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Estimating Runoff

Estimating runoff and so s is a necessary first step in the desi

control facilities. Proper sizing of runoff conveyance facilities and se du-rm'

owIng 'I;urh 11:{ amount and rate of runoff and
the runcff. Erosion and s

&d to handle the anticipated flows :

retention structures depends on

ment ool T
quately and without unnecessar
Erosion control ,ali'ln..l-.-'-

nt in oversized facilities.

m pa:-_ of the drainaze system in a project. It 1s
expected :hut T.l'-r civil engineer d r.ﬂ_gnlm the roads and storm drains will also

wrary channel design. A soils engineer
ement is involved and, in any event

be responsib

gk |II1'I-‘ “-B-II

should be asl control plan. If a large settling

basin is proposed, rimes

the structure is properly design Ld for the geologic conditions al the site

This leptcr desc ~r1n--. as !“w.e ]T!.{Ihnd fur mlcuiahnr runoff by using the
i d in Chap. 5. Hydraulics of open

"‘1"'5. ¢ facihiies are not cow

1 ineer. Portions of

tem Ij.Ehl;;".'l p_u_-x ¢ss relevant ic control are discussed in C

For more thorough treatmer consult appropriate enginecTing h.‘

as those listed in the references at end of this chapter.

neer’s opinion is most important to ensure that

rational

channel Bow _"

'\LL.JJ ects ar

4.1
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4.1 ESTIMATING RUNOFF BY THE RATIONAL
METHOD

are several reasons for calculating runoff. T
« Sizing conveyance structures
» Selection of channel linings
= Sizing outlet protection (e g, riprap aprons

« Sjzing retention structures (2.g., sedimeni Das

This section discusses the rational method as a simple formula for finding

| average runoff. Any other proven me is also acceptable and can be

i % T e T
An erdSion Conirod propecL

41a The Equation

ional method a simple e
z Although the method has been applied t
km?), it is strongly recommended that it not be applie
acres (81 ha). (14) The equation is

Lo compule discharge Irom
larze as 3 mi” |

“
d to areas larger than 200

,;¢|=r_'._-'.'..1

= runoff rate, ft"/sec

" = runoff coefficient, a factor chosen to reflect such watershed charac-
{eristics as topography. soil type, vegetation, and land use

i = precipitation intensity, in/hr

= watershed area, acres

ors do not match but the
conversion factor needed to make the units on both sides of the equation the

; : 1 008 f4 fean T £ o
zame is nearly 1. A runoff rate of 1 acre-in/hr equals LO08 ft*/sec, I'he use of a

wersion factor of 1/1.008 is unnecessary in so approximate a relation as the

In Enslish units, the dimensic

] formula
units

s C % i (mm/hr) X A (ha)
g (m'fsec) = ——— _

IR0
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Steady rain

—————— i ————— ——— —— —— —
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=

Fig. 4.1 Graphic representation of time of concentration.

After a period that is specific to each w atershed, termed “time of concentration,
a steady-state ﬂm-. will occur as shown in Fig. 4.1. Time of concentration is
d r-wd az the he runoff from the most remote paﬂ of the

inage area to sideration. It is used to find the pr

cipitation intensity i, and it predicts the peak runoff rate Q-

The rational formula can also be m-f-.. to find an average flow rate from a
watershed. ‘1.1 hn_-u an average flow rate is required, as in the design of sediment
v throughout the duration of a storm is used

uces an estimate of average flow rate ¢,

L rainiall amounis vary Con

We know lrom exper 3
year. Every few years a large storm occurs. The return period is d-cl"'e'l az
average number of years between storms of given duration and Lnt+ nsity. l---r
example, at Fairfield, California, the rainfall rec ords show that every 2

can expect a 6-hr rainfall '.:'_'-'. irops 1.16 in (29 mm) of rain. Ever

can expect a 6-hr rainfall that -1:-_.:.~=' 291 in (74 mm) of rain. Two years
years are the return pe riods for the 6-hr rainfalls of those magnitudes. It
n]]k naot :Ivr:upbl-- to design a structure to handle the greatest rainfall l}..‘l ha=

It i= often more
large structure that wi w. However
ened by an overflow, the structure «-hndd be sized to handle the :-1';_e~u storm
cumct:—u‘l Th e r-s-r~"=-1 duration and intensity (such as the 24-hr, 6 1!1 storm) us ed

i ili he desien storm. Many jurisdicti
Those specifications w

to allow a periodic overflow than to :Ers:-

never o if human life wo

i

apply to permanent str
Erosion control structures may be temporary or permanent. Concrete chan-
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f"_arhrgr directly into per-
v temporary; they are used
Permanent structures must be
lesigning temporary stric-
127 choice should be based
on & \-..rpdrl--.ln of the risks and o d failure with the expense of
building a structure sized to a |.argrr c:ubt storm. If the cost of failure will not
be high and the local jurisdiction 1'*_1- ""ul. Epec -:-f" otherwize, a storm with a 10-
f temporary erogion control

manent st torm :'r.:...s T. r.n..-_—ci rna-..,: =

interval Is
measures,

The costs associated with failed svstems varv with site factors such as the
c]u.-rau- and geology, '-‘rad"nr' (cost of repairing
ut fill slopes), ':1E présence aseways on or near the site,
v toward sedimentation of water-

WAVS ;-md ﬂk&\. _FUT exﬂmp'( a Very T.En". layer of sediment deposited on grass
on a roadw ay may CARUuse haz-

nave N al "i.E"'-{" “[‘Ff' L5

= on & construction site

rdous driving conditions. Sediments d
may present a minor problem, but if the sediment fills the newly built storm
drain system and causes overflow onto a =lrf_-_-t additional cleanup costs are
mposed on both the developer and the local public works department. And if a
sediment basin discharges into a natural creek, the local flood control district or
public works department probably will be very concerned about siltation of the
hannel. In any location where the ¢ onsequence of '.n]un- iz high, temporary ero-
for a design storm larger

and sedimenl conirol struciures s

han |_“|_- i :\-1-ar return pl';'.."".\.-j SLOTTOL
One consideration favoring a more conservative choice of design storm is that,
1y permanent structures, d ¢ effects of failure are mitigated by secondary
ms. When a slorm drai sually be contained by
the curb and gutter system. If a terrac wi, the runoff may flow ove
a vegetatively stabilized slope with only
ften have no backup systems to li
eplor swale at the top of :
will be washed away. Gullies can f
have to be completely rebuilt. ('ull’;he of an undersized temporary sediment
5 ¥ considerable amount of sediment to

&

or damage. But temporary measures
ge if a failure does occur. If an inter-

the recently planted ground cover

an extent that the fill slope may

basin could release a flood
ate owners could sustain substantial
!E:e developer and the agency that

adjacent properties. Both p

stable slopes or with
s hazards by the soils engineer
ty of foundations and road-

v, but losz of topsoil ma ult to establish permanent

etation that will prevent A consistent local policy

in faver of preventing erosion t].lrl:'.;_, development will reduce long-term main-
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Estimating Runofl

advized in high-risk areas.

4.1c Use of @peux

The peak runoff, which is normally

W e Iy
L Lhe [

« (Check for potentially erosive velocities in unlined channels

ings that will not en wle

« Select channel lmae

yrotection

In these cases, the rational method is applied by using a peak precipitation
inlensity:

oess = L X loemy

Peak precipitation intensity iy is determined by estimating the time of con
centration for the drainage area and then finding the maximum rainfall intensity
urn interval. For example, if the time
hr, vou should use the peak 1-bhr r ]

for that time duration and design

of concentration for a watershed is -
intensity in your calcu The procedure for determining this time is
explained in Sec. 4.1g.

41d Useof 'Q.u £

An average flow Quy, rather than peak flow, is used to find the required surface
area of sediment basins and traps. The rational formula is still applied, except
ity i of the peak intensity is used:

that an average precipitation Inten

is determined by taking the total rainfall
vd duration (e.g., 10-year, 6-hr storm) and

Average precipitation intensity i
1rn period a

a specified storm rety

hours of durat

A 6-hr storm duration i= su :
sirike a reasonable compromise between being somewhat undersized during
storm peaks and being somewhat oversized during the rest of the storm
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30 ¢

=

(]
[
i

Fig. 4.2 Typical rainfall distribution and storm runoff during a 6-hr storm.

Sediment trapping efficienc
the immediate flow exceeds the average fow.
typical rainfall distribution and storm runoff for a
occurs at the top of the :ll.str]bul:mn CUrve; average inwn:z.it:,r is indicated by a
shed line. Only during a small portion & storm will the flow exceed average
Ihe graph was g by pl g ih hr incremental ra

neervation Serv

— ¥

An
aa

he se

torm in
| 6-hr (l!"‘-lgn storm 1.5tr|':' I

‘. se of average flow is a cost-saving measure. For the same design storm return
peak flow, which is b&ud on a ime of ("'"ll']{("l'llrd'[lll]]. is much
average flow of | using peak f
much larger than or
dure is described in Chap. 5.

41e Runoff Coefficient C

1 ihat = ey
hat will run off the

The runoff ¢oefficient C Lerm ¢
watershed. It is based on Ihu: permeability and water-holding capacity of the var
ious surfaces in the watershed. The @ value can vary from close to zero to up to

values. Lh.wlupu:d land, with its pave
[ CEE, }nq a hwh (' value. "L h*?h nnur. coeff

nt, ftops, and other impermeable sur-
cient produces higher runofl than

31
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TABLE 4.1

Hesidential
Single-fam
Multi units

Wlli

Industrial
Light area:
Heavy ares

Railroad vam

Unimproved

Concreie
Brick
Drives and »

Roofs

values

*From Portla

and shrub
and 0.30. ]
choose a v
to impermw
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TABLE 4.1 Rational Method C Values (1

Land use

W Areas 85 Sandy = flat, 2 510
y MNeighborhood areas 0. Sandy soil, average, 2-T% ] 1
f ) =4

sandy soil, steep, 7 (.15

Hesidential

3 ¢ | B
Suburban 0.25-0.40 cultural land, 0-30%
. = Bare backed s
Industrial Bare packed soil xS
Light areas 05008 - T

Heavy areas

i

Parks, cemeteries 1 125

Heavy, soil, no crop

Playgrounds 0.20-0.35 Heavy soil with crop 0.20-0.50
Failrad vard areas 02004 ) z0dl, DO Crop 0.20-0.4
= - 1t} op 10025
L nimproved arcas L1t

Streels

n in which Asphaltic £

lustrates a Concrete
5 Intensity Brick 7 B 2 ‘ ~30%"
= DREITED SMDES, -~ o0
cated Dy a Drives and walks 505 Smooth, impervious 0.70-0.90

o S Roofs 0.75-0.95 Rough 0.50-0.70

tal rainfall

ion Service Note: The desizoer mu
larger aseas with perme

orm return il
n, is much *Fram Portinnd Cement Association, Handbook of Concrefe Culvert Pipe Hydraulics, 15984, p. 45

eppropriste O value within the renge. Generally,
wegetaton should have lowest C values Smaller
o should be assigned b /

eas with dense sodls, mi

ak flow will

Zing proce
] rmeability, soil type, steepness,

the range given by conside
and vegetation.

For construction sites, when the soil is bare and the slope is less than 30 per-
cent, use the a;.:ri-:"'l‘.-.-:':-.! values in the table and consider soil conditions and

"Egt‘:&tl\ff cover, select a value

density of vegetatio
d areas under natural grass

from the ranges i-:.':" rows " for undisturbs
and shrub cover assign an appropriate “unimproved areas” C value betwe
and 0.30. If the slope gradient is greater than 30 percent, for example, 3:1 or '3 1,

choose a value in the ra 50-0.90 under “barren slopes.” Soil depth or dc}nx.-.
he ranges given; the C val

run off the
7 of the var-
xro Lo up to
time on the
igh C value
have low C
meahle sur-

runoff than

to impermeable rock t
is higher lor shallower =o ith mixed land uses, compute a wei
average of T.]w 1t'|d1'i-I'-|.L|Fl C ufl.lﬁs. as follows:

If area A = x + ¥, then

-alue within
ting € from
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\1 ot : ‘h.:ﬁ\ f /'?H-" C
o S A : /
s \ { 2
\ F e
i Vi
vl _.-/.
EXAMPLE 4.1
5-acre (6-ha) site with clay soil and the slope and stative conditions

Find: The C value for each land use and a weighted C value for the entire site.

Solution:

Site condition c

& acres (2 ha): 3:1 gradient, fill (pervious), hydroseeded 0.50
gh surlace)

4 halk: 2

ower end of each range was zalec

ase of The

1 is usually more pervious than a

flat on the 10-acre (5-ha)

C iweighted) = —————

1l during a storm

om dep

vary tremendous

al storm. Ma

with the average annual rainfall and the duraton of the mndmwid
stales |:'1_-.|r|p]|_¢ |][EL|}‘J|_I_._{IJ|,')I‘ In:i:..l Ney, duration, and intensit ¥ data, In LJ'.I..ut
nia, ""E Department of Water [{AH yurces (DWR) publishes precipitation data

records of rainfal

ore than 650 recording rain

wat the state. (2

TABLE 4.2 A«

Address inguiries

ALABAMA
K. E. Johnson Eu

ALASKA
AEIDC Universi
Alaska Climate (

TO0T A St

Anchorage, AR &
ARIZONA

The Laboratory
Arizona State U
Fempe, AZ B52¢

ARKANSAS

Department of |
Carnall Hall 10«
University of A
Fayetteville, AF

_"U Box 388

LORADOD
Climn:
Dept. of Atmos

Colorado State
Fort Collins, C
-_-_' NNECTIC!

LEnNeY

T, niversity of (

Storrs, CT 062
DELAWARE
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ire site.

(4 ha % 0.3) |
-

juring a storm.
¢ tremendously
il storm. Many

f State C

TABLE 4.2 Addresses «

Address '|I'l|,;|,|i!'ir".-i to “State Climato

ALABAMA
K. E. Johnson Environmental & Ene

Canter

ALASKA
AEIDC University of Alaska
Alacka Climate Center

ARIZONA
The Laboratory of Climatology
State University

. AL B5287

Tem

ARKANSAS
Department of Geography
Carnall Hall 104

University of Ark

i T

rayeliewiile.
CALIFORNIA

California Depl. of Water Resources
Division of Flood Management

P.0. Box 388

Sacramento, CA 55

COLORADO
Colorado Climate Center
Dept. of Atmospheric Science

Colorado State 1

Fort Collins, CO 80523
CONNECTICUT

Dept. of Renewahble Natural Resources
University of Connecticut, Box U-87
Storrs, CT 06268

DELAWARE

Department of Geography
Universily of Deleware

Newark, DE 19716

NOAA publications, plus some additional
data at county scales

Hourly precipitation and local
climatological data.
5-. 10-, 15-, and 30-min, 1-, 2-, 3., 5-, 12,

M4-hr maximum precipitation for
periods of 2, 5, 10, 20, 25, 40, 50,

200, 1000, and 10,000 vears and

PMP. Long-durat
available. The data, which is on

microfiche, is [rom 689 recording rain
auge: and 853 nonrecording ga

1 data i also

=

NOAA Atlas 2, Hydrometeorologi
Report Series—PMP, daily anc
precipitation data.

Real-time data from automated weather
stations around state. Statistical
Ivses of data from cooperating and

ocrder wealher stations

nded; services are limited
Will answer questions and locate dats
sources il readily available.




Location

Ecology Building

Tmiversity of Georgia
Athens, GA 30602

HAWAIL

Divizion of Water & Land Development

Dl_*'l'ﬂ. of lLand & :’\'atu:ul Resources

P.O. Box 373
Hoenolulu, HI 96809

wois State Water Survey
50, Station A

Champaign, 1L 61520
INDIANA

Department of Agronomy
Room 201.5 Poultry Science Bldg
Purdue University
afuvette, IN 47907

KANSAS

Dept. of Physics—Caldwell Hall
Kansas State University
Manhattan, K5 66505

Twvpe of date available®

Is sinde garnest

o represental

1. Moving averages

Hourly and daily rainfall data published

A available from the MNational

All official climate data for Indiana from

1801 to date on compuler disks and
tapes, including howrly precipitation

data

HPD publication and magnetic tape files
for these data. Mot funded as a service
ey and will not provide off-campus

service, but files are opean Lo all who
come to the office

Orono, MF

MARYLA
1123A, Jul
University
College P

MASSAC)

MINNES
Minnesot

MISS0U
Dept. of .
Universit
701 Hitt

Columbi:

MONTA
I,I'..,.. 5- i




15 only.

-1 8
tive of
"BLAEES

lished

, WC

tiomns.
-aight-
Very

‘urrently
o,

1z from
; and
tation

Meration
wa Series

nstorm
=2 (an
Paper
n be

ape files
3 service
[-campus
| who

om which

Lacation

LOUTSTANA

Dept. of Geography & Anthropology
Lousiana State University

Baton Rouge, LA 70803

MAINE

Pest Management Office
Cooperative Extension Service
491 College Avenut

Orono, ME 04475

MARYLAND

1123A, Jull Hall

University of Maryland

College Park, MD 20742
MASSACHUSETTS

Dept. of Environmental Management
Division of Water Hesources

496 Park Street

Morth Reading, MA 01864

MICHIGAN

MDA/ Climatology

417 Natural Science Bldg.
Michigan State University
East Lansing, MI 48824

MINNESOTA
Minnesota Dept. of Matural Resources
University of Minnesota

279 Morth Hall

St Paul, MN 55108

MISSISSIPPI

Dept. of Genlogy & Geography
Miszizzippi State

Mississippi State, M3 30762
MISS0OURL

Dept. of Atmospheric Science
University of Missouri-Columbia

701 Hitt Strest

Columbiz, MO 65211

MONTANA

Plant & Soil Science Department
Montana State University

Bozeman, MT 59717

Type of data available®

Hourly and excessive rainfall data for the

Detroit metropolitan area (sponsored by
South East Michigen Council of
Governments) and for two agricultural
watersheds near East Lansing. Also has
federal publications TEP-25, TP-40, and
Hywdro-35 for reference or to make 2
limited number of photocopies [rom.

File copies of data from the National

(Climatic Data Center.

Expects to publish a weekly precipitation

probability analysis in late 1985

Daily rainfall values for 120 locations for

the period 1948-1981.
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MNEW HAMPSHIRE
f Geography

Oeeanography
Cook College, Rutgers University

P.0. Box 231

New Bronswick, NJ 08903
NEW MEXICO
P.O. Box :
Mew Mexico Dept. of Agriculture
Las Cruces, NM B3003

NEW YORK

Nor st Regional Clix
Box 21, Bradfield Hall
Cornell University

I NY 14853

H CAROLINA

4 ih B A
{ Marine, Earth & Atmos

P.0. Box 3208
Morth Carolina State University

Raleigh, NC 27685-B208

'H DARKOTA

wth Dakota State Uni

Type of data available®

rainfall data,

nt of rain in a

S Weather Bureau
ncies and
ir es, Mational Climatic Data
Center publiched summaries.

ency Atlas of the

Volume I'V—Neuw
Mexicn, precipitation summaries for
various New Mexico locations, which
ncin 1 all by month

riy precipitat

45 stathons, p

Data can be obtained by writy

to state climatologist or calling (919)

37-3056.

1.5, Weather Bureau Technical Paper

OKLAHI

Oklzhom

rman,
OREGO!
Climatic

Oire; -

PENNS
No slate

RHODE

Dept of

Kingsto
S0UTH
SC.Wa
2230 Fo
P.O. Be
Columb
SOUTE
Agricul
South 1
Broo

TENN
Tennes
310 Ew:

Knoxvi

College
UTAH

VERM
Hills [

Uniwes



rain in a
her Hureau
ard

- Data

if the
New
wries for
=, which
ith

als on

ion data for
ublished by
1 by writing

ng (919)

d Paper

Location

OKLAHOMA
Oklahoma Climatolog
University of Oklahoma
710 Asp, Suite B
Norman, OK 73019
OREGON

RHODE ISLAND

Dept. of Plant Sciences

Room 3. Woodw ard Hall
University of Rhode Island
Kingston, RI 02851

SOUTH CAROLINA

2.0, Water Resources Commission
3830 Forest Drive

P.0. Box 4440

Columbis, SC 29240

SOUTH DAKOTA
Agricultural Engineering Dept
South Dakots State University

TEXAS

Meieorology Department
Texas AkM Un
College Station,
UTAH

Utah State Climatologist

Utah State University, UMC-48
Logan, UT 843
VERMONT
Hills Building
1 sity of Vermont

ersity
X 77843

—

Type of data available®

1.5, Weather Bureau T'gchnical Paper
MNo. 400

5 min to 24 hr rainfall amounts for
various locations in state, plus daily and

monthly rainfalls.

].8. Weather Bureau Technical Paper
Mo 40, The values in this publication

Hourly rainfall data published by
Mational Climatic Data Center;
estimated return periods for short-
duration precipitation

For data, write 1o Northeast Regional

Bax 21, Bradfi

e

Ithaca, NY 14553
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Type of dsta available”

VIRGINIA
Dept. of Environmental Sciences

Clark Hall

Irginia

. VA 22003

thes

ASHINGTON

yifice of the State Climstologis

Western Washington
Bellingham, WA 8225
WEST VIRGINIA

Dr. Stanley J. Tajchman

Forestry

. .'\-Iﬁl'.-t--_\r-:-'.l'u.::.- & Space Scid
1225 West Dayton St.
Madison, W1 53706
WYOMING

No state climatologist at this time.

Rainfall frequency and intensity data for
proximately 30 locations.

Data and graphs for apecific project sites
. For more general information,
1 the National Climatic Data

or all Wisconzin

stations. Reference library of federal
precipitation atlases and publications.

n other states, the office of the

data. Table 4.2 lists the addresses of state climatologists in 48 states. {(Penns

ogist compiles similar rainfall
il

vania and Wyoming did not have state climatologists at the time of writing.)
Local flood control and public works agencies can often provide many more rain

&, but the intens
ia DWR presants

tical way of presenting 3687 pages of
able from the DWR Publications O

av be imited or nonexistent

annually and are av
in Sacramento. (2) Detailed rainfall

intensity data for specific subregions of the state, such as the report prepared by
Rantz covering the San Francisco Bay region (9) may also be available.

Tabular precipitation data such
m which to de i
Rocky Mountains, f

Freguen

1in Table 4.3, is the easiest form

atlas maps of the 10-year, 30-min rainfall and the 10-year, 6-hr rainfall,

respectively.

e ———— el e ——re
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Call the Data Center in Ash M} 2 {
ordering. Az discuss
The National Environmental Data F';c.c"r..-h Service (NEDRES) publishes a ll'p\_:-'l. the

» | i 5 1& tvpes of a..'r'-:--'mrer I :'I'v'. i
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In-line access to the data base also tion T, tl
he two types of precipitation event, the

data (tables and maps) for computing 1 values. than will

EXAMPLE 4.2

upon the
be allowe

Find: The average precipitation inténsity § for a 10-year, 6-hr storm by using Table 4.3. T, at T,

Given: A site in Fairfield, California

the site i

To ca

an average

intensity of I.J 33 in/hr 15.4 rt.m.'hr".

EXAMPLE 43

Givenr A sit

Find: The maxim
average intensity

il Because
centratic
1 (36 and 41 resents 1
i MaXITRUm ‘f- 1 {._!‘1

Solution: In Fig
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oy Lhe duration ol |
Owerlar
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Solution: Using T
LE0 in (15 mm); a 2
e 0,80 in (20 mm); and a
find the 10-year, 45-min rainfall, we get 0.

the

is '-..’_:_l:l for a peak &
tion T, the channel will be oversized.
event, the shorter-duration events (suc

Because cha
centration does not necessa
resents the longest travel t
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cussed earlier

For si "."_'I.C" flow co

han will a Jonger-duraton

sized for a I'Lg ha-‘-e:-: u

e .p_l._mod for overland flow. Ba
t T. the runoff measured in

te in question.

of two parts:

+ Time for overland flo

conatruction

n the total precipit
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over the 6 hr, and calculate the averag
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e basis of site-specific f:

veraged

20-vear, 1-h

A

To calculate Gy, We need to use an
e;uenw of choice and a duration equal to

+* Channel flow time from the point

tion of the time of concentration

Overland Flow Time

Overland flow time is a fun

the rational method runoff ct_w"l‘v:lent {
teria (Fig. 4.5) can be used to estimate overland travel time. To use the nomo-

graph, follow these st

¢ Determine the distance from

intercepting channel.

a B-hr storm perio

OvVEr as

F0-min

-year, 1-hr &
By interpolating to
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750
5 A00
: § 400
& &
[

difference in

the hizhest and lowest points of
between Lhose points,
¢ Find or compute the C value.

s+ Enter the graph on the left margin with the overland travel distance; move

hi to the correct slope curve; m

ther [ nove down to the C value; and then m
wel Lo 1® n F
* Read the overland flow time from the right-hand scale

EXAMPLE 4.5
Given: A site 500 ft (162 m) long with & percent average slope and a © value of (.30

Find: Overland flow time

Solution: From Fiz. 4.5, the estimsated flow time s 22 min

Lstimating‘_ﬁ
Channel Fl

when a shor
to a sedimer
flow might |
travel time;
not erode tl
giruction si
lis v

hann

unproteciec

Two equ
equation an
civil engine

WDETE ¥ =
r =
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1 travel time
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mee; move to
1d then mowve

value of 0.30.

Estimating Eunoff

Channel Flow Time

Channel flow time can sometimes be ignored in calculating runoff. For example,
when a short, paved channel collects water from a broad gentle slope and drains
i a sediment basin, the channel travel time may be 2 min whereas the overland
flow might be 20 min or more. There are two important reasons to know channel
travel time: to assure adequate capacity and to be sure that the fow of water will
not erade the channel. Frequently. temporary diversionz and channels on con-
struction sites either are not lined or are not sized for the expected flow. If the
channel iz unlined and the velocity exceeds the maximum permissible value for
the soil type, the channel bed itself erodes, which further contributes to erosion
damage on and off site. If the channel is not large enough Lo carry the flow, the
runoff can overflow, form new chanfels that also erode, and severely damage
unprotected slopes.

Two equations are used to calculate the flow in open channels: Manning’s
equation and the continuity equation. These equations should be familiar to all
civil engineers. The Manning equation i=:

. TSt

n

where ¥V = velocity, ft/ssc
n = Manning roughness coefficient, dimensionless
r = hydraulic radius, ft, at the depth of flow, i.e., channel cross-sectional
area, ft2, divided by wetted perimeter, ft, A/WP
g = gverage streambed slope, in decimals

In metric units ks 12
n

where V is in m/sec, ris in m, and n and s are the same a5 above.
The continuity equation is:

Q=AXYV
where § = flow in the channel, ft"/sec (m%/sec)
A = cross-sectional area of the flow, ft* im?)
V = wvelocity, ft/sec (m/zec)

The Manning roughness coefficient n reflects the condition of the channel.
Tables of the coefficient can be found in handbooks used by drainage designers.
Typical values useful in erosion control work are shown in Table 4.4, For riprap-
lined channels, n can be determined from the following equation:

n = 0.0395d,"°

where n = Manning's roughness coefficient
dsy = median size stone in the mixture of riprap, ft (For dsy in meters, n =
0.0481d5"")

Figure 7.29 solves this equation graphically.
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By far the easiest way to estimate chs --JEl travel time as a contributing part
of time of concentration is to use the Handbook of Hydraulics. (1) Section 7 of
the handbook covers -_-1t--n.']1. uniform flow in  0pen ¢ rhannels and containz numer-

g & process becanse a fl

mus=t be assumed before a depth and velocity can be calculated. However, the
flow depends on the time of concentration, which, when it includes channel flow
time, itself depends on flow. A two-part (or more, if channel size is altered) pro-

-edure is used to solve for T, V, and @,

ind an imitial flow & [y base
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hook of Hydraulics to solve for
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estimate of velocity

#* Find chan

+ With the new T, find new

+ Use the Han
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d the revised estimate of velocity in the

channel size and capacity. If channe
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7.36. 7.37, and 7.39 also allow a direct check for erosive velocities based on
depth of flow and channel slope for several types of lining material.

If the Handbook of Hydraulics is not available, manual caleulation is possi-
ble, although laborious. A calculator helps make the process somewhat less time-
consuming. In this case, channel travel time is first calculated by assuming full
flow depth, and actual depth and velocity are found by iterative applications of
the eguations. Section 4.1h contains examples of the use of the rational method
to find & and examples of the ways discussed above to find the time of con-

centration T..

&

41h Examples of Use of the Rational Method

The following examples build on those already presented to illustrate how the

individual components of the rational equation combine to vield estimates of
witing part ! Qpeas. Examples 4.6 and 4.7 develop a @, based entirely on overland flow.
Example 4.8 is a simple average flow calculation. Example 4.9 is a complete cal-
culation of the adequacy of a channel. It includes computing & weighted C value
and overland flow time, approximating channel flow time and checking for capac-
ity and susceptibility of the channel to erosion, and using the Handbook of
Hydraulics to help solve Manning’s equation. Example 4.10 repeats the com-
putation in Example 4.8 without using the Handbook of Hydraulics.

ection T of
ins numer-

ause a flow
wrever, the
1annel flow

tered) pro-
EXAMPFLE 4.6

Givern: A 3-acre (1.2-ha) site in southern Tennessee.
Slope length of 500 ft (152 m)

the Hand- Average slope of § percent

C value of 0.30

n an initial T. of 22 min -
Detailed rain gauge data not available

Find: Peak intensity ipes for a 10-year storm for gizing of conveyance channels.

Solution; Detailed rain gauge data is generally available at major metropolitan centers.
1f this data has not been compiled or is not available, the Roinfall Frequency Atlas (B)ean
be employed. Refer to the 10-year, 30-min map and find 1.8 in (46 mm) of r=infall over
20 min. For short-duration events, at each halving of the time from 30 min, we recom-
mend a conservative azsumption of 90 percent of the preceding rainfall. Thus for a 15-
min event, the design rainfall would be 0.90 % 1.8 in = 1.62 in (41 mm} and for a 7.5-
min event it would be 0,90 % 162 = 1.46 in (37 mm).

The T. for this problem is 22 min. Interpolation between 15 min = 1.62 in {41 mm})
and 30 min = 1.4 in (46 mm) produces a design rainfall of 22 min = 1.70 in (43 mm).

jual to over-

ocity in the The result is

3mm __ &0 min

2 min hr

.

1.70 in - n
= 117 mm/ahr

y. If channel e = 55 min

» 60 min/br = 4.6 in/hr

g

i fic channal This fpee will usually result in a flow estimation higher than is likely to be encoun
+7 1. Fieures tered. However, s channel sized to handle a flow with such a short T, will generally serve
B a small area, and the total excess cost to the builder is likely to be very minor.
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EXAMPLE 4.7 The example is in two parts. In the first part we find Q.

Given: The site in southern Tennessee of Example 4.6.
C value of 0.30
inw = 4.6 in/hr (117 mm/hr) {from Example 4.6)
Area of 3 acres (1.2 ha)

Find: Pesk flow Q... for a 10-year storm

Solution:

L - { % loeak 1
= 14 T /=8 L1 m" et

his part of the example we find g,.,

te of Example 4.6,

Given: The southern Tennesse

Find: Average flow @, for 10-vear, 6-hr storm event.

Solution: First, ind i,.,. From Fig. 4.4, for 10-year, 6-hr precipitation inlensity:
10-year, 6-hr rainfall = 3.7 in (34 mm)
= 3.7 in/6 hr = 0,62 in/hr (16 mm/hr)

Qs

Basic, Step-by-Step Procedure for Applying the Rational
Method to a Channel Flow Problem

1. Determine drainage area.

2. Determine the proper C valu

-
]

3. Determine overland flow tim 5 with the slope length, slope
percent, and the C value to find overland flow time.

4. Find an initial { value based on overland flow time. Use Fig. 4.3 and calcu-
late { or, preferably, use rain gauge data from a nearby weather station.

Remember to convert inches ( millimeters) of rain for the storm duration to

inches per hour (millimeters per hour) to oblain intensity {

Compute initial §,..:

— o ————

-
i

10.

Estimat

Cor
flox
Den
Lra’
Hey
and

tra

EXAMI

Given:
Locat

10-ve
1=y
Drain
Degre

ren

Owerl

O
An




fandbook

for poten

15ity:

igth, slope

and caleu-
er station.
luration to

's equation
low in the

Estimating Hunofl

7.

8.

10.

EXAMPLE 48 Channel Flow Caleulations Using the Handbook of Hydraulics (1)

Given: The sample site and the channel cross section shown in Fig, 4.6

Location, southeastern corner of Michigan

10-year, 30-min rainfall of 1.4 in (36 mm)

10-year, 1-ht rainfall of 1.6 in {41 mm]

Drainage area of 20 acres (5.1 hal

Degree of development: rough graded bare earth on 70 percent of the walershed; the
remaining 3 percent in natural condition
Overland travel path characteristi
Overland travel distance, 330 fi |
Average slope of overland travel path, 5 percent

Compute channel travel time by dividing the channel length by velocity of
flow. Convert to minutes.
Determine total time of concentration: add overland flow time to channel

travel fime.

Repeat steps 4 through 6 for a second approximation of . depth of Aow,
and velocity, starting with a new i value bazed on the total time of concen-

tration from step 8.

Determine adequacy of channel size and lining: Compare depth of How with
channel size and compare velocity with the maximum permizssible velocity
in an unlined channel for the =oil typein the channel. If depth of fow plus
minimum freehoard is deeper tharrthe channel, choose a larger channel and
repeat the caleulations o verify the new size. If the capacity, but not the
lining, is adequate, select & more erosion resistant channel lining.

: - WL s (,-I;l,x

CTAE Undisturbed &Sﬂ

Fig. 4.6 Project area and channel geometry for Example 4.8
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Average channel characteristics

Cross-sectional ar ¥
Wetted perimeter: Wi
Hydraulic radius: r = A/WF

Find: Peak discharge for a 10-year return interval storm, depth of flow in channel, and

veloeity of fow in channel.

Solution:

T % 09 + (0.3 x 0Ll
& - — —_— — =

Srer 3. Owverland fow time. Overland fow time should be calculated

ular pr

pe length is

vegetated area, where the C value is 0.10. If the
v larger than the vegetated north end, we

the proper s

this example of a recta
slowesl overland flow will occur
south end of this slope had been
would have chosen the south end
Enter Fig. 4.5 with a length of

10 and read an overland travel time of mir

cantl

& overlund flow Lime.
59 m). a slope of 5 percent, and a C value of

A 20 ncres (8.1 ba)

Qo = C XX A

Estimatl

lowing et

where

For I
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orth end, we

a C wvalue of
i Frequency

10-year 1-hr
a rainfall of

n/hr |

£

7-11 {repro-
Iving the fol-

Estimating Runoff

lowing equation:

P

erdst s B*2 (in m) X &%

where b = base width of trapezoidal channel = 1 fit (0.305 m)

g = 7.99 ft'f=ec

Therefors, K7 = 1.13.
Find 1.13 in Table

n = Manning's row

4.5 in the column “2:1 sideslope™ and read /b, where [ = depth

@ (in ft"/sec) * n 1.486 % @ (in m¥/sec) ¥ n |

of water in channel and /b = 064, Since & = 1 ft (0.305 m), 0 = 0.64 ft {0.20 m).

Initial estimate of velocity. First, Table 45 (Table 7.1 in the Hondbook of Hydranlics)

provides the hydraulic radius by the formula

=il

where , = tabulated value
For /b = 0.64, find C, = 0.590 in Table 4.6 in column “2:1 side slope."'

r = 0.59(0.64 ft) = 038 %

Second, find velocity using Manning's equation:

Vv

v

[0.59(0.20 m) = (.12 m]

Sree 7. Channel travel time, in minutes:

L 1004 T

e
o
_ 1.49(0.52 ft){0.1414) | (0.24 m)(0.1414)
002 iz
= 547 ft/sec (1.7 m/sec)
[ 305 m

= 3 min

80V (80 sec/mi

StEr 8. New time of concentration: overland plus channel Lravel time.

This new time of concentration is about 8 percent greater than the initial estimate used

n)(5.47 ft/sec)

T, =37 4+ 3 = 40 min

to determine the ¢ value.

STEr 9. Repeat steps 4, 5, and 6 to find second approximation of Gp., velocity, and

| (60 sec/min)(1.7 m/zec)

= 3 min

depth of flow. Bagin with a recelculation of i based upon the new T, from step 8.
10-vear, 30-min rainfall = 1.4 in {36 mm])
10-vear, 1-hr rainfall = 1.6 in (41 mm)
By interpolation, 10-vear, 40-min rainfall = 1.47 in (38 mm)

; 1.47 in
i= -
40 min

Hevised Qe
Qpﬂ.r

G0 min 38 mm
= 2.21 in/hr | —_—
hr | 40 min
=0 xix A
[ 017
= 0.17(2.21 in}(20 acres) | —
= 7.5 it'feec {0.22 m /)

60 min

hr

360

7 mm)(E.1 ha) |

= 57 mm)

g
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2) 1.486(0.22 Er.mﬁ.:._u.ﬁ.

(1 ft)(0.1414) [(0.305 m)*)(D.1414) |
=106 (1.10)*

may be ignored in ¢ atin

slope is very small, then channe

Srer 10, Adequacy of chann
ft (0.405-m) depth will allow a safe freeboard of (.38 ft (0.12 m), or 4.6 in (12 ¢
the peak flow.

However, a velocity of 5.47 ft/sec (1. will be erosive. Maximum

1 3 aE i
ocity on ordinary firm losm, Carm Lt-lad I . 15 3D it /sec
whereas on stiff clay the mevim 0 fufsec (1.5 m/fzec

ximum permissible velocities in ool | cha Iz). In this case, = larger ¢

+

channel bed erosion

coarse gravel lining is used, n in Manning's equsa
changes from 0.02 to 0.03 and the calculated velocity drops to 3.6 ft/sec (1.1 m/sec)
channel size must again be checked for adequacy with the new velocity.

Modified Procedure for Solving Channel Flow Problem
without the Handbook of Hydraulies

If the Handbook

simultaneous eq can be 1 to calculate velocity. The step-by-ctep

wing proced

edure used in Exampl Is d: At step 4, instead of determining

Epess 0D the d nlv, assume full flow in the ch
and estimate a channel travel time before computing Qpe. Steps 1, 2, and 3 are

the same as given earlier.

channel fowing full, Find the velocit
by dividing length by ve

Srerd.  Asafirst approximation, assume v by using

Manning's equation. Compute ¢

e 5 Sum overland ] time o obtain t

* Bao
used,

tFigure 7.36, which shows maxzir
slopes, indicates that a |
Therefore, a lining should be in

=

n
=]
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EXAMPLE 4.9 Channel Flow Caleulations without the Handbook of Hydraulics

same site as Example 4.8 uses, However, let’s now change
what happens

This example uses th

Given:
the drainage channel slope to

o

Solution:

times fo
low time .
* channel A= bD + 2I¥

= 11} &+ Zi1) 0L30500.305) = 2(0.305%)]
Watted perimeter:
SR, -\I'l ]:l = k __—__ J I = -
#e Table i
1 + HIHV5 0.305 + MN0.305) V5)

yer chan- = 1 4+ TNV [0.3
ion.t If a

i = m)
equation
sec). The A q
r= — = = 155 ft 15 m
| wP 55
= 0BT {0.307
= [
— [y v
re bazed = 0.042
J= |]_'.'-Ste]:l e 1.49 % 2% w
L [ 222
arminmng n
ok i 5
s 1.49 (0.67){0.082) 032
. s 002 |
= 1.5 fit/sec {0.49 m./zec

i Channel travel time

| S 1000 fi
B0V (B0 sec/min){1.6 ft/sec)
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10-vear, 30-min =
10-vear, 1-hr = 1.6 in (41 mm)
10-vear, 47.4 min = 1.52 in (39 mm)
| -._ i L omm
STEF 7.
CxixA
= 6.5 i feec 19 m'/sec

The peak discharge from this drainage area is estimated to be 6.5 ft"/sec (0.19 m’
he discharge through the full channel cross

5 fu/sec (0,49 m/irec). This maxi

sec). By use of Manning’s squation in step 4

ulated to ha

tially ca

harge.

a channel of 3-

B m/sec) [since V = QA =

= (.68 m/sec)].

6.5t fec = 3 Mt )
velocities tells us that the channel would not flow full and the velocity would be some-

yp=oe T2 Q=AXV
i X Lo x P s I FE S '
Q=AX YV = — @ (in m"/sec) = —————

R = G5 .19 m"fsec)
— = 743 - 50

The eguation

Estimati

=i

of

equation
ing to th

For a
the dept

[he

Chiw

W

and sul

, "
wEEL.

S

depth
Tk

hamnr
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! {0.028-m%)
d - Q_."_q =
nismatch of
ld be some-

locity in the
We need to
1 6.5 [t fsec

0.032)

Estimating Runoff

Since 4 (fram step 4)
Since r = —— [from step 4]
inc wp e i
AY z o
273 =A¥| WP 1012 = A X '-_?}’_.l H
B A 5l 455
213 = e 012 = |

Since hoth the cross-sectional area and the wetted perimeler can be expressed in

terms of the channel depth, the equation can be solved algebraically. Alternatively, the
equation can be solved by iteration: substitute asessonable number and adjust it accord-

ing to the results.
For a trapezoidal channel with
the depth [) as
A=bD+2PP=1XD+20° (Q305mXD+ 2%

2-1 side slopes, the area can be expressed in terms of

The wetted perimeter can also be expressed in terms of depth as

WP = b+ 2D V& 4 1=1+2DV5 (0.305 m -+ 2D )

Choosing iteration as the solution method, we first try a depth of 0.5 ft. {0.24 m).

A = 0B 4+ 200.8%) = 2.08 (0.305 m)(0.24 m) + 2[(0.24 m)*] = 0.188 m’}

WP = 1 4 2008)(VE) = 458 [0305m + 2(0.24 m}{V/5) = 1.38 m]

and substituting into 2.93 X WE2E = A™ (012 X WP (inm) = A" (in m)] gives us

273(4.58%%) = 208%7 {012 [(L.38 m)*] = (0.183 m)5%)
753 > 339 (0,149 == 0.062)

Mext, try a depth of 1.5 ft {0.46 m}):

A=15+205) =6 {046m + 2(0.46 m)® = 0.88 m’

WP =1+ 2(156VE) = 7.7 [0305m + 2(0.46 m){ VB = 2.36 m]

2. 73(1. T = 0.12](2.36 m)*¥] = (0.88 w7
106 =< 198 {0213 - 0.808)

Sinee the left side iz now smaller rather than larger than the right side, we try several
depths between 0.8 and 1.5 £t (0.24 and 0.46 m).

The actual channel depth when discharging 6.5 ft*fzec (0,19 mY/sec) would be 1.15 1
{0.35 m). The cross-sectional area with that depth is 3.79 £t2 {0.35 m?). The more precise

channel velocity then is

Q=AxXV
B5 =379 x V  (019m'fsec = 0.35m® X V)
V = LT ft/sec {0.54 m/sec)

$he channel material were fine sand, Lhiz velocily would

According to Table 7.1, unless
_However, Fig. 7.36, which was based on different

not be erosive to an unlined channel
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experimental data and parameters, zhows that a lining is probably needed in the channel.
In deciding whether to install a lining, the prudent approach is to check both tables. If
gither table shows that a lining is needed, then a lining should be installed. Grester
weight should be placed on the maximum depth of flow table (Fig. 7.36), since the max
imum permissible velocity table (Table 7.1) assumes “aged” channels, and newly con-
structed channels on a construction site are unlikely to be in that relatively stable
condition.

However, the 1-ft (0.305-m) channel depth assumed in Example 4.8 wo uld not contzin
the peak flow with the flatter conditions of Example 4.9. Allowing for freeboard,
the channel in this last example should be constructed with a depth of at least 1.5 it
(0.46 m).

42 OTHER METHODS FOR ESTIMATING
RUNOFF

This handbook focuses on the use of the rational methed to compute peak dis-
charge from a small watershed. Brief descriptions of three other methods are
presented helow, and they are followed by a comparison of the methods. Any
reliable method to compute runoff can be used for drainage system design.

4.2a TUnit Hydrograph Method

The following description was taken from Rantz (10):

The unit hydrograph is a widely used device for relating runoff to storm pre-
cipitation and is described in all standard hy drology texts. The unit hydrograph
chows the time distribution of surface runoff resulting from a storm that preduces
1 inch (25.4 mm) of rainfall excess over the watershed in some selected interval of
time. Rainfall excess is defined as that part of the rainfsll that is availahle to pro-
duce surface runoff, after the demands of infiltration and surface retention have
heen met. That part of the precipitation that infiltrates inlo the gronnd or is
retained above ground is known as water loss.

The time interval used for the 1 inch (25.4 mm) of rainfall excess varies with
basin size and with the time response of runoff to rainfall. Tt may be as short as 1
minute for a small experimental plot or a5 long as 24 hours for a large slow-rising
river, but in practice it generally ranges between 5 minutes and 8 hours, Gziven the
unit hydrograph for a watershed and the precipitation distribution for a given
ctokm, the hydrologist can p:._u_iuc';:-, the resulting hydrograph of surface runoff.

The unit hydrograph for & gaged w hed can be derived from observed
hydrographs and the record from a recordi ingage in the bazin. From the char-
acteristics of the unit hydrographs for several gaged watersheds in a region, it is
then possible to derive synthetic unit hydrographs for use with ungaged
walersheds in the region.

Rantz continues with a discussion of design elements for synthetic unit hydro-
graphs and develops some adjustments to the unit hyd rograph for the effects of
urhanization.
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remains the simplest way t 1 estimates of peak discharge and average run-

off rates for the design of erosion and sed it control structures.

The unit hydrograph method, although more complex in application than the
rational method, has the advantage of ,_:nrfl‘.!du'll? a complete storm hydrograph
ling with a complex watershed,
orm hydrograph for each subw be computed independently by
the unit hydrograph method for subsequent routing down the main channel.
such direct procedure for combining flood peaks from subwatersheds is pﬂEs:hle
with the rat]u,m_l me thod. The complete storm hydrograph is needed for flood
lity sty dies.

ethod, according to Rantz, is

in des

rather than just the peak discharge Thus,

| — hed can
=il LAl

The chief weakne mit hydrograph m
that infiltration ]_1;'!-\.*1 is ml.'i‘:uu' to determine. Rantz tentatively related infiltrs-
tion to mean annual precipitation. He concloded that the unit hydrograph
method would give better results than the rational method, especially on larger
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REVIEW QUESTIONS -

1. What is the rational method equation?

I

What are some of the advantages
equation?

What other methods for com
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15. Why
natin
16. Give
Finu




andbook
'rul:E run-

1 than the

sdrograph
vatershed,
wently by
wmnnel. No
is possible
| for flood

» Rantz, i=
ad infiltra-
ydrograph

v On _i.'i:t I

mited area
38 accurate
for infiltra-
notl needed
d. Thus, in

rojecis. For
el to a con

k discharge

wide. How-
provide the
racteristics,
SCS model
f available,

te, easy-to-
ontrol plan-

onal method

—— e ——— e ——

11.

12,
13.

14.

15

Estimating Runofl e

4.39

What effect does h]l.'.lpl‘ steepness have on the " value? What effect does soil

depth have?

yfall intensity data?

What is the most reli

What local options for rainfall itensity information may be available?

nd peak precipitation intensity.

Describe how to determine
need? What reference materials

What informat:

-

What iz meant by the terms " and “overland flow

For what computation are they necessary

What are the two compo concentration?

at site factors influence over

How is the overload fow
land flow time?

How is channel flow time comput

0 EDow the %

Why is it importa
natives if the calculated flow or veloc

Given: A 4-acre (1.6- h._—_l site just no"th of ‘\eu &urkt ity,
} is 200 ft (61 m).

Longest
Average

E-Ellp-e =

Bare, smooth, packed earth

Find: C valoe
Overland flow time T_
Peak intensity i
Qoeak, 10-vear storm

For the site in Question 16, find the average intensity and average runoff

for a 10-vear, 6-hr storm.
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