the nomograph of appendix B, lay a straight-
edge between the outer lines at the values of S§=0.003
and n=0.02. Mark the point where the straightedge
intersects the turning line.

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

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

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

The preceding example showed the solution of the Man-
ning equation for the velocity and discharge in a channel
of given dimensions when the normal depth is known.
The more common problem in channel design is to find
the size of channel required to carry the design discharge
on the available slope and to compute the veloeity in the
channel in order to determine what protection is needed to
prevent channel erosion. Unless channel charts (25) or
special tables (28) are available, this problem requires a
trial-and-error procedure illustrated by example 4.

?«"\

]

D ol a —

_r‘

Figure 8.—Trapezoidal channel.
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Example 4

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

Find: Depth, 4, and velocity, V.

Solution:

1. General solution of area and hjdraulic radius.
A=(4+2d)d
WP=4+2dy5=4+4.47d

R A (442d)d
WP 4+447d

2. Try: d=3ft.
A=(4+6)3=30sq. ft.
WP=4+13.4=17.4 ft.

R=1.72 ft.
From the nomograph of appendix B, V=35.1
f.ps.

Q=30 (5.1) =153 c.f.5. too high
3. Try: d=2.5 ft.

A= (4+5) (2.5) =22.5 sq. ft.

WP—4+(4.47) (2.5) =15.2 ft.

R=1.48 ft.

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

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

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

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

R=1.44ft.

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

Q=45 (21.1)=95 c.f.s. too low

The last two trials (d=2.5 and 2.4 ft.) are
about equally high and low, thus, the solution is
d=245{t., V=46 [ps.

Where design charts are available, the problem is
greatly simplified; for example, see figure 9 taken from
reference 25. For @=100 ¢.f.8. and §=0.005 the value
of d is about 2.45 ft. and V=4.6 f.p.s. See also section
4.6-2 for a direct sclution using King's table.

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

707 .
7 | R
é /

7 %
AZT700000

Figure 10.—Irregular-channel section.

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

Example 5

Given: The channel in figure 10, n=0.02, and slope

.0.005.

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

Solution:
1. Subsection A:

A =10 (50) =500 &q. ft.
WP=10+50+8=68 ft.

500
R=—=7.35
68 7.3

The velocity by formula (2) is:

1.49
0.020

V= (7.35)11 (0.005)12=19.9 f.p.s.

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

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

2. Subsection B: ¥
A=2 (50)=100 sq. ft.
WP=50+2=52 ft.

100
R=—=192 ft.
52 92 ft,

V=8.1f.ps.
@ =100 (8.1) =810 c.f.8.

3. For the entire channel:
A =5004+100=600 sq. ft.
Q=9,9501810=10,800 c.f.5.

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

A =600 sq. ft.
WP=52468=120 ft.

600
R—120—5.00 ft.

V=154 [.p.s.
Q=15.4 (600)=9,240 c.f.5.
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The discharge (9,240 c.f.8.) computed for channel con-
sidered as a whole is less than the discharge computed
separately for subsection A (9,950 c.f.8.). This paradox
is brought about by the effect of the hydraulic radius on
the computations. It also illustrates the necessity of sub-
dividing highly irregular sections whether irregular in shape
or in roughness and shows the difference in mean velocities
in a shallow section as compared with the mean velocity
of the main channel. The true discharge of this channel
is perhaps less than 10,800 c.fs., but it is much closer to
10,800 than to 9,240 c.f.8.

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

Q=4,Vi=AV; =AVa (8

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

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

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

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

V!
2
Where
V'=the mean velocity in feet per second.

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

Specific head (Hy) =d+g ®

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

Total head (H) =d+§—;+z

(10)

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

Vs Vg
d‘+§;+z‘=d3+§+zz+hb (11)

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

Vi

Vi
d’+2g ——dz+~2—g

The flow is uniform and can be computed by the Manning

equation. The head loss
(Z:—Z)=L8, (12)
Where
L=horizontal distance between section 1 and sec-

tion 2

g=acceleration of gravity or 32.2 feet per second per So=channel slope or Z1=2,
second. L
Ve TOTAL e g
of 1t AD LINE hy
%'; = _*_2q '2 1 ]
2 & T —_— === hwiTER SURFACE X 2l e
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Figure 11.—Water-surface profile of channel with uniform flow.
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Figure 12.— Water-surface profile of channel with nonuniform flow.

8, in uniform flow is sometimes called the friction slope.
For uniform flow, the Manning equation (sec. 3.2-1) can
be computed for S(=28,)

5= ()

When the head loss does nut equal the change in Z,
nonuniform flow occurs and the depth of flow either in-
creases or decreases in a uniform channel. In figure 12,
flow takes place with decreasing depth.

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

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

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

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

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

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

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

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

Critical depth is important in hydraulic analyses because
it is always 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 a flat (subecritical)
slope is sharply increased to a steep (supercritical) slope.

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

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

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

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

(19
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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. 8-7) by the following equations:

Rectangular sections

d¢=0.315‘3/ (%)’ (15)
Trapezoidal sections
d¢=4zHo--3b+w/16z’Ho’+ 162Hob+ 9b* (16)

10z

The tables in King's Handbook (28) provide a much
easier solution for critical depth than equation (16).
Triangular sections

d,= 0.574{/(‘—3-)’

a7

18

Circular sections, approximate solution (31)

d,=0.325 (%)m+o.osan (18)

Accurate only when d—D‘ liea between 0.3 and 0.9.
Where

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



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

Ve=vyda (19)
where d,==the mean depth of flow (%)

s
In a given channel when the velocity head (g—g) is less

than one-half the mean depth, the flow is subcritical; if the
velocity head is equal to one-half (32) the mean depth, the
flow is eritical; and if the velocity head is greater than
one-half (3%) the mean depth, the flow is supercritical.

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

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

SECTION | SECTION2
| DATUM |

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

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

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

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

Q=8.03k(H,—d)'72(d,) (b+2d,) ¢2)]
Where
d.=critical depth at section 2.
H,=specific head at section 1.
k.=coeflicient which represents the entrance loss—
varies from 1.0 for perfect entrance of smooth
curves and gradusal transitions to 0.82 for rec-

tangular shaped structure with square corners.
=slope of sides of a channe! (horizontal to vertical).

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

PLANE

SECTION 3
1 \ 4

Figure 14.— Water-surface profile of channel with sudden change in grade.
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The usual problem is to determine the size of chute .

channel required to carry a given discharge. The bottom
width at the chute entrance (sec. 2) ¢an be computed by
equation (22) for a rectangular channel,

0.324Q

B= kHa?

(22

and approximately by equation (23) for a trapezoidal
channel (23, p. 84).

b=For ey —0.7:H, (23)

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

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

Ly 41 [(R an) (R ,,,) ] L (24)

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

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

AE="2- (25)

Where

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

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

r=mean radius, in feet, of curvature.

¥ =mean velocity, in feet per second.

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

20

.

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

Other problems introduced by curved alinement of
channels with suberitieal flow include spiral flow, changes
in velocity distribution, and increased frietion losses
within the curved channel as contrasted with the straight
channel. Flow around bends is discussed by Chow (38)
and others. (See references in ch. 16 of reference 32).

3.3-5 Supercritical flow around curves. Changes in
alinement of supercritical flow are difficult t0 make, The
water traveling at supercritical velocities around bends
of smooth channels builds up waves which may climb out
of the channel and set up wave action continuing for some
distance downstream. Changes in alinement, whenever
possible, should be made near the upper end of the sec-
tion—before the supercritical velocity has developed. If
a change in alinement is necessary in a channel carrying
supercritical flow, the channel should be rectangular in
cross section, preferably enclosed and satisfy equation 31.
Changes in alinement of open channels should be designed
to reduce the wave action, resulting from changing the
direction of flow. (See ch. 8, reference £2 and reference 33
and 34.) Many designs involving supercritical flow should
be model tested to develop the best design.

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

v 14
F=———=— 2
Wi (26)

Where

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

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



Chapter IV.—DESIGN PROCEDURE

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

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

4.2 Layout of the drainage system. The layout of
the drainage system should preferably be made on a
topographic map which contains the location of the
highway, the location of all drainage structures, and the
accentuated ridge and drainage lines. (See fig. 25.) The
edges of the right-of-way and of the roadway are drawn
on the map. Then the drainage channels necessary to
intercept the water before it reaches the roadbed are
sketched in, followed by the channels required to remove
the water that cannot be intercepted before reaching the
roadway. The quantities of water which must be removed
when the design storm occurs are estimated for a few
points along the drainage channels using the method
explained in chapter I1 for areas smaller than 200 acres.
It is rarely necessary to compute the incremental additions
to the flow along the channels.

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

4.3 Channel grade. The approximate grade of the
channel is computed from the topographic map. To
prevent deposition of sediment, the minimum gradient
for earth and grass-lined channels should be about 0.5
percent. The channel grade should be kept constant
or increasing in the downsiream 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 suberitical whenever possible in order to avoid the
adverse characteristics of supercritical flow.

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

4.5 Channel section. In general, open channels
adjacent to the roadway should have a section with side
slopes not steeper than 4:1 (horizontal to vertical) and
a rounded bottom at least 4 feet wide (7). The rounding
(vertical curves) at the junctions of the side slopes and
the bottomm do not appreciably affect the capacity, but
they do add greatly to the safetv and appearance of the
channel.

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

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

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

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

(sec. 4.7). Freeboard is added to the required depth.

Where a standard channel section has been adopted as
a minimum 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 ihe
permisaible limit.

4.6~-1 Use of channel charts. Charts such as that in
figure 9, taken from reference 25, greatly facilitate the
design of drainage channels. Construction of the chart
is explained in appendix B of reference 25. Each chart
provides a direst golution to the Manning equation for a
channel of given shape and roughness, but auxiliary
scales make the charts applicable to other values of =.
The abseissa scale is discharge, in cubie 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 valueg’below the line indicate sub-
-critical flow and mild slopes. Use of the channel ¢harts
for channels having the same value of » as that for which
the charts were constructed is explained by example 6.
Use of the charts with values of n other than that for which
the chart was constructed is explained by example 7.

Example 6

Given: A trapezoidal channel in erosion-resistant soil;
bottom width 4 ft.; side slopes 2:1; grade 0.5 percent;
n=0.030; and discharge 30 c.f.s. The channel is to be
lined with a mixed grass sod.

Find: Depth, velocity, c-itical slope, and adequacy of
the channel lining.

Solutton:

1. On figure 9 at the point of intersection of Q=30 c.f.s.
and the slope line 0.005, the depth (without freeboard) is
1.4 ft. and the velocity is 3.2 f.p.s. Flow is subcritical,
since the point of intersection is below the dashed critical
curve. The maximum permissible velocity from table 4
is about 5 fp.s.

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

The channel charts can be used for values of n other than
that for which the chart was constructed by using the
Q. and V, scales. The design discharge is first multiplied
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by the design value of n. Next the chart is entered with
the value of @, on the @, scale and at the intersection of
the @, value with the slope line read the valueof V,, V
is then the V, value divided by n. The value of the
critical depth is read at the intersection of the @ line
(not Q,) and the critical curve and the critical velocity is
the V value for this point. Critical slope varies with
channel roughness and when the value of n is other than
that for which the chart was constructed, proceed as
shown in example 7.

Example 7

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

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

Solution:

1. @n=30(0.015)=0.45, and from the chart (fig. 9),
¥n is 0.08 and d=0.9 ft. Then ¥V =0.08/0.015=5.3 f.p.a.

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

3. The critical slope is found by first finding the eritical
depth (1.0 ft.). The critical slope is then read or inter-
polated from the intersection of this depth line and the
Qn value on the Qn scale. In this example the critical
slope i8 0.004, a leaser slope than in example 6 because of
the reduced roughness of the channel.

4.6-2 Use of King’s tables. “Handbook of Hy-
draulics” (28) contains tables for the direct solution of
open-channel fiow 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 of the 4th edition,
but the corresponding references to chapter 7 of the 3d
edition follows, in parentheses.

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

Where

@=discharge, in cubic feet per second.
n=Manning coefficient of channel roughness.
b=Dbottom width of a trapezoidal channel, in feet.
S=glope of channel, in feet per foot.

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

the value of % (King's Bandbook uses D for d,) for the

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

value of ébl'



Example 8

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

Soluiton:
1. Compute:
KO8 100(0.03) 3 0.74

= pASin T (4)5A(0.01)'F  (20.3)(0.1)

2. In King’s table 97 (113) for 'K’ =0.74 and side slopes
2:1,%220.52. Then d.=0.52(4) =2.1 ft.

8. The mean velocity is found from equation (4),
Q@=AYV, after computing the area which is

A=d(b+2d) =2.1[4+2(2.1)] = 17.2 sq. ft.

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

Example 9

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

Find: Adequacy of channel lining if seeding is used to
establish the grass.

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

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

Example 1¢

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

Find: Which is the more economical lining for the
channel—concrete (»=0.015) or stone (n=0.030)7

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

(without freeboard) are:

Concreie Slone
Afares) ___________________ 4. 32 7.00
d(depth)___________._______ .8 1.1
Q (discharge=VA4)._._____.. 40.0 38.5
V (veloeity) . .- 9.3 5.5

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

A third type of problem (example 11) involves using 8

rougher channel lining to decrease the velocity from super-
critical 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.

Find: A suitable type of channel lining.

Solution:

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

A4=20.0 8q. ft.
d=2.0 ft.
R=1.2ft.
T=16.0 ft.

and from p. 370 of reference 26, the velocity for a hydraulic
radius of 1.2 ft. and slope 0.01 is 11.2 f,p.s. The discharge
is computed to be 224 c.f.5. which checks the design dis-
charge. However, water flowing at 11.2 f.p.s. is super-

p e Sl
critical, since from equatlon (19) V,— \/ (32.2) ';%'356.3
f.p.s. Supercritical flow will be difficult to turn.

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

A=413 sq. ft.
d=3.1 ft.
Q=223 e.fs.
R=1.75 ft.
T=22.6 ft.
V=5641fps

The grass-lined channel requires a much larger cross
section, but the water flowing at 5.4 f.p.8. is suberitical
(V.=7.7 f.p.8.) and will be much easier to handle than
the same quantity of water flowing at supercritieal velocity
of over 11 f.p.s. in the concrete-lined channel.

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

Research on vegetative linings (25, 36) by the Boil
Conservation Service and others has demonstrated the
value of grass linings for drainage channels in regions
where grass can be grown. Minor erosion damage to
grass linings often “‘heals” itself where rigid-type linings
progressively deteriorate unless repaired. Maximum per-
missible veloeities for channels lined with various vegetal
covers are given in table 4, appendix A.

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

&% _'

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

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

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

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

4.8 Grass-lined channels. The method presented in
this publication for the design of grass-lined channels is
baged principally upon the experiments of the Soil Con-
gervation Service (35, 36). The Manning equation
can be used to determine the capacity of a grass-lined
channel, but the value of n varies with the type of grass,
the development of the grass cover, the depth of flow,
and the velocity of flow.
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The permissible velocity in a grass-lined channel
depends upon the type of grass, the condition of the grass
cover, the texture of the soil comprising the channel bed,
the channel slope, and to some extent upon the size and
and shape of the drainage chapnel. 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 adequaey of the protection
should be computed assuming a lower grass height which
will likely be maintained.

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

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

Example 12

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

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

Solution:

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

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

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

n=0.04
A=24.0 8q. ft.
d=2.0 ft.
R=1.17 ft.
T=20.0 ft.
and from p. 450 of reference 26
V=41 fpas.

Then @ =98 c.f.a. which nearly equals the design discharge.
4. For computing the adequacy of the lining (n=0.035),
the velocity is 4.6 f.p.s. and d is 1.9 ft.
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Table 4, appendix A, gives the allowable velocity as-

6 f.p.s. which exceeds the computed value. The Bermuda
grass will provide adequate protection.

A more general solution for example 12 for values that
lie outside the range of table 2 is: First classify the retard-
ance of the grass cover from the information given in

table 5, appendix A. Then from the product of the esti-

mated velocity and the estimated hydraulic radius obtain -

the estimated values and repeat the procedure until a
depth is found that carries the design discharge. See
example 13.

Example 13

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

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

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

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

Example 14

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

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

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

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

49 Concrete-lined channels. Concrete linings are
generally used for protection against erosion on steep
slopes; however, they are sometimes used on very flat
slopes to increase the velocity of flow to 8 nonsilting
velocity, to more efficiently remove water from ponded
areas, or to reduce the size of channel needed to carry the
design discharge. The capacity of concrete-lined channels
can be computed as desceribed for channels in sections
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3.2-2 and 4.6. Values of the Manning coefficient for
concrete linings are given in table 2, appendix A.

For economy of construction, the side slopes of concrete-
lined trapezoidal sections should not be 80 steep (no
steeper than 1}4:1 and preferably no steeper than 2:1)
that surface forms would be needed. Other construction
details are discussed in section 5.5.

Velocities in concrete-lined channels on the steeper
longitudinal grades are usually supercritical. At high
velocities air entrainment occurs. This produces & bulking
effect which increases the depth of flow. Air entrainment
also causes a reduction in channel friction with a resulting
increase in velocity over that compuied using the Manning
n from table 2. An n of about 0.008 is recommended (37,
P. 289) for computing velocity and specific energy in
concrete-lined channels carrying supercritical flow.

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

- d=0.11(Q/B)**” . @28)

Both methods of allowing for air entrainment sre rough
spproximations 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. Otherwige, erosion might occur at the
channel outlet, resulting in damage to embankment slopes
or in undermining of the channel outlet. Design of
stilling basing and energy dissipators is discussed in refer-
ences 38 and 39.

High-veloeity flow can damage the lining itself if pro-
jections of the lining occur as a result of faulty design or
construction or through unequal settlement of the sup-
porting 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 a like amount. The edge of the lower slab should be
constructed about one-half inch lower than the edge of the
upper slab. Keyed joints are unsatisfactory because the
abutting slabs are subject to0 differential movement which
might result in high stresses on the keys or keyways and
cause them to spall. An unkeyed joint with slip dowela
is the preferred type for large concrete channels (37, p.
340).

Concrete-lined channels built on steep slopes should be
anchored to the subgrade by cutoff wulls at both the upper
and lower ends of the channel. On channels longer than
about 50 feet, intermediate anchor walls may be necessary.
The cutoff wall also minimizes erosion underneath the
lining. The absence of a cutoff wall at the outlet often
results in the loss of part of the concrete lining. The cutoff
wall at the outlet is particularly necessary where a hy-
draulic jump occurs. Cutoffs on pipe chutes usually take
the form of collars bolted to the pipe.
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Another frequent cause of failure of concrete-lined chan-
nels is overtopping of the ¢hannel when the freeboard is
ingufficient to contain the waves generated by disturbance
of the high-velocity flow. (See see. 4.15.)

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

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

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

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

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

The top of a rigid lining should be protected by a strip
of 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 lininga is illustrated by ex-
ample 15.

Example 15

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

Find: A suitable design for the design flood of 170 c.f.8.
(including spring flow).

Solution:

A. Unlined Channel

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

Compute K’ from equation (27), section 4.6-2.

_ @n _ 170(0.020)
"bmsm_(‘;)mm,oo‘g)m

K’ =1.19

King's table 95 (111) contains 8/3 power of numbers and
his table 92 (108) eontaina 1/2 power of decimal numbers.
2. In King’s table 97 (113), for K’ =1.19 and side slopes
dn
b
3. The velocity is computed from formula (4), Q=AV

where A for a trapezoidal channel=d(b+2d)=2.4{4+3
(2.4)]=26.9 8q. ft. Then
170

=m=6.3 fpa.

3:1, =*=0.59. Then d,=0.59(4)=2.4 ft.

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

B. Concrete-Lined Channel

1. For a concrete-lined channel (r=0.015). The com-

putations are similar to part A of this example.

170(0.015)
2. K’=-———-—w—-(4)m(0'005)1/,=0.89 or
Ky=K, M=1.19 QU _ 449

Ana (n.020)

d =0.52 and dn=(4) (0.52) =2.1 {t.

3'T

4. A=2.1[4+3(2.1)]=21.8 sq. ft.

170

V=m=7.9 f.p.s.

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

C. Combination Lining

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

. 30(0.015) _
2. K'=rstn oonyin= 016

3, %"=0.22 do=(4)(0.22) =0.9 1.
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Figure 18.—Trapezoidal channel with combination lining.

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

30
V= 80— 5.0f.p.s.

Top width=b-122d=4-(2)(3)(0.9) =9.4 ft.

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

The next step is to estimate the total depth of the
channel. As a guide, a rectangular channel of top width
0.4 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 {.p.s.
The discharge per foot of depth is 99.4 or 85 ¢.f.s. The
trial depth is then 170/85 or 2 ft. (1.1 ft. above concrete
lining).

For a trial dépth of 2 ft. the ¢omputation for the section
above the concrete lining is:

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

WP=9.7 ft.
A 164
R=grp="7-=169

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

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

A=3(33X11) =181 sq. ft.

WP=vV(@3)P+(L1)*=3.5ft.
_1.81
R= v =0.52
The value of n from table 2 is 0.050 for a depth of between
0.7 and 1.5 ft. and estimated velocity of 2 f.p.s. Then
V=125 f.ps. (app. B) and Q=1.25(1.81)=2.3 c.fas.
The water carried by the two triangular grassed sections
will be 4.6 c.f.5. and the total capacity of the combination

diteh (without freeboard) iz 164+4.6, or 169 c¢.f.8., which
nesarly equals the design discharge.

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

4,11 Bituminous linings. Capacity of channels lined
with bituminous material can be computed as described
in sections 3.2-2 and 4.6. The Manning roughness
coefficient (table 2, app. A) for bituminous linings is
about the same as that of portland cement concrete
linings, thus the channel size and the velocities developed
in the channel are about equal for the two types of lining.
Channel side slopes for asphalt concrete-lined channels
less than 10 feet deep should be no steeper than 1%:1.

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

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

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

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

A dumped stone lining is the most flexible of the three
types and will more readily adjust itself to uneven bank
settlement (sec. 7.5). In areas where stone is plentiful,
dumped stone is generally the least costly type.
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Hand-placed stone linings require less material than
dumped stone linings and might be used where the cost
of stone is exceptionally high. Hand placement is gen-
erally restricted to larger size stone and includes both
manually and machine placed stone. (See sec. 5.7.)
The finished appearance of the hand-placed lining is
somewhat more uniform than dumped stone but its per-
formance is less satisfactory. (See sec. 4.12-2.)

Grouted stone is seldom used except in small channels
carrying high-velocity flow or where the available stone
i8 not large enough to withstand the expected velocities.
Even here the use of wire mesh baskets (43) filled with
stone might be preferable to grouted stone.

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

The procedures for selection of stone size which follow
are based largely upon the report of the Subcommittee on
Slope Protection of the Committee on Earth Dams of the
Soil Mecharics and Foundations Division, American
Society of Civil Engineers (41). The size of stone needed
for slope protection (see fig. 21) is based on the Ishbash
formula. This formula is compared with all available
(through 1958) experimental data on Corps of Engineers
Chart 712-1, reference 42.
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The California Division of Highways discusses the
design of stone slope protection (43, pp. 110-126) in their
bulletin on Bank and Shore Protection. The use of stone
sausages for highway fill protection is discussed by Posey
(44). Reference 39 (p. 209) gives a curve showing the
maximum stone size recommended by the Bureau of
Reclamation for protection downstream from stilling
bagins. This curve would lie slightly to the left of the
curve for a 1:1 slope in figure 21.

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

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

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

2. The gradation of the stone.

3. Depth of water over stone lining.

4. The steepness of the protected slope.

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

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

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

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

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

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

g- ratio.

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

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

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

7. If the estimated stone size (step 1) is smaller or
much greater than the required size (step 6), select a
different size stone and repeat steps 1 through 6, until
the estimated size agrees with the required size.
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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 § of
the foregoing procedure. The average velocity at the
end of the chute should be used to enter figure 21 rather
than V, from figure 20 which applies to fully developed
boundary flow.

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

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

102.5k

kw= w—62.5

(29)

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

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

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

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

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

Tests made at the U.S. Army Engineer Waterways
Experiment Station (46) show the importance of gradation
a8 compared with maximum size of stone. Two gradations
failed under the same conditions although 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 grada-
tion 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 dis-
lodged by undercutting resulting from the removal of the
smaller pieces. Murphy and Grace (46) concluded that
pieces of stone larger than those which represented some
critical size (the 60- to 65-percent size in these tests) do
not increase the effectiveness of the particular gradation.

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

Example 16

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

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

Solution.

1. The channel without lining (n=0.020) would have a
depth of 1.15 ft. and V=8.8 f.p.s. With rougher stone
Ilining, the velocity will be reduced to approximately, ggg
(8.8)=6 f.p.s. The velocity against the stone (fig. 20)
would be about 0.8 (estimating k=0.5 ft.) of this, or 5 f.p.s.
This velocity (fg. 21) would require stone of about 0.25-{t.
dismeter. The trial value of n (for k=0.25) from figure
19 is 0.028.

2. From p. 201, reference 26, for a trial depth of 1.35 ft.,
A=10.9 sq. ft., R=0.86 ft.

On p. 430 for n=10.030, V=46.3 f.p.s., and for n=0.028,

V= 0.030 (6.3)=6.8 f.p.s. Then Q=10.9 (6.8)=74 c.fs,

0.028
which checks the design Q.
k025

3. 5 F i 135—-0 18.

4, V—‘; ratio from figure 20 is 0.58,

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

6. In figure 21 for V,=3.9 and slope 3:1, the size of stone
is about 0.1 ft. which checks the assumed size of 0.25 ft.
(step 1). Use 2-inch stone.

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

4.12-2 Hand-placed stofie linings. Hand-placed stone
linings consist of stones placed by hand following a more
or less definite pattern with the voids in the larger stones
filled with smaller stones and the surface kept relatively
even. The stone should be placed on a filter blanket of
graded gravel or crushed stone. (See sec. 4.12-4.)
Enc»gh voids should be left in the surface of the stone
lining to properly vent the subsurface. The depth and
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size of the stone required to resist displacement is generally -

specified as one-half (%) of that required for dumped
stone (41, p. 857), but the experience of the Corps of
Engineers (4?) is that a half thickness of hand-placed
stone is not satisfactory as a substitute for dumped stone.
(See sec. 7.5.) Although data are lacking for a definite
conclusion, it is probable that hand-placed stone is inferior
to an equal thickness of dumped stone because it is not
as flexible a8 dumped stone and does not have the struec-
tural strength to bridge over local bank failures.

4.12-3 Grouted-stone linings. Grouted-stone linings
are either hand-placed or dumped-stone linings with the
voids filled with portland cement mortar. The stone is
placed on a gravel or crushed stone filter blanket and the
grout is brocmed 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 material
from passing through the voids in the stone blanket and
escaping. The loss of bank material leaves cavities
behind the stone blanket and a failure of the blanket
might result. Whether a filter blanket is needed will
depend upon the gradation of the bank material and the
openings or voids in the riprap cover. In general, a
filter ratio of 5 or less between successive layers will
result in a stable condition. The filter ratio (48) is defined
a8 the ratio of the 15-percent particle size (D)) of the
coarser layer to the 85-percent particle size (Dy) of
the finer layer. An additional requirement for stability
is that the ratio of the 15-percent particle size of the
coarse material to the 15-percent particle size of the fine
material should exceed 5 and be less than 40. These
requirements can be stated as follows:

Dy (of coarser layer) <5 <Du (of coarser layer)
Dgs (of finer layer) Dy (of finer layer)

<40

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

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

Example 17
Given:
Particle size (mm)
Material )
Du Dy
Rl (13- 110 A
s;m&ﬂ_w"' ﬁg” ) % 06 ¥ o
gand......._. 14 24
Gravel. ... 4.0 50
Pind: Design filter, if needed.
Solution:
1. Is filter required?
Du (riprap) ___ 90 _ g4y 5 Yes

Dy (streambank) 0.10

2. Can a single layer of gravel be used?

Dy (riprap) _90_
D (gravel) 0= 1.8<5 OK
Dy (gravel) 4.0

Dss (streambank) 0.10 40>5 No

3. Can a layer of sand and a layer of gravel be used?
1at requirement.;

__ Dis (sand) ___0.14_
Dy (streambank) =510~ 14<5 0K

Dy (gravel) _4.0_
Dy (sand) =53 17<5 OK

Dys (riprap) _90 _
Dy (gravel) =5=18<3 0K

2d requirement: ’

Dy (sand) __0.14 _ . 40 oK

Dys (streambank)  0.006

Dy (gravel) 4.0 _
D15 (sand) _0.14_29<40 OK

Dy (riprap) 90

PR e < A 40

Dys (gravel) 4.0 2< oK
If the gradation of the sand and the gravel is satisfac-

tory and adequate placing methods are to be used, two

minimum thickness layers (4 or 5 inches) can be used,

one of sand and one of gravel.

4.13 Ditch checks. In humid areas ditch checks
(grade-control structures) are seldom used in the roadway
and toe-of-slope channels because they are a hazard to
vehicles driving off the road, they are often unsightly,
they hamper the use of power mowing equipment, and in
most locations their jobs can be done better with protec-
tive cover. (See example 18.) In channels not accessible
to vehicles or in arid and semiarid regions, ditch checks or



drop structures may be used to maintain noneroding
velocities in the channel section. Their use, however,
should be limited because of cost and vulnerability to
damage at times of unusual flooding. '

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

with the bottom of the upper channel. The weir capacity

(sec. 3.3-3) should be sufficient to prevent overtopping of
the wings which should extend above the design depth of
flow by the amount of the freeboard.

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

spacing= Sl ?_Osh 30)

Where

h=vertical drop, in feet.

- S=slope of channel without checks, in percent.

S.=slope of channel, in percent, for allowable ve-
Jocity.

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

Example 18

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

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

Solution:

A, Unprotected Channel

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

d=1.7 ft. R=1.05 {t.
T=14.2ft. V=4.21ps.
A=15.5 sq. ft. Q=65 c.fs.

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

B. Diich 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, a velocity of 2.5 f.ps.
requires a slope of 0.10 percent, with n of 0.020 and R
of 1.1 ft.

The spacing by equation (30) is:

100 (0.%)

0.3—0.10 200 ft-

Spacing, in feet=

2. The new channel on a slope of 0.10 percent and a
velocity of 2.5 f.p.s. will require about 65 ¢.f.5./2.5 f.p.s.
=26 8q. ft. of cross-sectional area, provided R is kept at

-about 1.1 ft. From p. 243 and 387 of reference 26: for

a bottom width of 14 ft. and side slopes 4:1:

Trial 1 Trial 2 Tria} 3 Units
d=1.4 d=1.5 d=1.45 fi.
Tm25.2 T=26.0 Twm25.8 it.
Am27.4 A=30.0 Am2B8.7 sq ft.
Rw=1.07 R=1.14 Ra=1.10 t.
V=22 V=23 ¥ =2.25 fps.
Q=60 Q=69 Q=65 c.ls.

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

C. Grass-Lined Channel

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

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

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

4.15 Chutes. Chutes (see sec. 1.5) are characterized
by their steep grade and short length. They carry water
at supercritical velocity (see sec. 4.9) and unless exeavated
in rock, they will require lining to prevent channel erosion.
Concrete linings are frequently used, often without
providing for the high velocities at the outlet. When the
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Figure 22.—Chute with sharp change in alinement,

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

The channel section after lining must be of sufficient
size to carry the design flow, but a section far larger than

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

The freeboard allowance on an open chute is greater
than that used for channels on mild slopes hecause of the
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A common design is a grass- -

Note erosion due to sharp curvature,

wave action in chute channels and the greater damage
caused by the high-velocity water. Freeboard allowances
vary, depending upon the amount of wave action and
turbulence expected in the chute, but the minimum
freeboard should be about 1 foot for small chutes.

Changes in channel alinement or in section must be
made smoothly in order to avoid violent wave action and
resultant overtopping of the channel sides. Figure 22
shows the effect of too sharp a change in alinement.
Large chutes require careful hydraulic design. (See 28,
ch. 8 and 37, ch. 8.) On small chutes, experiments have
shown (37, p. 290) that an angular variation of the flow
boundaries should not exceed that produced by the
equation:

(1)

1
tan a=a5
where F is the Froude number (sec. 3.4) and a is the
angular variation.

The chute outlet is always a problem. The energy of
the high-velocity flow must be dissipated to prevent
erosion. Often this requires an apron or a stilling basin
at the chute outlet. Design of stilling hasins and energy



dissipators suitable for this purpose is discussed in reference
39 and in an ASCE symposium by Bradley and Peterka and
others (38). A bibliography containing other references
to spillway design is included with paper 1406 (38).

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

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

Example 19

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

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

Solution:

A. Entrance

1. From example 4, at section 1 (see fig. 14),

@=100 c.f.5.
dy=2.45 ft.
Vi=4.6f.ps.

2. The specific head (H,) (sec. 3.3-1, equation 9) just
upstream from entrance of the chute is 2.45+—2((‘43'—26_222—)-=
2.78 ft. Substituting in equation 23 (sec. 3.3-3):

b=9%2_—;§—;8%)—0.7(2.0) (2.78) =3.09 ft., use 3.0 ft.

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

equation 16 (sec. 3.3-2).

4(2)(2.78) —3(3) ]
do==] ++/16 (2)*(2.78)?+16(2) (2.78)(3) +9(3)* ]
- 10(2)
=2.12 ft.

4. The mean velocity (V) at the entrance section is the
discharge, 100 c.f.e. divided by the flow area of the en-
trance section {b=3 ft., and d=2.12 ft.), 15.4 sq. ft. or
V.=6.5f.p.s., R=1.23 ft. (26, p. 161).

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

B. Chute

The minimum depth at which the flow in the chute will
occur can be computed by the Manning equation, using
King’s tables (sec. 4.6-2), or following the method in

example 4 (gec, 3.2-2), the final trial is as follows (26,
p. 161):

d=0.7 ft. §=0.5

A=3.10 sq. ft. 8§17 —0.707

R=0.50 ft. n=0.018 (sec. 4.9)
R1A=0.63 ft.
V_lﬁg pagia_ L ‘*%(o 63)(0.707) = 36.9 £.p.s.

Q=3.10(36.9) =114 ¢.£.5.

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 Chule

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

(40.5)%

H°=d+ 6a.

—0 6+-———==26.0 ft.

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

he=gar (7o) +(=2a) 1+

ko= (040415 : [((1 23)%) +((oé£i)5m)z] 120

hp=30.3 ft.

Total head required is 26.0-4+30.3=56.3 ft. The
available head (60 ft.) is sufficient to develop the specific
head plus the friction loss.

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

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

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

Problems involving scour of streambanks vary for many
reasons and standard solutions cannot be specified even
for types of problems. Sometimes the best solution is to
relocate the highway and avoid the hazard or to move the
attacking water away from the embankment by a channel
change (sec. 1.10).

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

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

When the depth, d, is great the g ratio becomes small and

figure 20 shows a low velocity against the stone. This
results in a size of stone (fig. 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 ecause of failure in protective covers
is the undermining of the toe or the termini of the protec-
tion. All protective covers of structural materials should

“be firmly anchored in the protected bank at the upstream

and downstream termini, and at the toe of the embankment
(sec. 5.7), If the protective cover is long, intermediate
anchorages might be required to reduce the hazard of
complete failure. The upper vertical limit of the protec-
tive cover should extend to an elevation that provides
protection from floods and waves having a recurrence
interval consistent with the importance of the highway,
initial investment, and replacement costs. Sod placed
above more rigid protection will provide considerable
protection from unusual floods.

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

4.17 Drainage structures in channel. Where drive-
ways or access roads cross a drainage channel, culverts or
other structures are placed in the channel to carry the
flow underneath the crossing. These structures affect the
capacity of the drdinage channel and at some locations
create problems. 8Silt and debris may be deposited in the
channel upstream from structure and scour may occur at
the culvert outlet. The design of the culvert (§1) and
the channel should be coordinated to ‘insure the proper
functioning of both.



Chapter V.—CONSTRUCTION

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

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

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

5.2 Supervision. Proper design of drainage channels
will not produce an adequate drainage system without
careful supervision during construction. Supervision of
drainage structure construction means no’ only seeing that
the construction complies with the plans and specifications
but that any omissions in the plans are corrected. The
ohannel drainage work should be shown on the construction
plans together with sufficient hydraulic design data, such
a3 drainage area and design discharge, so that the con-
struction engineer has the necessary information to solve
unforeseen drainage problems. Some guides for showing
drainage information on project plans are given in refer-
enoe 52.

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

5.4 Grass-lined channels. Grass lining can best be
attained by sodding. The upper parts of the channel may
be sprigged or seeded if the cost of sod makes this neces-
sary, but the time of the year, and the likelihood of damag-
ing 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
{68). 8od grasses are preferred to bunch grasses because
of their superior performance in resisting erosion.

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

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

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

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

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

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

The Bureau of Reclamation found (37, p. 535) that
when placing an unformed slab on a slope, & tendency
exists to use a stiff concrete mix that will not slough. Drill
cores showed that placement of such low-slump concrete
without thorough vibration usually results in considerable
honeycombing on the underside. To avoid such results
the concrete should not be stiffer than a 24-inch slump.
Concrete of this consistency will barely stay on a steep
slope. After spreading, the concrete should be thoroughly
vibrated. Reference 37 (p. 536) shows the use of a steel-
faced slipform screed.

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

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

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

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

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

5.7 Stone-lined channels. All stone used for channel
linings or bank protection should be hard, dense, and
durable. Most of the igneous and metamorphic rocks,
many of the limestones, and some of the sandstones make
excellent linings. Shale is not suitable and limestones and
sandstones that have shale seams are undesirable. Quar-
ried stones, angular in shape, are preferred to rounder
boulders or cobbles. If rounded stones are used, the size
of stone and thickness of the blanket, determined by the
methods of section 4.12-1, should be increased, particu-
larly if the rounded stones are relatively uniform in size
(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 approxi-
mately parallel to these curves and passing through the
theoretical size (sec. 4.12-1) at the 50-percent point should
make an acceptable gradation.

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

10

Section of concrete-lined channel showing treatment of edges.

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 as to 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. The larger stones
should be well distributed and the entire mass of stones
should roughly conform to the gradation specified. The
stone protection should be so placed and distributed as to
avoid large accumulations or areas composed largely, of
either the larger or smaller sizes of stone. The mass
should be fairly compact, with all sizes of material placed
in their proper proportions. Hand placing or rearranging
of individual stones by mechanical equipment may be
required to the extent necessary to secure the results
specified above. The desired distribution of the various
sizes of stone throughout the mass might be obtained by
selective loading at the quarry, by controlled dumping
of successive loads during placing, or by a combination of
these methods. Ordinarily the stone protection should be
placed in eonjunction with the construction of the embank-
ment, with only sufficient delay in construction of the
stone protection as may be necessary to prevent mixture
of embankment and stone.

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

Hand-placed stone should be carefully laid to produce a
more or less definite pattern with a minimum of voids
and with the top surface relatively smooth. Joints
should be staggered between courses. The stone used
for hand-placed protection should be of betler quality
than the minimum quality suitable for dumped stone
protection (37, p. 208). Stones that are roughly square



and of fairly uniform thickness are much easier to place’
than irregular stones. Stones of a flat stratified nature
should be placed with the principal bedding planes normal
to the slope. Openings to the subsurface should be filled
with rock fragments; however, enough voids or openings
should be left to vent the subsurface properly.

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

checks should have a suitable apron at the toe of the drop
and a cutoff wall at the downstream end of the apron.
The apron should have a depression or a sill at the down-
stream edge 8o that a pool will be created to dissipate the
energy of the falling water. If clay is available, local
stone can be laid up in a rich clay mortar. This makes
the check almost watertight and results in less maintenance
than if the stones are laid up loose with the expectation
that the check will become impermeable in time.
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Chapter VL.—MAINTENANCE

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

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

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

6.2 Effect of maintenance on channel capacity. Main-
tenance of highway channels includes repairing erosion
damage, mowing grass, and removing any sediment or
debris deposited in the channel. All these measures keep
the capacity of the channel at the design level. If the
channel cross section contains brush, sediment, or debris,
the channel cannot carry the flow for which it was designed.
In addition, the sediment and debris may kill the vege-
tative lining with subsequent erosion damage during higher
flood flows. 1n some gituations, sediment traps and debris
barriers might be constructed in the channel in order to
collect the objectionable material for easy removal.

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

growth is that the channel will only carry %, or about

one-third the flow for which it was designed. The remain-
der of the design flow must overflow the channel and cause
flooding or possible erosion.



Chapter VIL.—ECONOMICS OF DRAINAGE CHANNELS

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

The lowest cost adequate channel maintains proper
balance between first cost, flood damage, and maintenance
cost, and has the capacity and protection to carry the
runoff for which it was designed. Selection of the fre-
quency (see sec. 1.2) of the design runoff is a matter of
economics, while estimating the magnitude of the storm
runoff for a selected frequency belongs in the field of
hydrology. (8ee ch. IL.)

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

7.2 Frequency of the design storm. The average
annual cost of a drainage channel is the sum of (1) the
first cost divided by the expected life of the channel, plus
(2) the average annual maintenance cost, plus (3) theannual
charge for possible damage from runoff exceeding the
channel capacity. Computation of first cost is dicussed
briefly by Hewes and Oglesby (55, p. 59). The average
annual maintenance cost might also include the annual
charge for flood damage if a flood exceeding the channel
capacity has occurred. It is probably better to separate
these costs. The damage to a channel designed to carry
a 10-year runoff from a chance occurrence of, say, a 200-
year runoff in a few years’ record of maintenance expendi-
tures would distort the average annual maintenence cost.
The annual charge for possible flood damage should con-
gider the frequency of the design storm and equals the
cost of damage from runoff exceeding the channel capacity
divided by the return period, in years, of the design storm.

If these costs could be evaluated for various combi-
nations of the component costs, the most 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 in-
cludes the cost of traffic interruption by floodwaters or
washed-out highway, as well as the cost of repairing the
damage to the highway and drainage channels and the
additional damage to the abutting property directly
attributable to the presence of the highway. A further
complication is the variation in damage due to the mag-
nitude by which the runoff exceeds the design runoff.

Individual analysis for each small channel is impractical
if not impossible. The best solution appears to be a

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

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

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

Table 6.—Properties of trapezoidal channels of the same
capacity, with n=20.03 and slope =0.01

[Denominator of retiois eone'sgogdllgg cll:nactflii]suc of 8 4-foot bottom channel
th side slopes 4:

Bottom widths
8ide slope Property
2 3 4 5
4:1 1.03 0.94 0.87 0.80
6.32 6.39 6.54 6.56
.60 .59 .58 .87
3.52 3.48 3.44 3.40
2.2 2.2 2.5 2.5
10.5 10.8 11.2 1.6
K/ .98 1.00 1.00
.4 .98 1.00 1.04
1.02 1.01 1.00 .99
b 55 PR, 1.11 1.02 0.91 0.84
5.96 6.1 6.15 6.34
.66 .65 .63 .61
3.75 3.71 3.63 3. 56
2.4 2.9 2.3 22.6
9.0 9.6 9.8 10.3
R .94 R .97
.80 .85 .B8 .02
1.08 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. Excava-
tion ranges from 91 to 97 percent of that of the recom-
mended channel; lining required ranges from 80 to 92
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percent of that of the recommended channel; and velocities
range from 3 to 9 percent greater. Depth of flow ranges
from 0.04 to 0.08 foot deeper than that of the recommended
channel.

The comparison of channel area in table 6 is only the
area occupied by water without freeboard. In a cut
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 @ and V, for the same
depth, but the velocity ratio would remain the same.

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

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

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

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

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

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

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

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

When hand-placed stone is used, a better quality of
stone is required than the minimum quality suitable for
dumped stone (37, p. 208). 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 alternate type of lining.

7.6 Drop structures versus chutes. Either drop
structures or chutes are frequently needed to convey water
down steep slopes or into natural watercourses with incised
channels. An economic comparison of several types of
such structures for specific conditions indicated a wide
range in cost. The types studied were a sodded channel"
on the maximum permissible grade; a corrugated metal
pipe culvert with flared inlet without stilling basin, a
reinforced concrete drop structure; and a gravel-lined
channel on the maximum permissible grade. The results
of this study for structures with drops of 4-, 8-, and 10-feet
designed for a discharge of 10 cubic feet per second are
given in table 7, following. The comparison is given by
the ratio of the cost of the structure to the cost of a sodded
channel with the same drop.

Table 7.—Cost comparison of drop structures

Cost ratio drop, in feet
Type of structure

4 (] 10
Sodded channel ____ ... ... ______.._... 1.00 1.00 1.00
C.M, pipe culvert on a 5-percent grade.__.. 5.98 4.33 2.33
C.M. pipe culvert on a 20-percent grade_. .. 2.03 1.33 .66
Reinforced concrets drop. . .- . _._..... 6. 30 384 2.17
Gravel-lined channel .. ___._.._________._.. 3.43 3.4 3.38

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

The ratios in table 7 apply only to the specific conditions
of this analysis and might vary locally with the availability
of materials. The costs used were the average of several
1960 bid prices in 10 widely dispersed states. Except for
the 10-foot drop, the sodded channel is the lowest cost
means of conveying 10 cubic feet per second of water down
steep slopes. The apparent advantage of the pipe culvert
on the steeper grades might be offset at some locations by
the added cost of dissipating the energy of water at the
outlet. On the other hand, the use of a sodded channel
requires that sufficient length be available to place the
channel on a noneroding grade.



Chapter VIII.—ILLUSTRATIVE PROBLEM IN CHANNEL DESIGN

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

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

8.2 Layout of the drainage system. Figure 25 is a
plan view of figure 2. The roadbed and right-of-way lines
have been drawn and the drainage divides are shown by
heavy dashed lines, but other roadway details have been
omitted in this problem. The drainage channels are indi-
cated by short dashed lines with arrows to indicate direc-
tion of flow and are numbered as shown in figure 26. The
points for which channel sizes are computed are indicated
by letters. The numbers are for identification in this
problem; however, a similar system might be helpful in
an actual design problem. The channels are numbered
on the assumption that the road project began at Station
45 and the stream at Station 55 is the third drainage
channel in the project.
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Figure 25.—Layout of drainage system for illustrative problem.
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Figure 26.—Identification of drainage channels.

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

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

8.3 Channel 3. The grade of the small stream is 0.5
percent and the design discharge is 300 c.f.s. Using the
charts of Hydraulic Engineering Circular No. 5 (61) a
6-ft. by 6-ft. reinforced-concrete box culvert is selected.
The outlet velocity is 12 f.p.s. and the depth of flow at the outlet
is 4.2 ft. when carrying the design discharge. The specific
head at the culvert outlet, computed by equation (9), is
6.4 ft. The channel downstream from the culvert outlet
i8 to be trapezoidal with bottom width 6 ft. and side slopes
2:1.

In going from the rectangular culvert section to the
larger open-channel section, the flow expands with some
loss in energy, accompanied by a decrease in depth and an
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increase in velocity. The depth and velocity at the ex-
panded section can be approximated by assuming a loss in
the expansion of 20 percent of the velocity head. This
determination of expansion loss is somewhat arbitary and
is based on an analogy to pipe flow. See any text on

hyvdraulics. In this problem the approximate loss is
(12)2
0.2 64—)4=0.5. The specific head at the expanded section

is then 6.4—0.5=>5.9 ft.

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

Quantity Trial i Trial 2 Units
L SN 2.0 19 1.
A 2.0 18.6 sq. ft.
15.0 16.1 {.p.s.
3.5 4.0 ft.
5.5 too low 59 OK | ft.

A velocity of 16.1 f.p.s. will require a reduction in velocity



(stilling basin) or protection of the channel in most
materials. Dumped stone will be used in this problem.
When the stone size becomes too large, a stilling basin at
the culvert outlet might be considered. A concrete-lined
channel would only move the erosion problem downstream.

To compute the size of stone (see sec. 4.12-1), assume a
stone size (k)=2.25 ft.

(%:%’:1.2 thus IV-,-'=1.0 and V,=16.1 f.p.s.

From figure 21, the required stone sigze is 2.25 ft., which
checks the assumed size.

The increased roughness of the stone lining will reduce
flow velocities and change the depth of flow from that at
the beginning of the channel. The new channel depth
will be 4.3 ft., computed as follows:

From figure 19, for 2.25-ft. stone, n=0.04, and from
page 162 and page 448, of reference 26:

d=43ft.
A =62.8 5q. ft.
R=2.49 ft.
V =4.8{.p.s. for n=0.04 and §=0.5 percent
Q=301 cfs.

The channel will be lined with 2% ft. equivalent diameter
stone (see sec. 5.7 for gradation) with a minimum lining
thickness of 3.0 ft. The lined channel will have 2 depth
of 6 ft. (including about 1% ft. of freeboard) at the culvert
outlet. The depth of the lined channel will be gradually
decreased to 4.7 ft. (0.4 ft. freeboard) at the edge of the
right-of-way. The stone will be dumped on a flter
blanket, designed after a soil analysis of the bank and bed
material. The side slope above the stone lining would be
grassed lined.

The freeboard allowance is somewhat arbitrary. The
larger freeboard at the culvert outlet is to allow for the
turbulence and the hydraulic jump in the reach in which
some of the energy is being dissipated. The velocity of
flow in the channel at a depth of 4.3 ft. is computed to be
4.8 f.p.s. This is only an approximation because the
reach of channel is too short to develop the normal velocity.
Stone 2% ft. in diameter would not be required at such a
low velocity. The depth after the hydraulic jump is
about 4.3 ft.

8.4 Channel 4. This channel is an intercepting
channel extending from Station 68 to Station 75 on the
left side of the highway. The design runoff need only be
estimated at the downstream end of the channel.

Estimating Runoff (See Ch. II}

The channel drains the grassed cut slope which ranges
in width from 0 to 50 ft. and is 700 ft. long.
The components of the formula Q=Ci4 are:

C=0.7 (table 1).
1 read from fig. 6 after computing T..
Computation T. (sec. 2.4-2).

Cut slope | Channel Total Units of

reference
Heooooeeiaeee 33 28 61 | ft.
L= oo 50 700 7580 | ft.

T.=3.3 min. (ig. 5). Use 5 min.

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

_ 50, (700)
=72 ' [43,560)

Then Q=CiA=0.7X7.1X0.4=2.0 cf.s.

A X =0.4 acre.

Computing Channel Section (See Sec. 4.8)

For a 2-ft. bottom, grass-lined channel, 2:1 side slopes,
Q=20 cfs, n=0.10 (table 2), §=0.04. Chart 15 ref-
erence 25 can be used to find d and V.

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

0.14
|4 =b—m =14 f.p.s.

Note that a high value of n (0.10) is used to compute
the size of channel because the grass might be allowed to
grow taller than anticipated. To check the adequacy of
the lining, a low n value (0.05), based on the channel being
maintained at design conditions, is used. If the lower
value of n is effective, the velocity in the channel from
chart 15 (Qn=0.10, Vn=0.115) is 2.3 f.p.s. This velocity
would not endanger the grass lining of the channel. The
freeboard needed for this channel is negligible, as the
capacity was computed for the downstream point on the
channel and little damage would result from an over-
topping of the channel.

8.5 Channel 5. This channel is the left roadway
channel from Station 68 to Station 75 and a toe-of-slope
channel from Station 55 to Station 68. The design runoff
will be estimated (see fig. 26) just before (5A) and just
after (5B) the entrance of channel 4; and below the entry
of runoff from each of the two large areas on the hillside
to the left (6C and 5D).

Estimating Runoff (See ch. II)

Point 64 (Sta. 68) above junction

The section is on & curve and the channel (Sta. 68 to
Sta. 75) must carry the runoff from the left lane (24 ft.X 700
ft.= 16,800 sq. ft., C'=0.9), the shoulder and ditch section
and the runoff from the Priangular section of cut slope not

intercepted by channel 4 (—850 f£. X700 ft.=28,000 sq. ft.,
c=o.6)

The components of the formula Q= Ci4 are:
Weighted C (see sec. 2.4-1). Sg. ft. C

pavement=._______________ 16, 800X 0.9=15, 120
shoulder ditch and slope=_._. 28, 000X 0. 6= 16, 800
44, 800 31,920

Weighted C..._ . coceeeeeaooo =0.7
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1 is read from figure 6 after computing T'..
Computation T’ (sec. 2.4-2).

Caut slo Channel | Unitsor
- E
P £ T 21 10.5 | 1.
L= 32 700 | ft.
A 1 (approx.) ] min.

T, for pavement about 4 minutes (estimated).
Total T'.=4+6=10 min.

Note that the 1 min. T, for the side slope is concurrent
with the 4 min. 7. for the pavement area and only the
longer time is used, 1 (fig. 8) for a 10-year return period and
T, of 10 min.=6.0 in. per hr,

A=%§-§%— (See calculation of C.)

Then Q=CiA=0.7%X8.0X1.0=4.2 c.fs.

=1.0 acre.

Point 5B (Sia. 68) below junciion

The discharge below the junction of channel 4 and the
channel above 5A is computed from the longer time of
concentration (10 min.) of the two areas. The intensity
(fig. 6) for a 10-year return period and 7.=10 min. is 6.0
in. per hr. The discharge for point 6B is:

Q (above 5A)=10.7X6.0X1.0=4.2 ¢c.f.5.
@ (channel 4)=0.7X6.0X0.4=1.7 c.f.8.

Total @_.._....___..._59cts
#
Point 6C (Sta. 61)

This channel must earry the runoff from above point
5B plus the contribution from the triangular area to the
left of the channel (A=19 acres, H=110 ft., L=1,200 f$.),
plua the runoff from the roadway area (A==1 acre, weighted
C=0.66) betwean channel 5 and the center of the left lane.
The T. for the roadway area is obviously much lees than
that of the larger area to the left of the channel and need
not be computed as it runs off concurrently. 7, for the
runoff above point 5B was computed as 10 minutes. This
runoff must flow down to point 5C in the toe-of-slope
channel (L=700 ft., H=245 ft.). This requires 4
minutes (fig. 5) or & total T, of 14 min. T for the 19-acre
area is:

H=100 ft.
L=1,200 ft.
T, =5 min. (fig. 5)

The runoff from the two areas is concurrent and ordi-
narily the longer T would be used. i (fig. 6)=5.1 in. per
hr. for a 10-year return period and T,=14 min.

The conventional computation is made by recomputing
the discharge of the separate areas using an i correspond-
ing to a T, of 14 min. and adding the discharges rather
than computing a weighted C for the entire area above
point 5C. This discharge is:
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Above point 5B:
At point 4, Q=0.7X5.1X0.4=1.4 ¢.fs,
At point 5A, @=0.7X5.1X1.0=3.8 c.f.5.
5.0 o.f.8.
Between pointe 5B and 5C:
Q=0.4 X5.1X19.0=38.8 c.f.5.
0=0.86X5.1X 1.0= 3.4 c.fas.

42,2 o.f.8.
Total Q for point 3C=47.2 c.f.s.

The discharge estimated by the conventional method is
probably low because 19.0 acres of the total 21.4 acres has
8 T, of 5 minutes and 4 minutes are required for the flow
to reach point 5C from point 5B (1.4 acres, T.=10 min-
utes). It appears likely that the peak at point 5C will be
reached before the total area is contributing because this
would take 14 minutes.

Extreme precision is not warranted in determining the
combination of contributing area (CA) and rainfall in-
tensity (s) that would produce the greatest peak runoff.
Neither the data available for & particular problem nor
the rational method are of sufficient accuracy to justify a
trial-and-error solution to the problem. In this problem
we will assume that the 5-minute time of concentration for
the 19-acre area will produce the greatest peak runoff.
In this 5 minutes (§=7.1 in. per hr.) runoff will arrive from
all of the 19-acre area and from the roadway area (1 acre)
between points 5C and 5B, plus that portion of the area
above point 5B that can arrive in 5 minutes. The con-
tributing portion of the area shove point 5B can be esti-
mated closely enough in most problems by assuming that
the contributing area bears the same relation to the total
area as the times of concentration of the respective areas.
In this problem after allowing 4 minutes for channel flow
time, only that portion of the area (total 7T,=10 min.)
that can reach point 5B in 1 minute will contribute to the
peak discharge. This area is assumed to be one-tenth of
1.4 acres=0.1 acre.

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

Q=0.4 X7.1X19.0==53.9 c.f.5.
Q=0.86X7.1X 1.0= 4.7 c.fs.
Q=07 X7.1X 0.1= 0.5 cf.s.

Total Q... 59.1 c.f.8.

The design discharge is 59.1 c.f.s., the peak from the
partial area because it is larger than.the peak of 47.2 c.i.s.
from the total area.

Point 5D (Sta. 568)

The area to the left of the channel between point 5C and
5D is 17.0 acres (H =128, L=1,600 ft., C=0.4) and that to
the right is 1.0 acre (weighted C=0.65).

T, for the 17-acre area is:

H=128 it.
L=1,600 ft.
T=46 min. (fig. 5).



The T. for the area above point 5C iz 5 minutes plus the
time required for the water to flow from point 5C to point
5D (L=600 ft., H=8.5 ft., T=5.5 min). The total
T,=5 min.+ 5.5 min.=10.5 min. and from figure 6, i=3.9
in. per hr. The design discharge is:

Between points 5C and 5D:

Q (left side) =0.4 X5.9X17.0=40.1 cf.s.
@ (right side)=0.65X5.9X 1.0= 3.Bc.f.s.
43.9 cf.s.

Above point 5C:

Q=04 X59X19.0=448 c.fs.
Q=0.66X59X 1.0= 3.9ecfs.
0=0.7 X59X 0.1= 4.1-cfs.

52.8 c.f.5.
Total Q=96.7 c.f.5.

It will be noted that computations of weighted C, and
area once determined are used in successive eomputations.
It is interesting to note that the size of the channel at point
5C is computed for a discharge (59.1 ¢.f.8.) different from
the discharge (52.8 c.f.8.) contributed by the same area to
the design discharge of point 5D.

Computing Channel Section (See Sec. 4.8)

The following computations are for depth of water area
and do not include freeboard. The channel section at
points 5B, 5C, and 5D can be designed with chart 17
(using the Qn scale), reference 25, with much less work
than the method used here.

Point 54 (Sta. 68) above junclion

Q=42 ¢.f5., §=0.015, n=0.09, for gra.ss-hned channel
(table 2). The channel section is trapezoidal with a 4-ft.
bottom and side slopes 4:1 on the pavement side and 1%:1
on the cut-slope side. Data from reference 26 for the final

trials are:
d =06 ... 0.8 ft.
A=8.39 ... 4,96 sq. ft.
R=046____________._.___ .57 1,
V=118 i 1. 37 fps.
[ N | 6.8 «cfs.

A channel with a depth of 0.7 ft. will have a capacity of
aboul 5.4 ¢.f.s. which will carry the design discharge. The
data listed cannot be found directly in reference 26 because
of the unequal side slopes and the absence of a table of
velocities for n=0.09. However, the values of 4 and R
for a particular value of d can be taken from the table for
a channel with a 4-ff. bottorn and 1%: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 slopes. The velocity was taken from the table for
n=0.045 and divided by 2 to obtain the value for n=0.09.

Point 6B (Sla. 68) below junclion

0=5.9 c.f.8., §=0.065 n=0.08 (table 2).
The channel is at a fill section at point 5B and will have a
grass-lined trapezoidal section with 4-ft. bottom width and

side slopes 2:1. Data for the final trials from reference 26

are:
d =06 . - 0.4 ft.
A=312 ... 1.92 sq. ft.
R=047_ .. .33 ft,
V=2 85 o oemeemooo 224 f{ps.
Q=89 .. 43 s,

A channel with a depth of 0.5 ft. will have a capacity of
about 6.6 c¢.f.8., which will carry the design discharge at a
velocity which will not erode the grass lining (table 4).
Caution should be observed in selecting the value of n
for shallow depths in grass-lined channels. The value of
n changes with changes in either depth of flow or velocity.
It will be noted in table 2 that the worst condition (tall
grass) was used to compute the channel capacity. (See
sec. 4.8.) The best condition, mowed grass, should be used
to compute the velocity for checking the ability of the
lining to withstand the flow. The velocities in this channel
are well within the allowable velocity for grass and the
check is not necessary.

Point 6C (Sta. 61)
Q=59.1 c.f.5., 8=0.035, n==0.05, grass-lined trapezoidal

section with & 4-ft. bottom and side slopes 2:1.  Data for
the final trials from reference 26 are:
d=14_____________.. . 1.5 ft.
A=9582_ _ . ... 10. 52 sq. ft.
R=093.. . .- .08 ft.
V=53_______.___. s 5.5 fps.
Q=51 . . .. 57.8 ofs. _ OK

For checking permlsmbig velocity of the channel lining,
n=0.035 (table 2). The velocity with this n 1s approxi-

0.05
mately 0.035

that permitted, 8 f.p.s., in erosion-resistant soil (table 4).
The 7.9-f.p.s. veloeity is for the same depth of flow.
The velocity for the same discharge and an n=0.035 is
7.3 f.ps.

Point 5D (Sta. 65)

0=96.7 cfs., 8§=001, n=0.03, grass-lined trape-
zoidal section with 4-ft. bottom, and side slopes 2:1.
Data for the final trial from reference 26 are:

(5.5)=7.9 f.p.s. This velocity is less than

d= 2.1ft.
A=1T7. 24 sq. ft.
R= 1. 29 ft.
V= 59 fps.
=102 efs.

For checking permissible velocity of the channel
lining, »=0.025 (table 2). The velocity with this =

0.0
is approximately (6.9)=7.1 f.p.s. This velocity is

0.025
less than that permitted, 8 f.ps.,
soil (table 4).
Channel § from Sta. 68 to Sta. 65

The toe-of-slope channel can be kept at the same bottom
width {4 ft.) and side slopes (2:1) and the depth pro-
gressively inereased between the points for which compu-
tations were made. A freeboard of from 0.3 to 0.5 ft.

in erosion-resistant
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should be sufficient and a Bermuda grass lining is satis-
factory throughout the length of the channel. The berm
between the edge of the channel and the toe of the fill
slope should be sloped to drain into the channel.

8.6 Channel 6. The capacity of the mediaa swale and
the velocity of flow will be checked at Station 55 to
determine the feasibility of bringing the runoff from the
top of the hill (Sta. 76+ 30) to Station 55.

Estimating Runoff (See Ch. II}

The components of the formula Q=CiA are:
Weighted C (see see. 2.4-1.) F. C

pavement==__ . .- - o.oo_-- 24X0.9=21.6
shoulders= .o .o -___. 12X0.6= 7.2
BWale= .o 48X 0.4=19.2
84 48.0

Weighted Cooo oo =0.57

Note that the width rather than the area was used to
weight C, as the section was uniform throughout the
length. After computing T, 1 is read from figure 6.

Computation T, (sec. 2.4-2):

Crossslope| Channel Total Units or

reference
H= . 3.3 30.4 337t
[ A 54 2,030 2,084 it.

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

_ (84)(2030) _
A= 43,560 =3.91 acres

Then @=CiA=0.57xX5.1X3.91=11.3 e.t.s.

Computing Channel Section (See Sec. 4.8)

The median swale has a bottom width of 4 ft.; side
slopes, 6:1; grade, 1.5 percent; Bermuda grass lining; and
a depth of 3.3 ft. below the shoulder edge.

From table 2, for an estimated depth of 0.8 ft., and
estimated velocity of 2 f.p.s., n=0.05 for 2-in. grass, and
0.06 for 6-in. grass. The final trial is for an 0.8 ft. depth
(n=0.086).

A= 7.04 sq. ft.
WP=13.6 ft.

R= 0.52 ft.

V= 1.9 (reference 28).

Q=134 cfs.

The computed depth of flow, 0.8 ft., is less than the
available depth, 3.3 ft., and the approximate velocity,
2.3 f.p.s. (1.9X0.06/0.05), is below the permissible velocity
(table 4) for Bermuda grass. Thus, the design runoff
can be safely carried to an inlet at Station 55 and dropped
into the culvert at that location.

Note that this channel could have been designed by
chart 32 of reference 25 with much less work than was
required by the trial solution shown here, particularly
since the area, wetted perimeter, and hydraulic radius
had to bhe 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 mnot introduce
additional design problems.
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Appendix A—TABLES

Table 1. Values of Runoff Coeflicients (C) 1 u..d m- channels—Oontinued Msnning n
for Use in the Rational Method Mgh range
[ mmlh ........... 0. gls
Runoft E C'ood. plar ‘aclean' - Y Y R 111
Type ooeffi . Concrete-lined excavated rock:
of surlace o 1 Good mction_ . - 0.017-0.020
2. Irregular section. eeo 0,022-0, 027
jui R Unlgled m :llnndau t
art) orm section:
— § G ety compitd. hae
Concrete or sheet ssphalt pavement 0.8-0.9 ean, WeALHRTINE . . oo oo e
Asphalt macsdam pavement. 0.6-0.8 3. With short grass, few weeds --- 0. 022-‘)' 027
Gravel roadways or shoulders. 0.4-0.6 4. In gravely, soll, uniform section, clean . __........... 0,022-0, 025
Bare earth. 0.2-0.9 B. Eartt; vl::;ly ugxllrorm section: 0.072-0. 035
Htoop Erassed aroms (). -.-oooocoooean oo ahel 2 Grass, 806 WoGd5. o oeenmennnooioooo 1020200 0.025-0.030
Forested areas. ... 0.1-0.3 3. ged::e ;:eds or aglunt.lc plants in deep channels...._. g gg%ggg
. an, gravel bottom. . ..._._.___ -- 0 3
Cultivated s 0.2:0.4 .. D 5. Sides, clean, g o e —— 0.030-0. 040
T emvs or dre :
Urban Areas L 0.028-0.033
Flat residentisl, with about 30 percent of ares impervious. ... 0.40 - 0.035-0.050
Fiat residential, with about 60 percent of area lmperviou? ...... 0.56 D. T ane 4 on design section 0.035
M&L&;gt;ly steep residential, with sbout 50"pe:cent-<_>"t . 0.65 2. Ba%ed o.g% I?c‘ugl “x;lxie!an section: 0 035_0' ok0
a. Sme an 0 . A
M"dm“"y 7 steep bullt up ares, with about 70 percent of 0.8 By ———— X0
"""""""""" annels not maintained, weeds and brush uncu
Flat commerclal with about 90 percent of ares fmpervious. ... 0.80 1. Dense weeds, high 85 fow epth......... oo ... 0.08-0.12
= 3. Gloan hottom brush on sides, iighest siage of fow. - Sora
1 For flat slopes or permeable soil, use the lower values. For steep slopes or a0, Boltom on sides, highest siage of How....
tmparmoabl sol, use th higher viluss, = TR W mnﬁﬂﬁ;ﬁ'm““.ﬁf.i.ﬁewmﬁma vegeiton s O100M
8ee reference 12, pp. 4840 for mare de data. (values shown are for velocities of 2 and 6f.p.s.):
A, Daserml flow up t(;{ 0. 7tioo]t‘§ b buflal
_— A 1 uds grass, Kentuc uegrass, buffalo grass:
Table 2.—Manning Roughness Coefficients, n Y M‘;:fg ‘w tr?'él}chbe ______________ » utlo grass: 8 'g;:g‘ 825
0CheS. oo . 09-0,
Manning n 2. Good stand, any f
1. Ciosed condults: range a Length about 12incheS. .........._....__........ 0. 18-0.09
A [0 T g T 0.011-0.013 b. Length about 24 lnches ........................... 0.30-0.15
°°£§2‘ m;snfgm Ll H(”imomd ipe) 3 . qu“?:’g bout 12 frieh 0.14-0.08
- eqrruga on (riv pipe a. Length abou B8 e s . 14-0.
lin .............................. 0.024 b. Length about 2éinches_ .. _____________________ 0.256-0. 13
b Paved l.nvert (range values are for 25 and 50 per- B. Depth of flow 0.7-1.5 fect:
cent of mference paved): 1. muda gnss. Kentucky bluegrass, buffalo grass:
(1) Flowfnlldepth_._ ... ... ...... --- 0.021-0.018 8. Mowed to 2 inches...
(2) Flow 0.8 depth 0.021-0.016
<a) Flow Osdepth . 0.019-0.013 2. stand, any grass:
lln - 0.027 8. Length about 12 inches. .. 0.12-0.07
- 0.032 b. Length about 24inches. ... ____________________ 0.20-0.10
0.012-0, 014 3. Fair staud, any grass:
0.013 a. Langth 8bout 12 10Ches. o ovmevmevoeeeoommneoe.s 0. 100, 06
- 0.009-0.011 b. Length about 24 inches.......ooeiomaenoos 0.17-0.09
. Bri 0.014-0.017 Y. Street and expresaway gutters:
a. Monallthic concrete: A. Concrete gutter, troweled finish..._____________.________ 0.012
Wood forms, rough. ... 0.015-0.017 B. hait pavement:
2 Wood forms, smooth... maae 0.012-0.014 0.013
3. Steel brms ....... 0.012-0.013 0.016
H. C L Ie y walls
l Concmte ﬂoor and top-- weea 0.017-0. 022 0.013
2. Natural 0. 019-0, 025 0.015
1. Laminated treated wood 0. 015-0, 017
J. Vitrified clay liner plam - 0.015 - .- 0.014
. Lined open channels: ¢ Broom finigh 0.018
A. Concmus. with surfaces ns indicated: E. For gutura with small slope, where sediment may ac-
1. Form: finish 0.013-0. 017 cumulate, mma.lhbove valuesofnby..._......__ 0. 002
3. Trowe hnat 0.012-0, 014 VL Netaral wream channels: ’
3. Float finish. 0. 013-0. 015 Mino streams? (surface width at flood stage less than
4. Float finish, lomo gravelon bottom .. .. ... 0.015-0. 017 00 ft.):
5, Gunite, good section 0.016-0, 018 1. Fdrly regular section:
Gunite, Wavy B0CHON.. - e eeeememcerm e e e e 0. 018-0, 022 8. Bome grass and weeds, little orno brush__...._..._ 0.030-0. 035
B, Concraw bottom ﬂost-ﬂn!shed sides as indicated: Denae growth of weeds, depth of flow materially
1 Dressed stone in mortar. . 0. 015-0, 017 ter than weed height.. ...
2. Random stone in mortar 0. 017-0. 020 c. Some weeds. lght brush on banks.
3. Cement rubble Feome - d. Some weeds, heavy brush on bank:
4. Cement rubble mssonry, plastered - 0. 016-0. 020 e. SBome weeds, dense willows on bank:
§. Dry rubble ( AP _____ 0. 020-0. 030 {. For trees within channel, with branches
C. Gravel bottom, sides as indicated: at high stage, increase all above values | ) 2N 0.01-0. 10
1. Formed concrete 0. 017-0. 020 2. Irregular sections, with pools sligm chmnel meander,
2. Random stone {n mortar.. 0. 020-0, 023 increase values fn laeabout. ... 0.01-0.02
3. Dry rubble (riprap) . ...___ - 0.023-0.033 3. Mountain streams, no vegetatlon in channel, banks
D. Brick —...... e rmm——m——————— .. 0.014-0.017 au:tﬁg ateep.treesand brush along banks submerged
8!
8. Bottom o mvel eobbles. and (ew boulders ....... 0. 04-0. 05
Footnotes to Table 2 appear on p. 54 b. Bottom of cobbles, with large boulders. ._......... 0.05-0.07




V1. Natural stream channels—Coniinued

B. Flood plains (adjacent to natural strearms): M?:}éﬁ% n
1. Pasture, no brush:
a. Short grass. e - 0.030-0. 035
%ull{gghtmd o mumsm-—mm—emmmmemmmmemeso oo 0.035-0. 05
2. tivated areas:
B NO CTODummccccccoammnmmammmamearmssanaaanamanans 0.03-0.
b. Mature row cTops...- - 0.035-0. 045
¢. Mature fleld erops. .. ... - 0.04-0.05
3. Heavy weet:ls, s:l:atnered. brush. .. ... . 0.05-0.07
sh and trees:
+ Egmh?m 0.05-0.06
b. Summerd Sy 0.06-0.08
jum to dense brush:
5 :l:.d e%in 0.07-0.11
b. Summer 0.10-0, 16
6. Dense willows, summer, not bent over by curr 0.15-0.20
7. Cleared land with tree stumps, 100-150 per acre:
a. No sprouts, 0.04-0.05
b. With heavy growth of sprouts. 0.08-0.08
8. Heavy stand of timber, a few down
growth:
a. Flood depth below branches_ ... . .. oceeenoo- 0.10-0.12
b. Flood depth hes branches..__._____..o.eeooeon 0.12-0,16
C. Major Streams (surface width at flood stage more than
100 ft.): Roughness coefficlent is usually less than for
minor streams of similar description on account of less
eflective resistance offered by irregular banks or vege-
tation on banks. Values of n may be somewhat reduced.
Follow recommendation of note 7 if possible. The value
of n for larger streams of most re sections, with no
boalders or brush, may bein the rangeoffrom_. . ..._._.. 0.028-0.033

Footnotes to Table 2

1 Estimates are by Bureau of Public Roads unless otherwise noted and are
for maigll)t alinemeng. tﬁ sn;?ll litﬁrem in value of » may be made for
channel alinement other than straight.

t Ranges for secs. 1 through III are for good to fair construction. For
poor quality construction, use larger values of n.

Table 3.—Maximum permissible velocities in erodible
channels, based on uniform flow in continuously wet,
aged channels !

3 Friction Losses in Corrugeted Melal Pipe, by M. J. Webster and I,. R.
Metcald, Corps of Engineers, Department of the Army; published in Journal
of the Hydraulics Division, Proceedings of the American Soelety of Civil
Engineers, Vol. 85, No. HY 9, September 1859, Paper No. 2148, pp. 35-67.

¢ For important work and where accurate deberm}nni:tion of water profiles
1s necessary, the designer 18 urged to consult the following references and to
select n by comparison of the specific conditions with the channels tested:
Flow of Water i Irrigation and Similar Canals, by F. C. Scobey, U.8.
Department of Agriculture, Technical Bulletin No. 652, February 1939.
Flow of Water in Drainage Channels, by C, E. Ramser, bs. Department
of Agriculture, Technical Bulletin No. 128, November 1929.

8 Handbook of Channel Design for Soil and Waler Conservation, prepared by
the Stiliwater’ Outdoor Hydraulic Laboratory in cooperation with the
Oklahoma Agricultural Experiment Station, published by the Soil Con-
servation Service, U.S. Department of Agriculture, Publ. No, SCS-TP-6l1,
March 1957, rev. June 1054,

¢ Flow of Water in Channels Protected by Vegetative Lininga, by W. O. Ree
and V. J, Palmer, Division of Drainage and Water Control, Research, Soil
gogrservat{gg”&arﬁee, U.8. Department of Agriculture, Tech. Bull. No. 967,

'ebruary .

? For calculations of stage or discharge in nalural siream channels, it is
recommended that the designer consult the local District Office of the
Burface Water Branch of the U.S. Geological Survey, to obtain data regarding
values of n apflicable to streams of nniespeclﬂc locality, Where this pro-
cedure is not followed, the table may used as a gaide. The values of
7 tabulated bave been derived from data reported by C. E. Ramser (see
footnete 4) and from other incomplete data.

¥ The tentative values of # cited are principally derived from measurements
made on lairly 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 » must be increased to provide for the addi-
tional loss of energy caused by bends. The increase may be in the range of
perhaps 3 to 15 percent.

" The presence of foliage on trees and brush under flood stage will materially
increase the velue 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, » will increase with rising stage.

Table 4.—Maximum permissible velocities in channels
lined with uniform stands of various grass covers, well
maintained ! *

Maximum permissible
velocities for—
Material
Cla ‘Water Water
ar | earrying | carrying

water fine sand and

silts gravel

F.pa. F.p.as. F.p.a.
Fine sand (noncolloldal)..___._.._.___________ 15 2.5 L5
Sandy loam (noncolloidal) . 1.7 2.5 2.0
§ilt loam (noncolloidal)..... - T 2.0 3.0 2.0
Ordinary loam....... - 2.5 3.5 2.2
Voleanic ash____._ - 2.5 3.5 2.0
Finegravel. .. ________ - 2.5 5.0 3.7
Stiff clay (verycolloldal) . ... _______ 3.7 5.0 3.0
QGraded, loam to cobbles (noncolloidal) . ____ 3.7 5.0 5.0
Qraded, silt to cobbles (colloidal)...... - 4.0 5.5 5.0
Alluvia] silts (noncolloidal)..... 2.0 3.5 2.0
Alluvial silts {colloidal)..... 3.7 5.0 3.0
Coarse gravel {(noncolloidal}. 4.0 6.0 8.5
Caobbles and shingles.._____. 5.0 5.5 8.5
Shalesand hardpans.__.______.__._________ 6.0 6.0 5.0

! Asrecommended by Special Committee on Irrigation Research, American
Soclety of Civil Engineers, 1926, for channels with straight alinement. For
sinuous channels multiply allowable velocity by 0.95 for slightly sinuous, by
(&?’ for ﬁg%mmy sinuous channels, and by 0.8 for highly sinuous channels

+ P .
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Maximum permis-
sible velocity on—
Cover Slope range
Ercsion- | Essily
resistant | eroded
soils solls
Percent f-ps. 1.p.s.
0-5 P 8 P 6
7 5
6 4
Buffalograss. ... . eeeeiimaeas 7 5
Kentucky bluegrass___. . P 4
Smooth brome... . - 5 3
Blue grama.__. .- -
QGrass mixture. . . . 2 ;
Lespedeza sericea._ -
Ve :
ellow DI m.. -
Kudzu. .. ... N 11 2 1 S 3.5 2.8
Alfalfa. -
grabgrwl_-‘_.d...“ .
ommon lespedeza d__ -
Sudangrass $ ..o cecceeeen }0—5 Geees 3.5 2.5

i From Handbook of Channel Design for Soil and Water Conservation. (See
footnote 5, table 2.)

1 Use velocities over 51.p.8. only where good covers and proper maintenance
can be obtained.

1 Do not use on slopes steeper than 10 percent.

¢ Use on slopes steeper than 5 percent is not recommended.

s Annuals, used on mild slopes or as temporary protection until permanent
covers are established.



Table 5.—Classification of vegetal covers as to degree of
retardance !

[Nore: Covers classifled have been tested in experimental channels. Covers
uniform}

were green and generally
Retardance Cover Condition
Weeping lovegrass...._... Exi::llent stand, tall (average 30
Aceeonneenns Yellow bluestem Ischae- Exwllent stand, tall (average 36
mum, inches).

) » T QGrass-legume mixture—
fall, spring (orchard-
grass, redtop, Italian

B {

Very dense growt! cut.
Goh;oghsmnd tall (svenge 12

Good stand, unmowed.

Good h:?)nd tall (average 24

Good stand, not woody, tall
(average 19 inches).

Good hset;;nd uncut (avenge 11

Good stand, mowed (average 13
inches

).
Dense growth, uncu
Goo;ih stand, uncut (avarage 13

Falr citm.?ad uncut (10 to 48

Good stand, mowed (average 6
inches).

Good stand, uncut (average 11
inches;

Good stmd, uncut (6to 8
inches).

Veg dense cover (average 6

es).

Good stand, headed (6 to 12
inches).

Gozid stand, cut to 2.8-inch

Ex(aellegttl stand, uncut (average

Gfgd stand, “uneut Btob

Good stand, uncut (4 to 5
inches).

After cutting to z-lnch helght
Very good stan

cutting.
Good ?‘ttmd, cut to 1.5 inches

height.
Burned stubble.

' From Hamtbnok of Channel Derign for Soil and Water Conservation. (See

footnote 5, table 2
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Nomograph for solution of Manning Equation
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PREFACE

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

This reprint is identical with the 1965 edition of Hydraulic Design
Series No. 4 with the exception of a redesigned cover, revised preface,
and updated references.

Reproduced from
] best available copy.







