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GLOSSARY OF DESIGN TERMS

Bypass - Flow which bypasses an inlet on grade and is
carried in the street or channel to the next
inlet downgrade.

Carryover - See bypass.

Chute - A steep, inclined open channel lume) .

Drainage inlet usually composed oY@a curb-
opening and a grate inlet.

Combination Inlet

Curb-opening Inlet- Drainage inlet consisting of a
the roadway curb.

Drop Inlet - Drainage inlet with a hg ' early
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Equivalent cross )
slope veyance capacity “equa o
compound ¢

f the given

Flanking Inlets - Inlets placed on either side of

an inlet the wepoint in a sag vertical
of these inlets are to
inte he slope decreases and
f the inlet at the low

to as exceedance interval,
interval or return period; the

me interval between actual occur-
re a hydrological event of a given or
gy@ater magnitude; the reciprocal of the per-
ent chance of occurrence in any one year
iod.

Frequency -

he portion of flow which passes over the
upstream side of a grate,

Frontal

- Drainage inlet composed of a grate in the
roadway section or at the roadside in a low
point, swale or ditch.

Grate Inlet

xiii



Gutter - That portion of the roadway section adjacent
to the curb which utilized to convey storm
runoff water. It may include a portion or
all of a traveled lane, shoulder or parking
lane, and a limited width adjacent to the
curb may be of different materials and have a
different cross slope.

Inlet Efficiency - The ratio of flow intercepted by an inlet to

total flow in the gutter.

Perimeter of a - The sum of the lengths of all sj

Grate grate, except that any side ad
curb is not considered a part

eter in weir flow computations.)

Rainfall Intensity- The average rate of rail r \a ected
time interval measured e@hour (m/h).

Runoff Coefficient- As used in the Ratio he ratio of
the rate of runoff to of rainfall.

bridge deck for the

Scupper - A vertical ,hp
. Sometimes, a

purpose of
horizonta

Side-flow -
Interception

Slotted Drain Hlet composed of a continuous slot

Inlets the top of a pipe which serves to
collect and transport the flow.
Splash oftion of the frontal flow at a grate which

ips or splashes over the grate and is not
ercepted.

Width of flow measured laterally from the
roadway curb,

Spread

The time of flow from the hydraulically
most distant point in the drainage area to
the design point under consideration.

Time of
Concentration
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PREFACE

This second edition of Hydraulic Engineering Circular No. 12
incorporates new design charts and procedures to more clearly
establish the interception capacity of roadway and median inlets.
Design aids were developed from data from the several research
reports cited in the text to apply to a wide range of design
conditions.

Design charts are distinguished from figures usc@Ato illus-

trate text material by designating the curves to be
design aids as Charts. Charts and tables are incl
text where introduced and discussed. 1Illustrative
provided to aid in understanding the use of the des

where appropriate.

ffom the
Metric
values are
owed by the
t\in parenthesis,

e front material for
examples, and

Unit notations adopted for this public
American Society of Testing Materials'
Practice," ASTM Designation E 380-76.
expressed in English units throughout, the
International System of Units )
Metric conversion factors are fuUrpali
conversion of English units used
Charts.

Xv



U.S. DEPARTMENT OF TRANSPORTATION

FEDERAL HIGHWAY ADMINISTRATION

DRAINAGE OF HIGHWAY PAVEMENTS

1.4 INTRODUCTION

ty. Water on the pavement slows traffic and contr acci-
dents from hydroplaning and loss of visibility fro
spray. Free-standing puddles which engage on
vehicle are perhaps the most hazardous beca erous

design of

torque levels exerted on the vehicle (;_)l
at loca-

the surface drainage system is particul
tions where ponding can occur.

r
ort

Discussion in this Circul’ is toVvthe subject of the
removal of storm water from high surfaces and median
areas., It does not include the, o stems which carry
the water from the inlet to i fudischarge. Information
on highway geometric de American Association of
State Highway and Transp ici@ls (AASHTO) policy (2).
Design charts were develop -
search on drainage inl i
Highway Administrati
laboratory (3-7).

In this Ci geometry as it affects pavement
drainage is dis Estimating storm water runoff for
inlet dgsi disscussed and then flow in curbed gutter
sectio of types of inlets, factors affecting

city, inlet interception capacity compari-
ts are included in sections 6 through 8,

Median, e and bridge inlets are discussed in section 10.
Finally, ced@fes for developing design charts for parabolic

ions and for standard inlet configurations and cross
slopes used a highway design agency, rainfall intensity curves
and equation®, and the derivation of the equation for mean
velocity in a gutter section are provided in appendixes.

roadway sed

1. Underlined numbers in parenthesis refer to publications
listed in the references in section 11.4.



2.8 ROADWAY GEOMETRY

Roadway design geometric features greatly influence the
feasibility of providing for satisfactory drainage of highway
pavement surfaces. These features include curbs, gutter config-
uration, longitudinal and lateral pavement slopes, shoulders, and
parking lanes. The effects of these geometric features on high-
way pavement drainage are discussed in the followinggsections.

2.1 Longitudinal Grades

It is more important to maintain a minimum lon

to avoid undue spread of storm water on the p er,
flat gradients on uncurbed pavements introdu
spread on the pavement where vegetation buil
pavement edge, It may also be difficult
fall in roadside channels to drain cut se

g’ the
ufficient
dians

Gutter grades should not be lgss percent for curbed
pavements, and not less than #.2"% nt 4 ry flat terrain.
Minimum grades can be maintain i filat terrain by use of a
rolling profile or by wagin ro lope to achieve a
rolling gutter profile.

ag vertical curves, a

d be maintained within 58 ft
curve. (As used in this

re only those between negative and
n two positive grades or two

This is accomplished where the

To provide adequate
minimum slope of @.3 p
(15.2 m) of the level
Circular, sag verti
positive grades.
negative grades

length o L/ divided by the algebraic difference in
grades, or less than 167 (L/A < 167). Although
ponding problem at crest vertical curves, a

Pavement cross slope is often a compromise between the need
for reasonably steep cross slopes for drainage and relatively
flat cross slopes for driver comfort. It has been found (1) that
cross slopes of 2 percent have little effect on driver effort in
steering, especially with power steering, or on friction demand
for vehicle stability.



Water on the pavement is the principal cause of loss of tire
contact with the pavement in hydroplaning incidents. Horizontal
drag forces are imposed on the vehicle by the water, and, if the
forces are unevenly distributed laterally, e.g., by ponding
against a curb, can cause hazardous directional instability (1).
Water depth on the pavement varies with pavement texture, length
of the flow path, rainfall intensity, and inversely with the
slope of the drainage path. The length of the flow path is
decreased and the slope increased with steeper cross slopes.
Therefore, adequate cross slope is a highly importagt counter-
measure against hydroplaning. An increase in cross
each successive lane of multilane facilities is an e
measure in reducing water depth on pavements. Wher icable,
inside lanes can be sloped toward the median; medi
not be drained across traveled lanes. A careful c
made of designs to minimize the number and leng
pavement sections in cross slope transition Sidera-
tion should be given to increasing cross sl g Wwertical

curves, crest vertical curves, and in secti £ longi-
tudinal grades. Where curbs are used, er sections
should be considered as an effective mea reasing

Shoulders are generally silo away from the
pavement, except with raised, nac Crossover from
superelevated curves to shoul i imited to 8 percent.

Table 1 shows the ¢ cross slope for various
conditions (2).

2.3 Curb and Gutter @esign

the geometrics of curbs and gutters
ircular and discussion here is
tg of* curbs and gutters on the drainage of

A complete ioh
is beyond the

limited

ght edge of pavements is normal practice
highway facilities. Gutters may be 1 to 6
are usually confined to a width of 1 to 3 feet

the curb. Gutter cross slopes may be the same as
that of theWRavement, or gutters may be designed with a steeper
cross slope VWusually 1 inch per foot (0.083 m/m) steeper than the
pavement. Curbs should be at the outside edge of shoulders or
parking lanes, if used. The gutter pan width may be included as
a part of the parking lane.

for low-S
feet wide



Table 1. Normal pavement cross slopes.

Range in Rate of Cross Slope

High-type Surface

2 - lanes 3.815 - 0.020
3 or more lanes #.015 minimum;
in each direction increase 9.005 - 0.010/lane

2.040 maximum

Intermediate surface d.815 - 0.030

Low-type surface 0.020 - 0.060

Urban Arterials g.015 - 0.030;
increase g.0

Shoulders
Bituminous or Concrete B.02 —~
With Curbs > 0804

Notes: (1) With curbs, the lower Fue
(2) With steeper gutters, er
permissible.

are questionable.
of cross slope are

is“ydesIrable to intercept runoff
raining toward the roadway
before it reaches théWhighw order to minimize the deposi-
tion of sediment ris on the roadway and to reduce
the amount of wa be carried in the gutter section.

Where practica

edtions at the edge of the roadway pavement
antages over curbed sections where curbs are

not nee control. These advantages include a

lesser h ic than a near-vertical curb and hydraulic
capacity dependent on spread on the pavement. Swale
sections paxticularly appropriate where curbs are generally

used to pr@@ent water from eroding fill slopes.

2.4 Roadside and Median Ditches

Medians are commonly used to separate opposing lanes of
traffic on divided highways. On undivided, multilane facilities,
median areas may be used as turning lanes or paint stripes may be



used to control indiscriminate left turns. Where practicable, it
is preferable to slope median areas and inside shoulders to a
center swale to prevent drainage from the median area from
running across the pavement. This is particularly important for
high-speed facilities, for facilities with more than two lanes of
traffic in each direction, and where snow melt from median areas
would flow across traffic lanes.

Roadside ditches are commonly used with uncurbed roadway
sections to convey runoff from the highway pavement
which drain toward the highway. Roadside ditches ca
on many urban arterials but can be used in cut secti
depressed sections, and other locations where drivg
intersections are infrequent. Curbed highway sect
tively inefficient in conveying water, and the ares
the gutter section should be kept to a minimuggims
minimize the hazard from water on the pavemg gctic-
able, it is desirable to intercept flow fro ¢ gl
toward curbed highway pavements.

2.5 Bridge Decks ‘

Effective bridge deck draind is 1 ant for several
reasons including the suscept1b111 f the deck structural and
reinforcing steel to co icihg salts, ice forming on
bridge decks while othe are still ice-free, and
the possibility of hydrep cks with little surface
texture. While bridge det€C s accomplished in the same
manner as drainage of ¢€d) roadway sections, they are
often less effective cause of lower cross slopes,
uniform cross slopes i€cY lanes and shoulders, parapets
which collect rel amounts of debris, drainage inlets
which are relat} d clogging of inlets and drainage

systems.

ng for adequate maintenance of deck

ter flow from roadways should be intercepted
hes a bridge. Where practicable, all deck drainage
rried to the bridge end for disposal. For similar
gradients and sag vertical curves should be avoided

drainag
drainage
before it
should be
reasons, z
on bridges.



3.0 DESIGN FREQUENCY AND SPREAD

Two of the more significant variables considered in the
design of highway pavement drainage are the frequency of the
runoff event for design and the spread of water on the pavement
during the design event. A related consideration is the use of
an event of lesser frequency to check the drainage design.

Spread and design frequency are not independen The impli-
cations of the use of a criteria for spread of one-ha
traffic lane is considerably different for one desig guency
than for a lesser frequency. It also has differen
for a low-traffic, low-speed highway than for a hig
cation highway. These subjects are central to the

highway pavement drainage and important to hi

3.1 Selection of Design Frequency and D

The objective in the design of aNdral em for a
curbed highway pavement sectio ] ruhoff in the
gutter and convey it to pavement i anner that provides
reasonable safety for traffic and estgl at a reasonable
cost. As spread from the curb,d s,\the risks of traffic
accidents and delays an cé possible hazard to
pedestrian traffic incre

ence interval and spread
arding acceptable risks of
cceptable costs for the drain-
ith water on traffic lanes are
es, high speeds, and higher

ith lower volumes, speeds, and

The process of selec
for design involves d
accidents and traffic
age system. Risks
greater with high
highway classifi
highway classifi

ary of the major considerations that
enter int ®On of design frequency and design spread.

1. The ¢ Sificgdation of the highway is a good starting point
in the@@gelection process since it defines the public's
expect@ions regarding water on the pavement surface, Pond-
ing on affic lanes of high-speed, high-volume highways is

contrary to the public's expectations and thus the risks of
accidents and the costs of traffic delays are high.

2. Design speed is important to the selection of design criter-
ia. At speeds greater than 45 mi/hr (72 km/hr), water on
the pavement can cause hydroplaning.



Figure 1.

3.

a major arterial.

3 icator of the economic
e hig@ay open to traffic. The
acWPdents increase with increas-

Projected traffic
importance of keepi
costs of traffic de
ing traffic volug

The intensity o bs/dvents may significantly affect
the selecti requency and spread. Risks asso-
ciated wi Ff water on pavements may be less in
arid areas igh intensity thunderstorm events

e neither the least nor last consideration.
ations make it necessary to formulate a ration-

al ap to the selection of design criteria. "Trade-
offs"\@Wetween desirable and practicable criteria are some-
times cessary because of costs. In particular, the costs
and fedsibility of providing for a given design frequency

and spread may vary significantly between projects. In some
cases, it may be practicable to significantly upgrade the
drainage design and reduce risks at moderate costs. 1In
other instances, as where extensive outfalls or pumping



stations are required, costs may be very sensitive to the
criteria selected for use in design.

Other considerations include inconvenience, hazards and nui-
sances to pedestrian traffic. These considerations should not be
minimized and, in some locations such as in commercial areas, may
assume major importance. Local design practice may also be a
major consideration since it can affect the feasibility of
designing to higher standards, and it influences the public's
perception of acceptable practice.

only through a storm drainage system, as in underp
depressed sections. The potential for ponding to
depths should be considered in selecting the Yo
criteria and in checking the design against
of lesser frequency than the design event,

SPREAD ON TRAFFIC LANES

RECURRENCE INTERVAL

Figure 2. Design spread vs. design recurrence interval.



Figure 2 shows the interrelationship of highway classifica-
tion, traffic volumes and speeds, and design frequency and
spread. The purpose of the figure is to illustrate that as the
risks associated with water on traffic lanes increase with
increasing speeds and traffic volumes, and higher highway class-~
ifications, the need to design for lesser spread on the pavement
and lesser frequency storm events also increases. A multi-
dimensional matrix or figure would be required to represent all
of the considerations involved in selecting design criteria;
however, figure 2 can be taken to present some of ghe factors
which enter into decisionmaking. The figure illust¥
high speed, high volume facilities, such as freeways
designed to minimize or eliminate spread on the tr hanes
during the design event. A relatively low recurrg in@@xval,
such as a 1lf-year frequency, is commonly used and
usually be limited to shoulders.

Spread on traffic lanes can be tolera requently and
to greater widths where traffic volumes an ds$¥re low. A 2-
year recurrence interval and correspond ads Mt one-half of
a traffic lane or more are usually «onsi imum type
design for low-~volume local raigs.

termediate types of
ample, some arter-
mes and speeds may not have
unoff without encroaching
an®es, an assessment of the
esign spreads may be helpful

The selection of design ori
facilities may be the most diffic
ials with relatively high tr ic
shoulders which will c¢
on the traffic lanes.
relative risks and costsg
in selecting appropri

3.2 Selection o

ually used in the design of depressed
sectiong asSesvis greatly influenced by Federal Highway
Admini i which has required the use of a 5@-year

freque ses and depressed sections on Interstate
highway water can be removed only through the storm
drain sy policy has also been widely used at similar

locations\@l@®r other highways. The use of a lesser frequency
event, su as a 5f-year storm, to assess hazards at critical
locations ere water can pond to appreciable depths is commonly
referred toVas a check storm or check event.

The use of a check event is considered advisable if a
sizeable area which drains to the highway could cause unaccept-
able flooding during events that exceed the design event. Also,
the design of any series of inlets should be checked against a



larger runoff event where the series terminates at a sag vertical
curve in which ponding to hazardous depths could occur.

The frequency selected for use as the check storm should be
based on the same considerations used to select the design storm,
i.e., the consequences of spread exceeding that chosen for design
and the potential for ponding. Where no significant ponding can
occur, check storms are normally unnecessary. Where significant
ponding can occur in the area of Federal Emergency Management
Agency-insured buildings, a 1@@-year recurrence int
should be used for the check storm if the ponding co¥
buildings to flood.

A criteria for spread during the check event
desirable. Two criteria which have been used are:
to traffic during the check storm event, and
water during the check storm event. These sub~-
stantively, but each sets a standard by whi :
evaluated.
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4.4 ESTIMATING STORM RUNOFF

Areas contributing storm runoff to highway pavement drainage
inlets are usually small in size. Curbed highway pavements are
not designed to convey large discharges and water on the traffic
lanes impedes traffic and impairs highway safety. It has been
considered good practice, therefore, to intercept flow from
drainage areas of substantial size before it reacheg the highway.

The most commonly used method for estimating ru
highway pavement drainage is the Rational Method.
years, however, digital computers have made it posg
more sophisticated methods. 1In general, the metho
complex, take more computer time than is warranted 3
of pavement drainage, and the improvement in i oblem-
atical (8).

4.1 Rational Method

to in American
tional formula is:

The Rational Method was fist
literature in 1889 by Kuichling® (

Q = KCiA (1)
where: Q = the peak ru (m3/s)
K=1 (8.00275)
C = a dimensionless fficient representing
character he) watershed

= the aver

[
!

intensity, in/hr (mm/hr)
a1’ to the time of concentration
ence interval recurrence chosen

acres (hectares) (18).

As bcit in the Rational Method are (9, 11):

1. The ff resulting from any rainfall intensity Iis
grea when the rainfall intensity lasts as long or longer
than time of concentration.

2. The pr bility of exceedance of the peak runoff rate as
computed is the same as the probability of the average
rainfall intensity used in the method.

3. A straight-line relationship exists between the maximum

rate of runoff and a rainfall intensity of duration equal to
or longer than the time of concentration, e.g., a

1]



2-inch/hour (5 mm/hr) rainfall will result in a peak dis-
charge exactly twice as large as a l-inch/hour (2.5 mm/hr)
average intensity rainfall.

4, The coefficient of runoff is the same for storms of all
recurrence probabilities.

5. The coefficient of runoff is the same for all storms on a
given watershed.

Use of the Rational Method is described in refe
(12), and elsewhere in the literature.

ces (10),

4,1.1 Coefficient of Runoff

The runoff coefficient, C, characterizg recip-
itation, soil moisture, infiltration, deten glind slope,
ground cover, evaporation, shape of the other
variables, Various adjustments to the ve been

suggested (18, 12) to account for vagiabiW\ o prior
wetting and storm duration., F re i sSmall watersheds such
as those dealt with in the surfac of "highway pavements,
adjustments are probably unwarra . e values for various
surface types, which are assum@d™n during the storm,
are commonly used. Val en, in table 2.

Table 2. Values coefficient, C, for use in

the R

onal

Runoff Coefficient, C

Type of Su

shoulders

L] . . .

W IJAN W

[ SISO I SR O I
e o o o o

N = WEHF U
|
oo amey

Note: For flat slopes and permeable soils, use the lower values.
For steep slopes and impermeable soils, use the higher
values. See reference (12) for a detailed list of coeffi-
cients currently in use.




Where drainage areas are composed of parts having different
runoff characteristics, a weighted coefficient for the total
drainage area is computed by dividing the summation of the
products of the area of the parts and their coefficients by the
total area, i.e.,

_ CyA; + CoA, + ***° + CA
A

Cw

4,1.2 Rainfall Intensity

It is necessary to have information on the inf
duration, and frequency of rainfall for the locali
design in order to make use of the Rational Method

Precipitation intensity-duration-frequg drves
can be developed from information in the fo 3
Weather Service publications:

inute
Ceptral United

NOAA Technical Memorandum NWS HYDRO-35,
Precipitation Frequency f‘ Ea rn
States," 1977.

NOAA Atlas 2. Precipitationsitlas the tern United States,
1973.

Vol. I, Montana Vo
Vol. IV, New Mexico Voidw
Vol. VII, Nevada Vo Iy
Vol. X, Oregon

Technical Paper 42,
Technical Paper 43
Technical Paper

vol. III, Colorado
Vol. VI, Utah

Vol. IX, Washington
Yifornia

d Vvirgin Islands, 1961

pitation and frequency information
iddtes and less for the 37 States from North
stward. For durations greater than 60
publication is applicable for the above

HYDRO-35 ¢
for durdimions of
Dakota 3
minutes)
States:

49. 48 contiguous states, 1961.
f-est differences between HYDRO-35 and TP-4¢ are in
the 5-min maP in which values differ substantially in Maine,

parts of the northern plains, along the Gulf Coast, and along the
Atlantic Coast.

Maps from HYDRO-35, an example development of an I-D-F curve

13



and a procedure for developing precipitation intensity-duration
equations are included in Appendix A.

The 11 volumes of NOAA Atlas 2 replace TP-40 for the eleven
western conterminous States. Investigations for the Atlas were
undertaken to depict more accurately variations in the precipita-
tion - frequency regime in mountainous regions.

It is impractical to include maps from the 11 yolumes of
NOAA Atlas 2 in this Circular because of the numbe
the maps. Differences in values from TP-4g, particu
areas of orographic influences on precipitation, maj advis—
able for agencies to develop new I-D-F curves baseg Qrma-
tion taken from the Atlas. An example development
curve and equations for the curves are included in

4.1.3 Time of Concentration

takes for

t point in the
am./ An assumption
eak runoff rate

ong or longer than
the time of concentration
in order to select the

or use in the equation.

Time of concentration is defined as
runoff to travel from the hydraulically m
watershed to the point of refe
implicit to the Rational Method 1
occurs when the rainfall intensit
the time of concentration.
for the drainage area m
appropriate value of rai

o ®©

ets is comprised of at
overland flow time and gutter
annelized upstream of the
€rs the highway gutter, a third

The time of concen]
least two components.
flow time. If overl
location at which th
component is add

A thorough e University of Maryland (13) found
that t 1€ /method for estimating overland flow time
of conc e kinematic wave equation:

(2)

where:
verland flow length, ft (m)

Manning roughness coefficient

rainfall rate, in/hr (m/hr)

the average slope of the overland area
56 (26.285)

14



Chart 1 is a nomograph for the solution of the kinematic
wave equation for overland flow.

The kinematic wave theory is consistent with the latest
concepts of fluid mechanics and considers all those parameters
found important in overland flow when the flow is turbulent
(where the product of the rainfall intensity and length of the
slope is in excess of 500).

When using the nomograph, Manning roughness co@fficients of
§.013 for concrete and @.50 for turf were recommendew¥
these values are in close agreement with normal flo
Manning coefficients obtained from flow experimentg

surfaces are satisfactory for use.

In using the nomograph, the time of concg
rainfall intensity are unknown. The solutig eration
or trial and error., A value for i is firs
related time of concentration is read frgm
rainfall intensity must then be checked
for the frequency of the event chosen fo
problem, and the procedure repgated til
intensity is in agreement with %h i
time of concentration. Example

The assumed
~-D~-F curve

e agsumed rainfall
associated with the
the procedure.

Example 1:

Given: L = 150 ft
S = 0.082
n = @g.4 (tur
Design frequ y -1
Location: C@llorado rings, Colorado

Find: Overla low

Soluti
5 in/hr

(Chart 1)
in/hr (figure 29)

Try*™i = 3.5 in/hr
c = 20 min (Chart 1)
= 3.6 in/hr (figure 29)

Since the trial rainfall intensity is in close agreement
with the intensity read from figure 29, the time of concentration
for overland flow is 20 min. Use of Chart 1 in this example
requires that the second turning line be extended. A folded
arrangement of the turning lines would eliminate the

15
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need to extend the turning lines, but Chart 1 was adopted because
use of a folded scale is more complicated.

In order to find the time of flow in the gutter flow
component of the time of concentration, a method for estimating
the average velocity in a reach of gutter is needed. The time of
flow in a triangular channel with uniform inflow per unit of
length can be accurately estimated by use of an average velocity
of flow in the gutter. 1Integration of the Manning equation for a
right triangular channel with respect to time and tance yields
an average velocity for the channel length at the pS@at where
spread is equal to 65 percent of the maximum spread {88 channels
with zero flow at the upstream end. For channel s
flow rates greater than zero at the upstream end,
carryover from an inlet, the spread at average vel
given by table 3 (See figure 38, Appendix B), i

Tl 1ls

spread at the upstream end and T, is sprea ownstream end

of the reach of gutter under considerat art is a
nomograph to solve for velocity in a tri nnel with
known cross slope, slope and sgread lel 20111ustrates the

use of Chart 2 and table 3.

Table 3. Sprea ocity in a reach

of t

Ty/To 0.74,0.77,0.82|0.86| 0.90

ass flow from inlet upstream)
esign spread at second inlet)

Find: i of flow in gutter
Solution:
T
/Ty = g.4 N
T./T, = 8.74 (table
a’ 2215 x g.74 = 7.4 ft

T
v® = 3.5 ft/s (Chart 2) .
£3= 39@/3.5 = 86 sec = 1.4 min

17



— 0.004

- 0.005
- 0.006

—~0.008
- 0.01

- 0.2

V= I‘r:2 505 Sxo.es? T0.67

T —
q v <<=

_ 0.06 L 3

0

GIVEN

S =0.02 N //
Sx=0.015 bl
T=6FT
n =0016

FIND
vn =0.32 FT/S
V=195 FT/S

(FT/8)

©
Q
o

CHART 2. Velocity in triangular gutter sections.
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In practice, the two components of the time of concentration
are added to get the total time., For the examples here, the time
of concentration is 20 + 2 = 22 minutes.

The time of concentration for a drainage area composed
entirely of highway pavement is estimated in the same manner as
in the above examples. Because of the short distance of overland
flow, the total time of concentration for pavement drainage
inlets will be less than 5 minutes at most locationg where the
drainage area is highway pavement.

highway pavement, it is usually good practice to ij
flow before it reaches the highway gutter. Interc
by a cross drainage structure, a roadside ditch, ob
inlet. The time of concentration for such a i
computed by adding the time of overland flo
ally most distant point in the drainage are
in the channel from the point at which oger
channel, Chart 1 can be used as illustr
overland flow time component of the %ime
of many design aids available B sed
time. Chart 16, section 1#.1, 1sjgah
which can be used to compute fle pth channel. From flow
depth, the cross sectional ahk€aNof w, ¢an be computed and

velocity can be compute t coptinuity equation:

ime of flow
enters the
te the
ration. Any
compute channel flow
of the design aids

Q = AV (3)

cross sectj 6f flow, ££2 (m2)
velocity

where: A
\'

4.1.4 Computi uno

adnage area consisting of only one surface
ted as illustrated by the following exam-

R
draina
ple:

from

Example 3

Given: A hway in Charlotte, NC; a 32 ft width of pavement

dra toward the gutter

S = 09.0805

S, = 0.03

n = 0g.016

T = 8 £t (width of parking lane)
Sx = .05 (parking lane)

C = glg

19



Design frequency = 1§ yr
t, =5 min

Find: Rainfall intensity and runoff from 500 ft of pavement

Solution:
i
Q

7.2 in/hr (figure 34)
CiA = .9 x 7.2 x (32 x 500)/43,560 = 2.4 ft3/s

Computing the runoff from a non-homogeneous a is general-

concentration to the point for which the runoff i
determined. On some combinations of drainage ared DOSS—

ible that the maximum rate of runoff will occur f Pher
intensity rainfall for periods less than the 4 tra-
tion for the total area, even though only a i ainage
area may be contributing. This might occuy part of the
drainage area is highly impervious and : ime of
concentration, and another part is perv ) a much longer

of concentra-
et, sthe range of

kiIng the peak flow
the relatively small
y Pavement drainage, it can
el\of concentration for the
s of computing runoff.

time of concentration. Unless the areas
tion are considerably out of an
accuracy of the method does no

from only a part of the drainage
drainage areas associated winthANhi
usually be assumed tha
drainage area is appro

4.2 Other Runoff Estj

onvmodels have been developed in
terest in stormwater management for
. The more recent models require
ers and output runoff hydrographs

recent years bec
pollution and

from ip aldphyetographs and drainage basin data on
infilt , antecedent rainfall, and other physical
data. mainframe computer programs developed to
date are they are useful for flood routing and flood
storage Mg, but because of the approximations used for
inlet int§Weption, they are not particularly useful for pavement
drainage ign.

Other fPunoff estimating methods which do not require the use

of computers are also available, including the British Road
Research Laboratory method (TRRL), the unit hydrograph method,
and the Soil Conservation Service methods. The unit hydrograph
method requires rainfall and runoff data to develop the unit
graph and has little applicability to pavement inlet design.

20



The TRRL method can be used to estimate peak flow rates.
The method considers only the directly connected impervious
areas, i.e., impervious areas that drain to an intermediate area
that is pervious prior to interception are not considered. The
method requires a design hyetograph and mapping of isocrones, or
lines of equal time of travel to the catchment outlet. Runoff
computations are based on 108 percent runoff from impervious
areas from rainfall intensity increments corresponding to the
time interval between isocrones (l1).

The TRRL has little applicability to highway pa¥@ment drain-
age because inlet time is usually too short to deve socrones
for the drainage area, pervious areas are neglecteg
rainfall hyetograph is required. Where other impe

are combined with highway pavement drainage, the mé be
used.

The Soil Conservation Service (SCS) me echinical
Release 55 (TR-55) is based on numerous using the

able to

and provides
metliod has applica-
it has little

ethod can be used
for drainage areas which inchuide “a outsTde the highway
pavement, as for roadsi i rainage systems which
combine highway pavemen ther drainage. Applica-
tion of the method requiwm
groups, watershed area,
The 24-hour rainfall
selected from the SC
volume is determined
rainfall volume.
charge by use o
number and slop

SCS continuous simulation model, TR-20.
watersheds of 1 to 2,080 acres (0.4 to 8
a means for estimating peak di?l

tion where design for storage i

ious, and overall slope.
the design recurrence interval is
Ainfall Hyetograph and runoff
using runoff curve numbers and
e is then converted to peak dis-
obtained from charts relating curve
e area and peak discharge. Further

bé ‘made for the effects of imperviousness if
the use © ced that all effects of imperviousness are
accountéd
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5.0 FLOW IN GUTTERS

A pavement gutter is defined, for purposes of this Circular,
as the section of pavement next to the curb which conveys water
during a storm runoff event. It may include a portion or all of
a travel lane. Gutter cross sections usually have a triangular
shape with the curb forming the near-vertical leg of the tri-
angle. The gutter may have a straight cross slope or a cross
slope composed of two straight lines. Parabolic se@ions are

Modification of the Manning equation is necesdry use in
computing flow in triangular channels because the ¥
radius in the equation does not adequately describé
cross section, particularly where the top wids
surface may be more than 4¢ times the depth
compute gutter flow, the Manning equation 1 B0 ed for an
increment of width across the section (1 lting equa-
tion in terms of cross slope and spread , i

g.56 (0.016)
flow rate ft3/s (m3
width of f1
= cross slop
= longitudinal

where:

K
Q
T
SX
s

Equation (4) neg é€gistance of the curb face, but
this resistance is n igi a practical point of view if
the cross slope is_ 1

nd flow depth at the curb are often
r spa g pavement drainage inlets., Chart 3

is a n IWing equation (4). The Chart can be used

for eit i i ith the relationship:

(5)

can be used for direct solution of gutter flow where
value is 9.016. For other values of n, divide the
n. Instructions for use and an example problem
provided on the Chart.

the Mannin
value of On
solution are

5.1 Gutters of Uniform Cross Slope

The use of Chart 3 to compute flow in a gutter of uniform

22



Q =O—'ﬁ—6 56705 1267

0.016)

—r — .
N S
1<%, EXAMPLE:  GIVEN: 2
S N=0016; Sy=0.03 o
S=004; T=6 FT Osj_
0.2 FIND: 0.6 40
- Q =2.4 FT¥s 4
- 3
—O.1 w
— 0.08 Z 20
N - T(FT)
004 : 30 027
\\\\' SX }QD_: _"—|O
Y = "
«E B
L 0.1 F6
0.08 +
c -
< oo0s%
0.04 =
-7 +e2
0.02
il
-0.8
2 - 0008 —+
toa4
) For V-Shape, use the nomograph with 0.006
Sx=Syi Sy2 /( Sy1 + Syo) -
0.004 -
2) To determinedischarge in gutter with -0.2
~— W — Ts composite cross slopes, find Qs using
Qw :.Qs Ts and Sy. Then, use CHART 4 to
Sx find Eo. The total discharge is
e Q=Q¢/(1-Eo), and Qu=Q-Qg.

CHART 3. Flow in triangular gutter sections.
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cross slope is illustrated in example 4.
Example 4:

= 8 ft
= §.025
g.01
g.015
TS, = 8 x §.025 = 4.2 ft

Given:

T
Sx
S
n
d

Find: (1) Flow in gutter at design spread
(2) Flow in width W = 2 ft adjacent to the cu

Solution:
(1) From Chart 3, On = g.03
0 =0n/n = 6.03/6.0615 = 2.8 ft3/s

(2) T =8 - 2 = 6 ft
(On), = @.014 (Chart 3) (flow in i@Bb” outside

of width W)

0 = §.014/0.015 = 9.9 ft3)s

0, = 2.0 - 0.9 = 1.1 £@/S

Flow in the first 2 ft a onthe curb is 1.1 ft3/s and

se with Chart 3 to find the flow in
n total spread, T. It can be used
lope or a composite gutter slope.
e (0f . “the Chart is illustrated in example 5.

Chart 4 is p
a width of gutte
for either a st
The procedure fo

wn

7.0825

Gut@&r depression = 2 in = @g.167 ft

W = ft

Sw = (B.167/2) + 0.025 = 9.188

S =0.01

n = 0@g.015

d = TS, + 2/12 = 8 x $.625 + @8.17 = @8.37 ft

24



Eo=0w/0Q

CHART 4. Ratio of frontal flow to total gutter flow.
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Find: (1) Total gutter flow
(2) Flow in the 2 ft depressed section

Solution:
T - W

8 -2 =6 ft
an 1

#.14 (Flow in 6 ft section) (Chart 3)

Qg = Qgn/n = 9.014/0.815 = 8.9 ft3/s

W/T = 2/8 = #.25

s
wo_ 8.108 _ 4 35

d.0825
= §.69 (Chart 4)

Sx
Eo

(1) Total flow in the gutter sectionyg
Q = Qs/(l - Eo) = g.9/(1 -~ 0.69

(2) Flow in the 2 ft width, W:
Qw = Q - Qs = 3.0 s @09 = 2.

of\gutter flow in a
given spread or the
the Chart.

Chart 5 provides for a di?ct
composite gutter section. The (£l
spread at a known flow rate can b

Chart 5 is an exac
composite gutter section

of equation for flow in a
ta of the equation requires
a complex graphical solut? of graphical solutions
such as this, extreme ¢ e Chart is necessary to
obtain accurate resul ernative to Chart 5 is a series
of charts such as th in figure 3. A chart for each
depressed gutter is necessary, and it is impracti-
cal to include a nfigurations in this Circular. The

e pavement cross section is curved, gutter capacity
the configuration of the pavement. For this reason,
discharge- ead or discharge-depth-at-the~curb relationships de-
veloped for e pavement configuration are not applicable to
another section with a different crown height or half-width.

varies wit}

Procedures for developing conveyance curves for parabolic
pavement sections are included in Appendix D.
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Figure 3. Conveyance=Spread curves for a composite gutter section..
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5.4 Flow in Sag Vertical Curves

The spread of water in sag vertical curves is of concern
because occasional water on the pavement is hazardous. Spread on
the pavement should be examined where the slope is relatively
flat at either side of the low point of a sag vertical curve to
determine whether the spread is acceptable. It is suggested that
spread be checked at a gradient of #.3 percent.

Example 6:

Given: Q = 3.0 ft3/s
n = g.0915
S, = 0.025
on = g.945 ft°/s
S = §.003

Find: T

Solution:
T = 12 ft (Chart 3)

If, as in the example 4, ‘ti henvdesign spread is 8
ft, consideration should be giwe the gutter flow
approaching the low point. Sag. W ical es and measures for
reducing spread are further dji ss i'mJsections 6 and 8.

5.5 Shallow Swale Section

or traffic control, it may
small swale section of
runoff from the pavement in order

Where curbs are
sometimes be advanta
circular or V-sha

to avoid the int curb. As an example, it is often
necessary to co runoff on fills in order to protect
the emb Small swale sections may have
suffici i the flow to a location suitable for
interce} lled release, as illustrated in figure 4.

Chart 3 i compute flow in a shallow V-section and
Chart 6 i for part-circle sections. Examples 7 and 8
illustratsé procedures.,

Example 7:

Determine whether it is feasible to use a shallow swale
section in an 8-ft shoulder, given the following conditions:
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iiw
LNt

Figure 4. Use of a shallg

8 ft
1.5 ft3/s
0.01
0.016

Given: T
Q
S
n

Find: Depth of V-g

Solution:
S

X

= @g.042; d =4 x P0.042 = @.17 ft
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A swale section 8 ft wide and @.17 ft deep with an average
foreslope and backslope of @.04 ft/ft will be adequate to protect
the backslope.

Example 8:

Given the conditions in example 7, determine the depth and
top width of a circular swale with a diameter of 5 ft.

Given: S = @g.01
n = @.9816 3
Q = 1.5 ft”/s
Find: d, T
Solution:
D=5 ft
Qn - 1.5 x 0.016 = §.08832

p8/3g1/2 " 73.1 x 8.1

d/D = @#.86 (Chart 6)
d = 0.30 ft

2[2.5%2 - (2.5 - @
2.4 ft

T

séetions 5.1 and 5.2 illustrate the capacity
advantas sed gutter section. The capacity of the
section d gutter in the examples is 5@ percent
greater @b ; ¢ e section with a straight cross slope with
all othe held constant. A straight cross slope of 3
percent wd have approximately the same capacity as the compos-
ite sectiofwith a cross slope of 2.5 percent and a gutter slope
of 10.8 pe nt.

Equation (4), section 5.8, can be used to examine the
relative effects of changing the values of spread, cross slope,
and longitudinal slope on the capacity of a section with a
straight cross slope.
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#.56 1.67 0.5 n2.67

Q:

Let k; = n
g.56 sP+5 p2.67

1.67 _
Then SX = le

To examine the effects of cross slope on gutter capacity,
the following ratio is plotted in figure 5:

The effects of changlng the longitudinal slop.
capacity are plotted in figure 5 from the fo

Let ka = ln67 2.67
.56 S5,°° T=*
g.5 0,
Then ( ) = =
s, % 4
The following relatlonshl tted in figure 5 to illus-
trate the effect of cha of spread:
Let k4 =
2.67
71,
Ts

by /f£igure 5, the effects of spread on gutter
than the effects of cross slope and longitu-
o be expected because of the larger

: ude of the effect is demonstrated by the
er~capacity with a 19-ft (3.45 m) spread is 11.6
than with a 4-ft (1.22 m) spread and 3.9 times

at a spread of 6 ft (1.83 m).

fact tha
times gread
greater ths

The eff@cts of cross slope are also relatively great as
illustrated by a comparison of gutter capacities with different
cross slopes. At a cross slope of 4 percent, a gutter has 18
times the capacity of a gutter of 1 percent cross slope. A
gutter at 4 percent cross slope has 2.2 times the capacity of a
gutter at 2.5 percent cross slope. A gutter with a cross slope
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Figure 5. Relative effects of spread, cross slope, and
longitudinal slope on gutter flow capacity.
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of 6 percent has 6.3 times the capacity of a gutter at a cross
slope of 2 percent,

Little latitude is generally available to vary longitudinal
slope in order to increase gutter capacity, but slope changes
which change gutter capacity are frequent. Figure 5 shows that a
change from S = @g.04 to #.02 will reduce gutter capacity to 71
percent of the capacity at S = @.04. The capacity at extremely
flat gradient sections, as on the approaches to the low point in
a sag vertical curve, can also be compared with thegcapacity of
the gutter on the approach gradients, If an approa gradient is
2 percent, the capacity of the gutter in the sag ver
where the gradient is .35 percent is 42 percent of

on the approach grades,

&
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6.0 PAVEMENT DRAINAGE INLETS

Inlets used for the drainage of highway surfaces can be
divided into three major classes., These three major classes are:
(1) curb-opening inlets, (2) gutter inlets, and (3) combination
inlets. Each major class has many variations in design and may
be installed with or without a depression of the gutter.

Curb-opening inlets are vertical openings in the curb cover-
ed by a top slab.

Gutter inlets include grate inlets consisting g opening
in the gutter covered by one or more grates, and s
consisting of a pipe cut along the longitudinal ax
of spacer bars to form slot openings.

Combination inlets usually consist of urb-opening
inlet and a grate inlet placed in a side-by c iguration,
but the curb opening may be located in t reaiof the
grate.

cl eS\0f inlets are

Perspective drawings of t’ t
shown in figures 6 and 7.

ha een investigated by several
es\ ydraulic tests on grate
in is Circular were conduct-
e Federal Highway Adminis-
for testing were rated
three have designs and bar
icycle~safe, and a parallel bar

Inlet interception capacy
agencies and manufactur
inlets and slotted inlet
ed by the Bureau of Recla
tration. Four of the
highest in bicycle s
spacing similar to t
grate was used as

(4y,~ (5), and (6) are reports resulting from

this g arxech study. Figures 8 through 13 show the

inlet g design procedures were developed for this
Circula identification, the following descriptive
short no as been adopted:

P - 1-7/8 Parallel bar grate with bar spacing 1-7/8-in on
center

P - 1-7/8 - 4 - Parallel bar grate with bar spacing 1-7/8-in on
center and 3/8-in diameter lateral rods spaced at 4-in on center

(figure 8)
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Figure 6. Perspective views of grate and curb—opening inlets.
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SLOTTED DRAIN INLET

~ Figure 7. Perspective views of combination inlet and slotted drain inlet.
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P - 1-1/8 - Parallel bar grate with 1-1/8-in on center bar
spacing (figure 9)

CV - 3-1/4 - 4-1/4 - Curved vane grate with 3-1/4-in longitudinal
bar and 4-1/4-in transverse bar spacing on center (figure 180)

45 - 3-1/4 - 4 - 45° tilt-bar grate with 2-1/4-in longitudinal
bar and 4-in transverse bar spacing on center (figure 11)

on center
igure 11)

45 - 3-1/4 - 4 - 45° tilt-bar with 3-1/4-in and 4-ig
longitudinal and lateral bar spacing, respectively

30 - 3-1/4 - 4 - 3g° tilt-bar grate with 3-1/4-in
center longitudinal and lateral bar spacing, respe
12) ‘

Reticuline - "honeycomb" pattern of lateral g udinal
bearing bars (figure 13).

has also
dures adopted
ental work at
bghway Administration,
nce (15).

The interception capacity of curb- nle
been investigated by several agencies.
for this Circular are largely derived\fro
Colorado State University for

as reported in reference (14) an

6.1 Factors Affecting n)Capacity and

Efficiency on Conti

he flow intercepted by an
Ations. Under changed conditions,
en inlet changes, The effi-
ent of total flow that the inlet

et of conditions. The efficiency
ges in cross slope, longitudinal
fYow,» and, to a lesser extent, pavement
atdical form, efficiency, E, is defined by

Inlet interceptio
inlet under a given
the interception cap
ciency of an inlefgi

(5)

Q; = intercepted flow, ft3/s (m3/s

Flow that is not intercepted by an inlet is termed carryover
or bypass, (Qb):

39



17 CENTER TO CENTER

K Va" X 4" ™
o" BEARING BARS
- | 1é
f

-x
<+
O
o
o
o)
<
< i P-1-7/8-4 GRATE
) EXACTLY AS
= il SHOWN, P-[-7/8
o p 2 GRATE AS
- : SHOWN EXCEPT
O & FOR OMISSION
w o M OF 3/8
n TRANSVERSE RODS
o At

One inch is 25.4mm

FLOW

4ll

e 13 BARS 178" CENTER TO CENTER =‘]

w=15" TO 36"

o
<

Figure 8. P-1-7/8 and P-1=7/8-4 grates.

40



Tivi30 ¥30vdS 3did Y

11oM 6010

TIvi30 ¥3IOVHS 13348 LSVD

—
* i |
2 -
. n mhw.
AN ’
>
—_—
Mmo4
V-V NOIL1DJ3S
¥,
1

_t
(110420 235} 5299045 (2345 450D PIM g

QMN \

3
¥

il
F

M_. — e ——

| 4
I-*~ ——,9¢ 0L Gl

T T _.
Car
D T o 8
ASn T+ T
i Yok e 2
dittth s .
= § N T
dro Rt T y 58
37 \.H;_
M _ T | M
&HH_ +1 &
G T gz 2
gitto L . T
sesasn MESsss T T
pana) ¥ oty 11 —tt
M jrudl B o 1T T &
110 T 11 17,
o T e 1 T
- i vatl T Tl 1 T
3T 11 1T O
aghgnen Sy T T . .
[anagann) e 1 Ing ru.
. T T 1T Tl I
[asansns) amm 1 i yua
pisiied Sitis 1] B
§ 11T L WL | L v
asenuasl o e maw
N b W8y 0L b2 =1

“SPUD 440Q 4D PIPCIIYY POY \

Figure 9. P-1-1/8 grate,

41



b°'G2 st 4oul auQ

200 .m.
.. 74 .n.m
G10! x.!nn _ :
| E Y
6y on
Ay
, )
19— :
N i . [ -
f—%r— . nvu
> CYL N m
vl.Tn_ . ..i||.§.§ .. P\s: : H
- & _ :
3 & : :
NN - . 4_ y
# | e
.TH...: i J :
1= _ )
'I '; F
M )
= |, - !
e % _
o £.3 i
2 I
90 l._
1 i
I
_J
, sz
E
[

42



=~ 1%0

. 90 | ~——wd
) e a5y -
wuwyH'gg st TR -
9404b p-/|1-€-Gb @ JwIp 3sdY ] o
94016 p-p/|-2- Gy oup 953y | %o, -
m
902
———p04aQ 3G °
e - W.
M1 |

Mmod

o0 -y 05 wbaq
ﬁ||.2.. ]
—£98—| .mﬂn .__vl.n'_

L F—r— (.
: 4 S

’
Wf_‘f_
\4_/
E:
R

Rixa

]

T
~
.

- 28/,
"
|

I
VO U U U VO |

bk 2o L RE
P)
g 2
-\"/‘E—-Q‘MJ
Mt
=
=|

T
[N

L]

E
‘
,9€ OL ST

2

Ve
T
[N

Wui-

e

| S

@

43

Figure 11. 45° Tilt=har grate.
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0p = 0 - 04 (6)

The interception capacity of all inlet configurations increases
with increasing flow rates, and inlet efficiency generally de-
creases with increasing flow rates.

Factors affecting gutter flow also affect inlet interception
capacity. The depth of water next to the curb is the major
factor in the interception capacity of both gutter inlets and
curb-opening inlets. The interception capacity of grate inlet
depends on the amount of water flowing over the gra® the size
and configuration of the grate and the velocity in the
gutter. The efficiency of a grate is dependent on
factors and total flow in the gutter.

Interception capacity of a curb-opening
dependent on flow depth at the curb and curh

depressed
adjacent to
e curb line can
itywof curb openings.
e effectiveness of
as 5@ percent and,
terception by the down-
uced to near zero. If

y they should be recessed
rounded in shape as shown

use of a gutter depression at the curb-
gutter to increase the proportion of the
the curb. Top slab supports placedefilush
substantially reduce the inter £
Tests have shown that such suppo
openings downstream of the suppot
if debris is caught at
stream portion of the
intermediate top slab su
several inches from the\ch
in figure 14.

ssentially the same manner as
weirs with flow entering from the
s dependent on flow depth and inlet
dent on flow depth, inlet length and

Slotted inlets
curb opening inle
side. 1Intercep
length.
total g

Th apacity of a combination inlet consisting
of a gra phgside a curb opening does not differ
material of a grate only. Interception capacity and

e dépendent on the same factors which affect grate
efficiency. A combination inlet consisting of a
inlet placed upstream of a grate has a capacity
equal to tha of the curb-opening length upstream of the grate
plus that of the grate, taking into account the reduced spread
and depth of flow over the grate because of the interception by
the curb opening. This inlet configuration has the added advan-
tage of intercepting debris that might otherwise clog the grate
and deflect water away from the inlet.

efficienc
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Figure 14.

A combination inle¥
of a grate might appea
interception is necessa
than frontal flow and
(3.9 m) wide to cont
capacity of the comb
would be to use
total flow.

tages where 100 percent
grates intercept little more

Eicantly to the interception
gt. A more practical solution

in sag vertical curves operate as weirs up to
on grate size and configuration and as orifices
at greater @epths. Between weir and orifice flow depths, a
transition om weir to orifice flow occurs. The perimeter and
clear opening area of the grate and the depth of water at the
curb affect inlet capacity. The capacity at a given depth can be
severely affected if trash collects on the grate and reduces the
effective perimeter or clear opening area.

depths dep

47



Curb-opening inlets operate as weirs in sag vertical curve
locations up to a depth equal to the opening height. At depths
above 1.4 times the opening height, the inlet operates as an
orifice and between these depths, transition between weir and
orifice flow occurs. The curb-opening height and length, and
water depth at the curb affect inlet capacity. At a given flow
rate, the effective water depth at the curb can be increased by
the use of a continuously depressed gutter, by use of a locally
depressed curb opening, or by use of an increased cross slope,
thus decreasing the width of spread at the inlet.

g.4 ft (@#.12 m). Transition flow exists at lesser
empirical orifice equation derived from experimenta
used to compute interception capacity. Interception
varies with flow depth, slope, width, and 1len
spread.

6.3 Comparison of Interception Capaaity

In order to compare the in"c acity and efficiency
of various inlets on grade, it is ces fix two variables
that affect capacity and efficiene d im igate the effects
of varying the other factor. ngil1 I © shows a comparison of

curb-opening inlets, gra tt dpain inlets with gutter

s slope fixed at 3

up to 19 percent. Conclu-
i's figure are not necessarily
cross slopes, but some infer-
licable to other sets of condi-

ed for interception capacity com-

flow fixed at 3 ft3/s (8.8
percent, and longitudin

transferable to other
ences can be drawn
tions. Grate con
parisons in this

te€s the effects of flow depth at the curb
on curb-opening inlet interception capa-
11 of the curb-opening inlets shown in the
ion capacity and efficiency as the longitud-
inareased because spread on the pavement and depth
ecome smaller as velocity increases. It is accurate
to conclude at curb-opening inlet interception capacity and
efficiency woWld increase with steeper cross slopes. It is also
accurate to conclude that interception capacity would increase
and inlet efficiency decreases with increased flow rates.

inal slope
at the curb

The effect of depth at the curb is also illustrated by a
comparison of the interception capacity and efficiency of de-
pressed and undepressed curb-opening inlets. A 5-ft depressed
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curb-opening inlet has about 67 percent more interception capa-
city than an undepressed inlet at 2 percent slope, 3 percent

cross slope, and 3 ft3/s (0.8 m3/s) and about 79 percent more
interception capacity at an 8 percent slope.

At low velocities, all of the water flowing in the section
of gutter occupied by the grate, called frontal flow, is inter-
cepted by grate inlets, and a small portion of the flow along the
length of the grate, termed side flow, is intercepted. Water
begins to skip or splash over the grate at velocitj
on the grate configuration. Figure 15 shows that 1
capacity and efficiency is reduced at slopes steeper
slope at which splash-over begins. Splash-over fo =
efficient grates begins at the slope at which the ion
capacity curve begins to deviate from the curve of
efficient grates., All of the 2-ft by 2-ft (0
grates have equal interception capacity and

rate of 3 ft3/s (.08 m3/s), cross slope, o
of 2 percent. At slopes steeper than 2 ash-over
occurs on the reticuline grate and ®he 1 i capacity is
reduced. At a slope of 6 percgnt, ies/ are such that
splash-over occurs on all exce vahe and parallel bar
grates., From these performance ics curves, it can be
concluded that parallel-bar grate d thewurved vane grate are
relatively efficient at high i'es and the reticuline
grate is least efficie i ties, the grates perform
equally.

The capacity and i v/ of grates increase with increas-
ed slope and velocit i =over does not occur, in contrast
with slotted inlets ing inlets. This is because
frontal flow i creased velocity and all frontal
flow will be

pacity and efficiency of curb-opening and

slotted € with increased slope because of reduced
flow de . Long curb-opening and slotted inlets
compare th grates in interception capacity and effi-
ciency f£d ons illustrated in figure 15,

Figur@Al5 also illustrates that interception by longer
grates wou not be substantially greater than interception by 2-
ft by 2-ft ®W.61 x @§.61 m) grates. 1In order to capture more of

the flow, wider grates would be needed.

Figure 16 can be used for further study and comparisons of
inlet interception capacity and efficiency. It shows, for exam-
ple, that at a 6 percent slope, splash-over begins at about #.7

ft3/s (.02 m3/s) on a reticuline grate. It also illustrates
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that the interception capacity of all inlets increases and inlet
efficiency decreases with increased discharge. Figure 15, with a
fixed flow rate, shows decreasing interception capacity and
efficiency for curb openings and slotted inlets, and increasing
capacity and efficiency for grates with increased slopes until
splash-over begins.

This comparison of inlet interception capacity and effi-
ciency neglects the effects of debris and clogging on the various
inlets. All types of inlets, including curb-opening inlets, are
subject to clogging, some being much more susceptil than
others. Attempts to simulate clogging tendencies in
ratory have not been notably successful, except to trate
the importance of parallel bar spacing in debris
ciency. Grates with wider spacings of longitudina
debris more efficiently. Except for reticuline gr- R es
with lateral bar spacing of less than 4-in (g
tested so conclusions cannot be drawn from
debris handling capabilities of many grates ~
Problems with clogging are largely loca h
debris varies significantly from one loc®Ai afi@ther. Some
localities must contend with only a_small debris while
others experience extensive cl bnage inlets. Since
partial clogging of inlets on gr uses major problems,
allowances should not be made for n inlet interception
capacity except where local & rie indicates an allowance is
advisable.
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7.8 INTERCEPTION CAPACITY OF INLETS ON GRADE

The interception capacity of inlets on grade is dependent on
factors discussed in section 6.1. In this section, new design
charts for inlets on grade and procedures for using the charts
are presented for the various inlet configurations.

Charts for grate inlet interception have been made general
and are applicable to all grate inlets tested for Federal
Highway Administration (3 through 6). The chart fo rontal flow

intercept all of the frontal flow until a velocity
which water begins to splash over the grate. At v,
greater than "splash-over" velocity, grate efficie
cepting frontal flow is diminished. Grates al i
portion of the flow along the length of the gHeRe
flow. A chart is provided to determine sid terception.

One set of charts is provided for
opening inlets, because these inlets are
The equation developed for determining th of inlet
required for total interceptiosfi t \data for both types
of inlets.

t@rception capacity of
cases where it would
iotWcapacity of a grate only
gging of the grate is

A procedure for determipi
combination inlets is a
differ materially from t
and for use where partial
assumed,

7.1 Grate Inlets

Grates are fectl hway pavement drainage inlets where
clogging wi is’not a problem. Where debris is a
proble nwshould be given to debris handling effi-
ciency boratory tests in which an attempt was

made to simulate field conditions (3). Debris
handling s were based on the total number of simulated
"leaves" ving at the grate and the number passed. Results of

the tests summarized in table 4.

Grate Wlets will intercept all of the gutter flow passing
over the grate, or the frontal flow, if the grate is sufficiently
long and the gutter flow velocity is low. Only a portion of the
frontal flow will be intercepted if the velocity is high or the
grate is short and splash-over occurs. A part of the flow along
the side of the grate will be intercepted, dependent on the cross
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Table 4. Average debris handling efficiencies of
grates tested.

Rank Grate Longitudinal slope
3.005 J.04

1 Cv - 3-1/4 - 4-1/4 46 61

2 36 - 3-1/4 - 4 44

3 45 - 3-1/4 - 4 43

4 P - 1-7/8 32

5 P - 1-7/8 - 4 18

6 45 - 2-1/4 - 4 16

7 Recticuline 12

8 P - 1-1/8 9

slope of the pavement, the length of th low

velocity.

The ratio of frontal flow% t

Eo' for a
straight cross slope is expresse (7):
Q
E, = 2 =1- (1 - (7)
Q
where: Q = total gutten,E
Qp = flow in wd
W ft (m)

= width of

T total sp in the gutter, ft (m)

Chart 4, s i1on
for either stra

vides a graphical solution of Ej
opes or depressed gutter sections,

flow, Qg, to total gutter flow is:
E (8)

10 of frontal flow intercepted to total frontal flow,
sed by equation (9):

Reg = 1 .89 (Vv - V,) (9)
where: V = velocity of flow in the gutter, ft/s (m/s)
V, = gutter velocity where splash-over first occurs
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This ratio is equivalent to frontal flow interception effi-
ciency. Chart 7 provides a solution of equation (9) which takes
into account grate length, bar configuration and gutter velocity
at which splash-over occurs. The gutter velocity needed to use
Chart 7 is total gutter flow divided by the area of flow.

The ratio of side flow intercepted to total side flow, Ry
or side flow interception efficiency, is expressed by equation
(19):

1.8
Ry = 1/(1 + @.15V ) (12)
SXL2.3

where: L = length of the grate, ft (m)
Chart 8 provides a solution of equation (18).

arts
gt that a

ow where the
the grate
this defi-
hthes are high, side
ithout significant

A deficiency in developing empirical eg
from experimental data is evident in Chart
grate will intercept all or almost all
velocity is low and the spread only,.slig
width is not reflected in the Chart,
ciency is very small, 1In fac
flow interception can be neglect
error.

The efficiency, E, pressed as equation (1l1):

E = RgEj + Rg(1 -~ E (11)
side of equation (11) is the

to total gutter flow, and the

tercepted side flow to total side

gnificant with high velocities and

The first term
ratio of intercepted
second term 1is thegr
flow. The secon e
short grates.

capacity of a grate inlet on grade is equal

to the e grate multiplied by the total gutter

flow:
Q; = = QIRgE, + Rg(1 - Eg)] (12)

Use o harts 7 and 8 is illustrated in the following

examples.
Example 9:

Given: Data from example 5 in section 5.2
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Find: Interception capacity of:
(1) a curved vane grate, and
(2) a reticuline grate 2-ft long and 2-ft wide

Solution:
From example 5, section 5.2:
W =2 ft
Gutter depression = 2 in
8 ft
.01
f.825
g.69
3.0 ft3/s
3.1 ft/s

<SIOEWnn-g
o
/|

(1) Curved Vane Grate: R¢ = 1.9 (Chart 7)
(2) Reticuline Grate: R¢ = 1.8 Char

Both grates: Ry = 0.1 (Chart 8)
From Equation 12:
Q; = 3.8{1.0 x §.69 + ﬂ‘(l =W0.69 9 + g.43)

= 2.2 ft3/s

a rved vane grate is the same
t tated conditions. Note
;, the results would be

noff estimation method and

The interception capacit
as that for a reticuli
that if side interceptio
within the range of accura
gutter flow computatio

Example 10:
Given: T = 10 ft
= @g.02

iCwis not permitted

capacity:

8 grate; width = 2 ft; length = 2 ft
Retdeuline grate; width = 2 ft; length = 2 ft
Use length, L = 4 ft

= 6.6 ft3/s (Chart 3)
= 2/10 = .20

Ey, = @.46 (Chart 4)
V = 5.3 ft/s (Chart 2)
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(1) Rg = 1.0 (P - 1-7/8 grate) (Chart 7)
(2) Rg = #.9 (Reticuline grate) (Chart 7)
(3) Rf = 1.0 (Both grates)

(1) and (2) Rg = 0.04 (Chart 8)

(3) Rg = @#.17 (Both grates)

From equation (12):

(1) Q; = 6.6[1.0 x 8.46 + 0.04(1 < £.46)]
= 6.6(0.46 + .02) = 3.2 ft3/s (P - 1-7/8)
(2) Q; = 6.6[0.9 x 0.46 + B.04(1 - 9.46)]
= 6.6(0.41 + 0.02) = 2.8 ft3/s (retd e)
(3) Qi = 6.6[0.46 + §.17(8.54)]

3.6 ft3/s (both grates)

nt more
total flow as

The parallel bar grate will intercept
flow than the reticuline grate or 48 perce
opposed to 42 percent for the reticulin
length of the grates would not be cost-

elop design curves

It may be desirable for ade
procedure is pro-

for the standard grates used. <A
vided in Appendix E for this

7.2 Curb-Opening Inlets

Curb-opening in fective in the drainage of highway
pavements where flo curb is sufficient for the
inlet to perform discussed in section 6.1l. Curb
openings are rel of clogging tendencies and offer
little interfe c operation. They are a viable
any locations where grates would be in
1d _be hazardous for pedestrians or bicy-

urb-opening inlet required for total inter-
tter flow on a pavement section with a straight
cross slof@ is expressed by equation (13):

n
X

where: K = @g.6 (#.076 in SI)
Lp = curb opening length required to intercept 104
percent of the gutter flow
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The efficiency of curb-opening inlets shorter than the
length required for total interception is expressed by equation
(14):

E=1- (1 - L/Lp)te8 (14)

where: L = curb-opening length, ft (m)

Chart 9 is a nomograph for the solution of equation (13),
and Chart 1@ provides a solution of equation (14).

by
ed gut-

The length of inlet required for total intercep
depressed curb-opening inlets or curb-openings in
ter sections can be found by the use of an equiva

slope, Sar in equation (13).
Se = Sy + SyEg (15)
where: S/ = cross slope of the gutter meas the cross
slope of the pavement, Sy
= (a/12W) ‘
where: = gutter depression, igh(m

a
EO = ratio of flow in _the ection to total

gutter flow

pres
o compute the frontal

It is apparent tion of Chart 9 that the length
of curb opening req 1l interception can be signifi-

cantly reduced b i the cross slope or the equivalent
cross slope. Th cross slope can be increased by use
of a continuou gutter section or a locally depressed

gutter gection,

8] ent cross slope, S,, equation (13) becomes:
g.6
L (=) (16)
nSq
The ues of K in equation (16) are the same as in equation

Equation (14) is applicable with either straight cross
slopes or compound cross slopes. Charts 9 and 1§ are applicable
to depressed curb-opening inlets using S, rather than Sy

Equation (15) uses the ratio, EO, in the computation of the
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equivalent cross slope, Se+ Chart 5 can be used to determine
spread and Chart 4 can then be used to determine Ey,, as
illustrated in example 11,

Figure 17. Deprcy@e : Wy inlet.

Example 11:

Given: 2

S, = 0.93
S =0.03

Q

19-ft curb-opening inlet

a depressed 10-ft curb-opening inlet
in

2 ft

Find:

Solution:

(1)

8 ft (Chart 3)
r = 41 ft (Chart 9)
/Lp = 10/41 = 0.24
E = 9.39 (Chart 10) 3
0y = EQ = .39 x 5 = 2.0 ft7/s

[

63



(2) On = 5.0 x 9.016 = P.p8 ft3/s
S./Sg = (8.03 + 0.083)/0.03 = 3.77

T/W = 3.5 (Chart 5)

T = 3.5W = 7.0 ft

W/T = 2/7 = 0.29

Eo = @g.72 (Chart 4)

Se = Sy + SYE, = 0.03 + 0.083(8.72) = 8.09

L 23 £t (Chart 9)
L)Ly = 10/23 = 8.43

E = ﬂ 64 (Chart 10)

Q; = 8.64 x 5 = 3.2 ft3/s

The depressed curb-opening inlet will intercep
the flow intercepted by the undepressed curb opening
percent of the total flow.

60

7.3 Slotted Inlets

1lities of
invthe pipe is the

Wide experlence with the d(‘ﬁ’ls handl
et is accessible

slotted inlets 1is not available
problem most commonly encountered
for cleaning with a high pressure r je

ve tJ)drainage inlets which
c be used on curbed or
rference to traffic opera-
in figure 18.

Slotted inlets are
have a variety of applica
uncurbed sections and offer
tions. An installation i

inlets and curb-opening inlets
de weir and the flow is subjected
the cross slope of the pavement,
Analysis of data om th ral Highway Administration tests of

Flow interceptio
is similar in that

slotted lot/widths > 1.75-in indicates that the
length gwrequired for total interception can be
computed ). Chart 9 is therefore applicable for
both curb efs and slotted inlets. S8Similarly, equation

used to obf the’ inlet efficiency for the selected length of

inlet.

Use of CWarts 9 and 19 for slotted inlets 1is identical to
their use for curb-opening inlets., Additional examples to demon-
strate the use of the charts are not provided here for that
reason. It should be noted, however, that it is much less
expensive to add length to a slotted inlet to increase intercep-
tion capacity than it is to add length to a curb-opening inlet.
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7.4

acity of a combination inlet consisting

of a ¢ grate placed side-by-side, as shown in
figure apteciable greater than that of the grate
alone. computed by neglecting the curb opening. A
combinatiy is sometimes used with the curb opening or a

illustrated@n figure 2. The curb opening in such an installa-
tion interc®Pts debris which might otherwise clog the grate and
has been termed a "sweeper" by some. A combination inlet with a
curb opening upstream of the grate has an interception capacity
equal to the sum of the two inlets, except that the frontal flow
and thus the interception capacity of the grate is reduced by
interception by the curb opening.
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The following examRle 11usfqb
i" o2} opening - grate inlet with
eam of the grate.

Example 12:

Q
S

Given:

capacity of a combination curb opening -

- The curb opening is 1@-ft long and the
is a 2-ft by 2-ft reticuline grate placed along-
the downstream 2-ft of the curb opening.

Find:

Solution:
LT = 52 ft (Chart 9)
8 ft of the curb opening is upstream of the grate.
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portion of curb
tes.

Figure 20. Combj
open

(Chart 8)
ghy ¥ Rg(l - Ej) = $.91(0.54) + 0.06(0.46) = B.52

.52 x 5.2 = 2.7 ft3/s (interception capacity of
the grate)

Total Q; = 1.8 + 2.7 = 4.5 ft3/s
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Example 13:

Given: Data from example 12.

Find: (1) Qi for a 1¢-ft curb opening
(2) Q; for a 2 x 2 ft reticuline grate

Solution:
(1) L, = 52 ft (example 12)
L;LT = 18/52 = @.19
E = @g.31 (Chart 10)
0; = EQ = £.31 x 7 = 2.2 £t3/s

(2) T =9 ft (Chart 3)
W/T = 2/9 = 9.22
Vv = 5.7 ft/s (Chart 2)
.48 (Chart 4)
.89 (Chart 7)
@.04 (Chart 8)
= #.89(9.48) + 0.

i

E:O
R
RS
E

Q; = EQ = 6.45 x 7

The combination inlet of eXxa twice as much
capacity as the curb opening on% ent more capacity
than the grate only. The combi curb-opening inlet,
and grate inlet interce percent, and 46 percent
of the total gutter flo
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8.0 INTERCEPTION CAPACITY OF INLETS IN SAG LOCATIONS

Inlets in sag locations operate as weirs under low head
conditions and as orifices at greater depths. Orifice flow
begins at depths dependent on the grate size, the curb opening
height, or the slot width of the inlet, as the case may be. At
depths between those at which weir flow definitely prevails and
those at which orifice flow prevails, flow is in a transition
stage. At these depths, control is ill-defined and _flow may
fluctuate between weir and orifice control. Desigrf@arocedures
adopted for this Circular are based on a conservative@approach to
estimating the capacity of inlets in sump locations

The efficiency of inlets in passing debris isg 3 in
sag locations because all runoff which enters the ]
passed through the inlet. Total or partial ets in
these locations can result in hazardous pong 1 Grate
inlets alone are not recommended for use in ibons because
of the tendencies of grates to become ¢ nation
inlets or curb-opening inlets are recom in these
locations.

8.1 Grate Inlets

erates as a weir to depths
ize of the grate and as
of larger dimension and
less space occupied by
111 operate as weirs to greater
tes with less open area.

A grate inlet in a
dependent on the bar c
an orifice at greater deép
grates with more open an€a,
lateral and longitudi
depths than smaller

The capacit £ ater'ifets operating as weirs is:

_ i\
= C,Pd (17)

Q;

where: imet of the grate in ft (m) disregarding bars
de against the curb
6 for SI)

acity of a grate inlet operating as an orifice is:

0; = c¥(29d)?:3 (18)
where: C, = orifice coefficient
= f.67
A = clear openlng area of the grate, £t2 (m2)
g = 32.16 ft/s (9.84 m/s )
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Use of equation (18) requires the clear area of opening of
the grate. Tests of three grates for the Federal Highway Admin-
istration (5) showed that for flat bar grates, such as the
P - 1-7/8 - 4 and P - 1-1/8 grates, the clear opening is equal to
the total area of the grate less the area occupied by longitudin-
al and lateral bars. The curved vane grate performed about 1§
percent better than a grate with a net opening equal to the total
area less the area of the bars projected on a horizontal plane.
That is, the projected area of the bars in a curved vane grate is
68 percent of the total area of the grate leaving et opening
of 32 percent. The grate performed as a grate with net opening
of 35 percent. Tilt-bar grates were not tested, but
tion of the above results would indicate a net ope ca of 34
percent for the 3f-degree tilt-bar and zero for th
tilt-bar grate. Obviously, the 45-degree tilt-bar
have greater than zero capacity. Tilt-bar and _cur drates
are not recommended for sump locations wher ance
that operation would be as an orifice.

Opening ratios for the grates test degree tilt-

bar grate are given on Chart 11.

d W18) for various

e depth at which a
the chart. Transi-

#0 interception capacity
i¥ or the orifice

ated by drawing in a

he perimeter and net area

Chart 11 is a plot of equiio
grate sizes. The effects of gra
grate operates as an orifice is "a
tion from weir to orifice flg
less than that compute
equation., This capacity
curve between the lines\ré€
of the grate to be use

Example 14 illu@frates

Example 14:

l(sag® vertical curve with equal bypass from
e=6f the low point; allow for 50% clogging

Given: symmet

0, 4.4 ft3/s

11 ft3/s, check storm

Q:

T = 19 £t, design
S, = 0.05

d = Ts, = 8.5 ft
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CHART 11. Grate inlet capacity in sump conditions.
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Find:

Grate size for design Q and depth at curb for check Q.
Check spread at S = @.003 on approaches to the low point.

Solution:

traffi
assumed.

AASH
within 50

From Chart 11, a grate must have a perimeter of 8 ft to

intercept 8 ft3/s at a depth of g.5 ft. Some assumptions
must be made regarding the nature of the clogging in
order to compute the capacity of a partially clogged
grate. If the area of a grate is 5@ percent covered by
debris so that the debris-covered portion d not con-
tribute to interception, the effective perimige
reduced by a lesser amount than 58 percent. )
if a 2-ft x 4-ft grate is clogged so that
width is 1-ft, then the perimeter, P = 1 +§8
rather than 8 ft, the total perimeter, or 2
the total perimeter. The area of th
reduced by 58 percent and the perim
Therefore, assuming 5@ percent clog
of the grate, a 4 x 4, a 2 x 6,
meet requirements of an 8-ft per
ged.

the length
ate would
cent clog-

to meet design
, for 50 percent

Assuming that the instgl ta
conditions is a double 2
clogged conditions:

P=1+6+1-=

For design flowg
d = g.5 £t (C

1)

1
(

11

7.6
12.

or check

t

w{rate, ponding will extend 2 ft into a

check
i ate is 50 percent clogged in the manner

the
eometric policy recommends a gradient of @.3 percent
of the level point in a sag vertical curve.
Che T at S = g.003 for the design flow, and check flow:

8.2 ft (design storm) (Chart 3)

0 = 3.6 ft3/s, T

4.4 ft3/s, T = 9 ft (check storm) (Chart 3)

L&
i
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Conclusion:

A double 2 x 3-~ft grate 50 percent clogged is adequate to
intercept the design flow at a spread which does not exceed
design spread and spread on the approaches to the low point will
not exceed design spread. However, the tendency of grate inlets
to clog completely warrants consideration of a combination inlet
or curb-opening inlet in a sag where ponding can occur and
flanking inlets on the low gradient approaches.

8.2 Curb-Opening Inlets

The capacity of a curb-opening inlet in a sagff on
water depth at the curb, the curb opening length, j
of the curb opening. The inlet operates as a weir
equal to the curb opening height and as an o
greater than 1.4 times the opening height.
and 1.4 times the opening height, flow is i

petween 1.0
fion stage.

Spread on the pavement is the uysual ‘
the adequacy of pavement draingge inlet t is also
convenient and practical in th§Pla o Weasure depth at
the curb upstream of the inletsa f maximum spread on
the pavement. Therefore, deptha easurements from
experiments coincide with the curb of interest to
designers. The weir c i urb-opening inlet is less
than the usual weir coe ral reasons, the most
obvious of which is that ments from experimental
tests were not taken a drawdown occurs between the
point where measurem de and the weir.

epressed curb-opening inlet is at
the edge of the e effective weir length is
dependent on t depressed gutter and the length of
the curp The wmeir location for a curb-opening inlet

€ at the lip of the curb opening, and its
of the inlet., Limited experiments and

1 esults of tests on depressed inlets indi-
cate that i oefficient for curb-opening inlets without
approximately equal to that for a depressed curb-

The weir loc

The eq@tion for the interception capacity of a depressed
curb-opening inlet operating as a welr is:

9 = ¢ (L + 1.8W)al.5 (19)
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= 2.3 (1.25 for SI)

length of curb opening, ft (m)

lateral width of depression, ft (m)

depth at curb measured from the normal cross slope,
ft (m), i.e., d = TS,

where:

Cu
L
W
d

The weir equation is applicable to depths at the curb
approximately equal to the height of the opening plus the depth
of the depression. Thus, the limitation on the use of equation
(19) for a depressed curb-opening inlet is:

d<h+a/l2 (d<h+a, sI)

where: h
a

height of curb-opening inlet, ft (m)
depth of depression, in {(m)

Experiments have not been conducted for nlets
with a continuously depressed gutter, but i e to
expect that the effective weir length wouldm gdt as that

The weir equation for cur’op
(W = 0) becomes:

tsywithout depression

- 1.5
Q; = C,Ld (20)

The depth limitatio tioMas a weir becomes:
d < h

Curb-opening in
than approximately 1
puted by equation

as orifices at depths greater
erception capacity can be com-

0; = [2g(d; - g)]“"-" (21)
where:

curb-opening inlet, ft (m)

B ve head on the center of the orifice
threat, £t (m)

clear area of opening, ££2 (m2)

depth at lip of curb opening, ft (m)
=Weight of curb-opening orifice, ft (m)

= T8, + a/l2

Equation (21) is applicable to depressed and undepressed
curb-opening inlets and the depth at the inlet includes any
gutter depression.
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do=di-h/2

Q=0.67 hL/2gd,

L=LENGTH OF OPENING

(a)
Horizonta

ih-(h/2)sin©

(b)

Inclined throat .

..”4

NN

Figure 21.

—~ h P (c)

Vertical throat

Curb=opening inlets.
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Height of the orifice in equation (21) assumes a vertical
orifice opening. As illustrated in figure 21, other orifice
throat locations can change the effective depth on the orifice
and the dimension (di - h/2). A limited throat width could
reduce the capacity of the curb-opening inlet by causing the
inlet to go into orifice flow at depths less than the height of
the opening.

The orifice equation for curb-opening inlets with other than
vertical faces (see figure 21) is:

0 = C,hL(2gdy) %3 (22)
where: C, = #.67 = orifice coefficient
h = orifice throat width, ft (m)

d. = effective head on the center of the o M Poat,

°  ft (m)

9)
id

nd (21) for
solutions
without
openings with

Chart 12 provides solutions for equati
depressed curb-opening inlets, and Char
for equations (28) and (21) for curb-ope
depression. Chart 14 is provided fomn us
other than vertical orifice thf@at

Example 15 illustrates the™w 12 and 13.

Example 15:

Given: Curb-opening inle ocation
L =5 ft
h =5 in
(1) Undep d curbW@bpening

edrb opening

Find: oF}
Solution:
(1) d =TS, = 8 x #.05 = g.4 £t
d < h
0; = 3.8 ft3/s (Chart 13)
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CHART 12. Depressed curb=opening inlet capacity in sump Iocations.;
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(2) d = 9.4 ft < (h + a/12)
P=L+ 1.8W =5 + 3,6 = 8.6 ft

0; = 5 ft3/s (Chart 12)
At a d = ¢g.4 ft, the depressed curb-opening inlet has about
38 percent motre capacity than an inlet without depression. 1In
practice, the flow rate would be known and the depth at the curb
would be unknown.

8.3 Slotted Inlets

Slotted inlets in sag locations perform as wei depths
of about @¢.2 ft (#.06 m), dependent on slot width g
depths greater than about @.4 ft (#.12 m), they pd
orifices. Between these depths, flow is in a tran i Srege .
The interception capacity of a slotted inlet S
orifice can be computed by equation (23):

Q; = g.8LW(2gd) %5 (23)
where: W = width of slot, ft (m)
L = length of slot, £ m)
d = depth of water at sSlagk,
d > 8.4 £t (#.12 m)
g = 32.16 ft/s/s (9.98 Ww/s
For a slot width o on (23) becomes:
0; = 9.9414%-°> (24)

slotted inlets at depths be-
(#.12 m) can be computed by use
orifice coefficient varies with
ngth of the slotted inlet.

The interceptio
tween 0.2 ft (0.0
of the orifice e
depth, slot wi

Find: Length of slotted inlet required to limit maximum depth
at curb to 9.3 ft, assuming no clogging

Solution:
L = 15 ft (Chart 15)
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8.4 Combination Inlets

Combination inlets consisting of a grate and a curb opening
are considered advisable for use in sags where hazardous ponding
can occur. The interception capacity of the combination inlet is
essentially equal to that of a grate alone in weir flow unless
the grate opening becomes clogged. 1In orifice flow, the capacity
is equal to the capacity of the grate plus the capacity of the
curb opening.

low in
clogging
2, 13,

Equation (17) and Chart 11 can be used for wei
combination inlets in sag locations. Assuming compl¥
of the grate, equations (19), (20), and {(21) and Chads
and 14 for curb-opening inlets are applicable.

Where depth at the curb is such that orifice
the interception capacity of the inlet is co
equations (18) and (22):

0; = a.67Ag(2gd)@-5 + 9.67hL(2gd,) %2>

where: Ag = clear area of the gratey, ft
g’= 32.16 ft/s/s (9.08 s/,
d = depth at the curb, tt
h = height of curb opend rif1 t (m)
L = length of curb opéning @&t . (m)
d. = effective ter of the curb opening
orifice,

cessary for depth at the

Charts 11, 12 and 13 for orifice

clogging of the grate can also
illustrated by the following

Trial and error solutil
curb for a given flow
flow. Different ass
be examined using th
example.

Example 17:

inlet in a sag location.
/8, 2 x 4 ft
L =4 ft, h =4 in

Find: Depth at curb and spread for:
(1) Grate clear of clogging
(2) Grate 100 percent clogged
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Solution:

P=2+2+4=28 ft
(1) d = ¢.36 ft (Chart 11)

T = d/S, = 0.36/0.03 = 12 ft
(2) L = 4 ft

A=4x 0.33 = 1.33 £ft2

d = @g.7 £t (Chart 13)

T = 8.7/6.83 = 23.3 ft

a transi-
the curb
ement

Interception by the curb-opening only will be
tion stage between weir and orifice flow with a dept!
of about 4.7 ft. Depth at the curb and spread on
would be almost twice as great if the grate should
completely clogged.
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9.0 INLET LOCATIONS

Pavement drainage inlet locations are often established by
geometric features rather than by spread of water on the pavement
and inlet interception capacity. 1In general, inlets should be
placed at all low points in the gutter grade, at median breaks,
intersections, and crosswalks, and on side streets at intersec-
tions where drainage would flow onto the highway pavement. Where
pavement surfaces are warped, as at cross slope revarsals and
ramps, gutter flow should be intercepted in order the water
from flowing across the pavement. Sheet flow across pavement
at these locations is particularly susceptible to ig Inlets
are also used upgrade of bridges to prevent paveme
from flowing onto bridge decks and downgrade of br
intercept drainage from the bridge.

Runoff from areas draining toward the
should be intercepted by roadside channels,
inlets where open channels cannot be us
drainage from cut slopes, side streets,
the pavement. Curbed pavement sectlons
inlets are inefficient means £
drainage should be intercepted_ befior
pavement,

ioticable, or
ies to

t drainage
noff and extraneous
hes the highway

9.1 1Inlet Spacing on Co

of, Min¥ets on grade is discussed in
0dation of inlets is determined
pavement, geometric controls
ic locations, and the use and

the sag. Thus, design spread on
the criterion for locating inlets
between inlets r i y other considerations, and the flow

The interception ¢
sections 7.8 through
by the criterion for
which require inlegts

which teéd in the sag without hazardous ponding
could b onsideration.
For s slope, it is possible to establish the

n spacing between inlets of a given design if the

a consists of pavement only or has reasonhably uniform
runoff cha teristics and is rectangular in shape. This assumes
that the ti of concentration is the same for all inlets. The
following examples illustrate the effects of inlet efficiency on
inlet spacing.

maximum d
drainage a
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Example 18:

Given:

Find:

2
n

M
g

Solution:

of the i

Q

6 ft pavement width
= g.916
= g.03
*= g.03
=8 ft
= 10.7 in/hr
= g.8
aximum design inlet spacing for 2-ft by 2 curved vane
rate

CiA = 9.8 x 10.7 x 26 x L/43,560 = 0.0

g.005 ft3/s/ft
8 ft
4.5 £t3/s (Chart 3)

=2 = _4:5 - gpp ft
0.085 0.005

he first inlet can be‘lac at ft/from the crest.

Sw/sx = 1

EO = @g.54 (Char

Vv = 4,7 ft/s (Cha

Rf = 1.0 (Cha

Rs = f.06

E'= RgEy + R .54 + J.06(0.46) = @#.57
0; = EQ B 2.6 £t3/s

=5 - 2.6 = 1.9 ft3/s

ainage area between inlets should be
runoff equal to the interception capacity

Therefore, the initial inlet can be placed at 9¢0 ft from
the crest and subsequent inlets at 52¢-ft intervals.
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Example 19:

Given: Data from example 18.

Find: Maximum design inlet spacing for a 1f-ft curb opening
depressed 2-in from the normal cross slope in a 2-ft wide
gutter.

Solution: 3
Q = 4,5 ft?/s at initial inlet (example 1

0/s%+5 = 26.0
T = 6.6 £t (figure 3)
@.76 (Chart 4)
[} — —~—
e Sy * SuEs = 3.03 + (0.083)0.76 = Q.0

2@ £t (Chart 9)

wn
I}

.
=]
I

L/Lp = 18/28 = 8.5

E = 0.7 (Chart 18)
0; = 4.5 x 0.7 = 3.2 £t3/s
0y = 4.5 - 3.2 = 1.3 t@/s

sho contribute runoff
the inlets.

The drainage area betwegnein
equal to the interception ca Mty

L = Q/0.905 = 3,

19-£ft curb-openin depresSsed 2-in can be spaced at

649 ft intervals.

Example 20:

Given: Data fr xamp

Find: spdcing using a 15-ft slotted inlet
Solutio
(example 18)
8 &£ (Chart 9)
15/38 = @.39

E = #.59 (Chart 10)
Q; = EQ = 8.59 x 4.5 = 2.6 ft3/s

Qp = 4.5 - 2.6 = 1.9 £t3/s
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L = 2.6/0.005 = 520 ft
15-ft slotted inlets can be spaced at 52p-ft intervals.

In these examples, the first inlet could be placed at 9gg-ft
downgrade from the crest. Curved vane grates could be spaced at
520-ft intervals, 10-ft depressed curb openings at 64¢-ft inter-
vals, and 15-ft slotted inlets at 52¢9-ft intervals. These re-
sults demonstrate the effects of the relative efficiencies of the
selected inlet configurations for the chosen design nditions.,

9.2 1Inlets in Sag Locations

Sag vertical curves differ one from another 1n
for ponding, and criteria adopted for inlet spa )
should be applied only where traffic could be ed if
an inlet became clogged or runoff from the de r
exceeded. Therefore, criteria adopted for,i
vertical curves are not applicable to the
positive or two negative longitudinal slop
not be applied to locations wherg pon
curb height and ponding widths wddld
in sag locations on embankment.

hey should
thé egould not exceed
duly disruptive, as

in locations such as
depressed sections, it
flanking inlets on each
sag. The flanking
limit spread on low
int and act in relief of the
become clogged or if the

e 5 shows the spacing required
ria and vertical curve lengths
the length of the vertical curve
difference in approach grades. The AASHTO
specifies maximum K values for various

Where 51gn1flcant po dlng
underpasses and in sag v
is good engineering practd
side of the inlet at the low
inlets should be placed
gradient approaches to
inlet at the low point
design spread is e
for various depth

and A is
pollcy o

Use ot s illustrated in example 21.

Example 21:

Given: A sagWertical curve at an underpass on a 4-lane divided
highway facility. Spread at design Q is not to exceed
shoulder width of 1@ ft.

Sy = 8.05
K = 139
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Table 5. Distance to flanking inlets in sag vertical curve
locations using depth at curb criteria.

Notes: x = (ZﬂﬂdK)g‘s, where x = distance
Drainage maximum K = 167

FPind: Location of flanking inletgfi'f
will function in relief of ink
when depth at the curb
depth at the curhdis
spread.

Solution:

Depth at the ns spread,

d = TS, = 10

g inlets =

Fig

criterio lanking inlets.

selection o
on the pondi
of the inlet
traffic volumé

inlet = 114 ft (table 5)
88 ft (table 5)

fes the results of using the second

Boviding table 5 is to facilitate the
iteria for the location of flanking inlets based
potential at the site, the potential for clogging
the low point, design spread, design speeds,
®, and other considerations which may be peculiar

Speed 20 25 30 35 40 45 50 55 60 65 70
d \ K 20 30 40 50 70 90 (110 | 130 |160 | 167 | 180 | 220
g.1 20 24 28 32 37 42 47 51 57 58 60 66
g.2 28 35 40 45 53 60 66 72 80 82 85 94
.3 35 42 49 55 65 73 81 115
g.4 40 49 57 63 75 85 94 133
d.5 45 55 63 71 84 95 | 185 148
.6 49 60 69 77 92 {194 115 162
0.7 53 65 75 84 99 112 (124 176
7.8 57 69 80 89 |1@6 {129 (133 188

(1) so that they
the low point

esign depth, and (2) when
lé than depth at design

to the site under consideration. A depth at curb criterion

which does not vary with these considerations neglects considera-
tion of cross slope and design spread and may be unduly conserva-
tive at some locations. Location of flanking inlets at a fixed
slope rate on the vertical curve also neglects consideration of
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speed facilities and not at all conservative for high speed
facilities.

d=DEPTH AT CURB
AT DESIGN SPREAD

(
\

FLANKING
INLET

LOW POINT INLET

88 FT - 8

riterion
ing inlets,

Figure 22. Example use of de
to establi* lo

Example problem solutions$/(in ‘s ion\8 1llustrate the total
interception capacity of 4 Cations. Except where
inlets become clogged, s gra@i eént approaches to the
low point is a more strifig n for design that the
interception capacity of - AASHTO (2) recommends
that a gradient of #.3 maintained within 50 feet of
the level point in or for adequate drainage. It is
considered advisabl on the pavement at a gradient
comparable to tha by the AASHTO Committee on Design
to evaluate the
vertical curves.

let design and/or location may need
c€ssive spread in the sag curve.

X 27ft P - 1-7/8 grate is to be placed in a
ing inlet location in a sag vertical curve 258 ft
ade from the inlet in example 18.

Qp = .9 ft3/s (example 18)
Sy = g.03
T =8 ft
n = @.016

89



i =10.7 in/hr
Slope on the curve at the inlet, S = 0.006

Find: Spread at the flanking inlet and at S = ¢.0883

Solution:
Q=1.9 + 0.8(18.7) (26 x 25@)/43,560 = 3.2 ft3/s
Spread at S = g.006:
T = 9,5 £t (Chart 3)
W/T = 2/9.5 = @.21
Eo = f.46 (Chart 4)
d =TS, = 9.5 x 0.03 = @.28 ft

9.5 x 0.28/2 = 1.33 ft2

A =

V=0Q/A = 3.2/1.33 = g.24 ft/s
Rf = 1.8 (Chart 7)

RS = g.5 (Chart 8)

E = RegE, + Rg(l - E ) = 1.0(0.46)
= .73

Q; = EQ = 8.73 x 3.2 =¢g.3

0, = 3.2 - 2.3 = 9.9 ftd

3/s

Spread at S = @
T =7 ft

Spread at the fliah i xceeds the design spread of
8 ft and spread from flow from the flanking inlet
approaches design sp radient of #.3 percent. The
design of the inlet be modified to limit bypass
flow to a lesser er to reduce spread in the sag
vertical curve, ility of using a depressed gutter in
the low gradien to the low point could be investi-
gated.
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1p.4 MEDIAN, EMBANKMENT, AND BRIDGE INLETS

Flow in median and roadside ditches is discussed in Hydrau-
lic Engineering Circular No. 15 (15) and Hydraulic Design Series
No. 4 (16). It is sometimes necessary to place inlets in medians
at intervals to remove water that could cause erosion, Inlets
are sometimes used in roadside ditches at the intersection of cut
and fill slopes to prevent erosion downstream of cut sections.

Where adequate vegetative cover can be establ
bankment slopes to prevent erosion, it is preferable
storm water to discharge down the slope with as litg
tion of flow as practicable. Where storm water m
with curbs or swales, inlets are used to receive
discharge it through chutes, sod or riprap swales,
downdrains.

ed on em-

2 allow
gncentra-
lected
an d

dge and deck
lets. Bridge

Bridge deck drainage is similar to roa
drainage inlets are similar in purpose
deck drainage is discussed in section 1

*

18.1 Median and Roadside Inlets

The design of roadside a channels involves the
design of stable chann es), and the use of inlets
to intercept flow that thePhannels., Hydraulic
Engineering Circular No\ ains extensive discussion on
the design of ASHTO Committee on Design
Task Force on aulics Highway Drainage Guide-
lines, Volume pns much useful information on
the design of tfoadside and median channels.

the subject of much study and
al to include a comprehensive discus-
inage design as related to roadside safety

Safe road

here, able that this publication would become an
author f information on the subject because of its
principa Pavement drainage. The absence of discussion,
however, 1d_pot be interpreted as a deemphasis on the

importance@®f roadside safety. Authoritative information should

be obtainedby referring to current research reports and the
latest publWations on the subject by state highway agencies, the
FHWA, AASHTO, and the Transportation Research Board (19, 24, 21).
Roadside drainage designs can be made traffic safe where know-
ledge of the principals of safe roadsides is judiciously applied.

91



Medians may be drained by drop inlets similar to those used
for pavement drainage, by pipe culverts under one roadway, or by
cross drainage culverts which are not continuous across the
median. Figure 23 illustrates a traffic-safe median inlet. 1In-
lets, pipes, and discontinuous cross drainage culverts should be
designed so as not to detract from a safe roadside. Drop inlets
should be flush with the ditch bottom and traffic-safe grates
should be placed on the ends of pipes used to drain medians that
would be a hazard to errant vehicles. Cross drainage structures
should be continuous across the median unless the median width

makes this impractical. Ditches tend to erode at inlets;
paving around the inlets helps to prevent erosion an ay
increase the interception capacity of the inlet margg y by

acceleration of the flow.

Figure 23. Median drop inlet.

Pipe drains for medians operate as culverts and generally
require more water depth to intercept median flow than drop
inlets. No test results are available on which to base design
procedures for estimating the effects of placing grates on
culvert inlets.
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The interception capacity of drop inlets in median ditches
on continuous grades can be estimated by use of Charts 16 and 17
to estimate flow depth and the ratio of frontal flow to total
flow and Charts 7 and 8 to estimate the ratios of frontal and
side flow intercepted to total flow.

Small dikes downstream of drop inlets (figure 23) insure
complete interception of flow. The dikes usually need not be
more than a few inches high and should have traffic safe slopes.
The height of dike required for complete interceptd on contin-
uous grades or the depth of ponding in sag vertical rves can be
computed by use of Chart 11. The effective perimete
in an open channel with a dike should be taken as since
one side of the grate is not adjacent to a curb. hart 11
is illus-trated in section 7.1.

The following examples illustrate the
7, and 8 for drop inlets in ditches on conf

Example 23:

Given: A median ditch, B = 4‘,

Q0 =19 ft3/s; flow in *h ed1 ch is to be
intercepted by a dropgini ith a¥-ft by 2-ft parallel
bar grate; no djike w4 dewdownstream of the grate.

Find: Qir Qp

Solution:

On = 19(0.93
d/B =
d = g.11

44)]1 = 2.92 ft2
= 3.4 ft/s

he least cross slope available on Chart 8 is
o estimate the ratio of side flow intercep-

+ Rg(1 - Ej) = 1.0(9.30) + 0.035(8.70) = 0.32
0; PEQ = 0.32(10) = 3.2 £t3/s
o, = 6.8 ft3/s

In the above example, a 2-ft drop inlet would intercept
about 30 percent of the flow in a 4-ft bottom ditch on continuous
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EXAMPLE:

FIND: SOLUTION:
d Qn=0.3

d/B=0.l4

d=0l14(4)=056 FT

0.8

CHART 16. Solution of Manning’s equation for channels of various side slopes.
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grade., Increased side interception would result from warping the
bottom of the ditch to slope toward the drop inlet.

For grate widths equal to the bottom width of the ditch, use
Chart 8 by substituting ditch side slopes for values of Syr as
illustrated in example 24.

Example 24:

19 ft3/s

2 ft

2 ft; L = 2 ft
g.03
6; S
3.983
se a P - 1-7/8 grate, 2 x 2 ft

Given:

« = 1/6 = 0.17

Q
B
W
n
Z
S
U

Find: Qi’ Qb

Solution: 3
On = @.3 ft- /s
d/B = @.24 (Chart 16)

d=20.24%x2=20.5ft
V=Q0/A =4 ft/s
Eo = .4 (Chart 17)
R = 1.2 (Chart 7)
Rs = .3 (Char
E = 0.4+ 0.3(0.
Q; = #.58 x 10 _=&5.
op = 4.2 ft3
The height dow ream of a drop inlet required for

total intercep ated by example 25.
ple 24
red/height of berm downstream of the grate inlet

ause total interception of flow in the ditch.

P=2+2+ 2+ 2 =28 ft (flow can enter the grate from
all sides)
d = g.5 £t (Chart 11)

A dike will need to be #.5 ft high for total interception.
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If the grate should become partially clogged, transition or
orifice flow could result and as much as 1.8 ft of head might be

required.

19.2 Embankment Inlets

Dralnage inlets are often needed to collect runoff from
pavements in order to prevent erosion of fill slopes or to
intercept water upgrade or downgrade of bridges. 1Inlets used at
these locations differ from other pavement drainage 9
three respects. First, the economies which can be ach ed by
system design are often not possible because a serie
is not used; secondly, total or near total intercept
sometimes necessary in order to limit the bypass f1l
running onto a bridge deck; and third, a closed sto
system is often not available to dispose of t
and the means for disposal must be provided
Intercepted flow is usually discharged into

2 this Circular
illustrate by inference the dif viding for near
total interception on grade. Grat ercept little more
than the flow conveyed by the guft pied by the grate
and tandem installations of gr dwpossibly be the most
practical way of achievi erception., Combination
curb-opening and grate in ned to intercept total
flow if the length of cunb ream of the grate is
sufficient to reduce spr er to the width of the
grate used. Depressin
reduce the length of i
tandem grate inlets_w

. A combination inlet or

sually be economical solutions to
ption, however. Perhaps the most
near total interception is necess-

Design charts and procedures in
applicable to the design of inlets on
illustrates a combination inlet and down-

percent
sections

drain.

s or chutes used to convey intercepted flow from
inlets to th@Atoe of the fill slope may be open or closed chutes.
Pipe downdrai are preferable because the flow is confined and
cannot cause erosion along the sides, and because they can be
covered to reduce or eliminate interference with maintenance
operations on the fill slopes. Open chutes are often damaged by
erosion from water splashing over the sides of the chute due to
oscillation in the flow and from spill over the sides at bends in

Downdr
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the chute., Erosion at the ends of downdrains or chutes is not
usually a problem if the end of the device is placed low enough
to prevent damage by undercutting. Small, localized scour holes
are usually formed which serve as stilling basins. Well-graded
gravel or rock can be used to control the size of the scour hole,
if necessary. '

14.3 Bridge Deck Inlets

Bridge deck drainage is regarded by many bridd@mengineers as
a nuisance and a matter of continuing concern (21).
drainage may be more than a nuisance, however, if

icing on traffic safety and the corrosive effects

agents on vehicles and structures are considered. (21)
is recommended for insight on the many problems as with
bridge deck drainage, and design- measures t sed to
facilitate maintenance of bridge drainage dge deck

drainage could be improved immeasurably if
drainage systems were given a higher prg
personnel,

Bridge decks are possibly‘os vely drained where the
gradient is sufficient to convey e deck for intercep-
‘tion. Dependent upon gradient, and design spread,
inlets can be omitted from m decks if roadway drainage
is intercepted upgrade The length of bridge deck
that can be drained wit e computed by runoff
methods in section 4 and methods in section 5.
Example 18, section 9, the method that can be used
to determine the len e/ deck required for gutter flow
to reach design spr

interception on bridge decks are the

The princi
However, requirements in the design

same as for ro

of deck_drainag stémsvdiffer in the following respects from
roadwa i tems : (1) total or near total interception
may be de of expansion joints; (2) deck drainage
systems sceptible to clogging; (3) inlet spacing is
often pr W by bent spacing, and (4) inlet sizes are ’
often co ained by structural considerations. Figure 25 illus-

pte inlet that represents about the maximum size inlet
sed on many bridge decks.

trates a
that can bé

It should be noted that small size inlets operate as
orifices at lesser depths than inlets of larger dimensions.,.
Experiments with 4-inch scuppers typically used on many bridges
(22) show that scuppers of this size operate as orifices at
depths of less than @g.1 ft on continuous grades. Interception
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Curb Line

SECTION A -A

Figure 25. Bridge inlet.
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capacities of small scuppers are extremely small, as illustrated
by figure 26. Figure 27 is a plot of data for the same scupper
drain in a sump condition.

Use of a safety factor should be considered in computing the
interception capacity of bridge deck inlets because of their
propensity to clog. It has been recommended that grate inlets
should be twice the computed design size (21). This recommenda-
tion has application only at the low point in a sag vertical
curve and structural constraints may not permit incgeasing the
size of the inlet. A safety factor could be incorpt
designs, however, by considering clogging in computi
spacing.

Design charts included in sections 7.1 and 7.
cable to inlets used on bridge decks. Short grate
been included on Charts 7 and 8 to make the
design of bridge deck inlets.

L 4

S
<
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Figure 26. interception capacity of 4=in scupper inlets on continuous grades.
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27. Capacity of 4=in scupper inlets in sump locations.
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APPENDIX A. DEVELOPMENT OF RAINFALL INTENSITY CURVES
AND EQUATIONS

l. Precipitation Intensity-Duration-Frequency Curves

Precipitation intensity-duration-frequency (I-D-F) informa-
tion is necessary for the specific locality in which the Rational
Method for estimating runoff is to be used. The two examples
which follow illustrate the development of I-D-F cuygves from
HYDRO-35 and NOAA Atlas 2.

HYDRO-35

HYDRO-35 maps included in this Appendix as fi
through 33 are for 2-year and l@@-year frequengies
of 5, 15 and 6J minutes. To estimate inten
and 3@-minutes, the following equations ars

#.59 (15-min value)

13-min value

30-min value

3.49 (6ﬂ—m" vadue)

lues for return
year frequencies.

o]

Use equations (28) through (319 o
intervals intermediate to the 2-y and

5-yr = $.278 (109 ) (28)
19-yr = 0.449 (100%y 2-yr) (29)
25-yr = 0.669 ( 293 (2-yr) (39)
50-yr = 0.8 ( -yr) 0.146 (2-yr) (31)

Example 26:

Given: ation Charlotte, North Carolina

Develop!? for 2- to 1l@0-year frequencies

d 5=min, 15-min and 6@-min rainfall volume values for

Step 1:
r and 1@d0-yr frequencies from figures 28-33 (table

Table 6. Rainfall volumes, 2- and 100-yr.

5-min 15-min 60-min
2-yr g.47 F.97 1.72
190-yr @.81 1.75 3.60
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Step 2:

Step 3:

Step 4:

Use equations (28) -
50-yr frequency values (table 7):

(31) to compute 5-,

Table 7. Rainfall volumes,
5-min 15-min 60-min
5-yr .54 1.14 2.16
19-yr .60 1.27 2.47
25-yr #.68 1.45 2.91
5@-yr .74 1.60 3.26

Use equations (26) and (27) to compute 14 3@0-min
values; complete table 8:
Table 8. Rainfall vol
5-min 13-min 6@-min

2-yr g.47 #g.76 1.72
5-yr g.54 7.89 2.16
10-yr 2.60 1. 2.47
25-yr #.68 1.d13 2.91
58-yr B.74 3.26
190-vr 7.81 3.60

25-, and

intermediate frequencies.

Convert values), i

(table 9):

e ta

I-D val

b

ues,

Charlotte, NC.

8 to intensity in in/hr

15-min 3@-mion 60-min
4.56 3.88 2.68 1.72
5.34 4.56 3.28 2.16
6.00 5.08 3.72 2.47
6.78 5.80 4,34 2.91
7.50 6.40 4.82 3.26
8.16 7.08 5.32 3.60

Step 5:

figure 34.
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Western Contiguous States

Isopluvials for 2-year and l@@d-year frequencies and 6-hour
and 24-hour durations for the 11 western conterminous states are
provided in the 11 volumes of NOAA Atlas 2. Volume III, Color-
ado, Geographic Region 1, is used here to illustrate the develop-
ment of an I-D-F curve by the method in these publications.

Estimates for l-hour duration precipitation are obtained by
use of the following equations:

where: Y, = 2-yr, 1-hr value
Yygg = 100-yr, 1-hr value

Xy = 2-yr, 6-hr value from maps
X5 = 2-yr, 24-hr value from maps
Xy = 106-yr, 6—hr value from ma
X, = 18@0-yr, 24-hr value from m

4 . - !
z = point elevation in hundreds

estimating precipi-

A nomograph, figure 35, is
n 2 years and less

tation amounts for return period
than 100 years. To use the n
between the 2-yr and 1
intermediate return per
hr rainfall volumes to Vo

read the values for

15-min 3¢g-min
@.57 .79

Duration
Ratio to 1l-hr

Example 27:

-~ Colorado Springs, Colorado
600 ft

Given: Locatl

evati

Develop?

6-hour and 24-hour precipitation - frequency values
)M maps

Step 1:

6-hr 24-~hr
2-yr 1.75
18@-yr 3.5

2.1

4.5

Step 2: Use Equations (32) and (33) to compute l-hr rainfall for
2-yr and 1¢@-yr frequency
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Y, = #.218 + P.709[(1.75)(1.75/2.1)] = 1.25 inches

1.897 + 9.439[(3.5)(3.5/4.5)] - 0.008 (60)

Y
100 2.6 in

Step 3: Estimate l-hr precipitation amounts for 5, 18, 25 and
5¢0-year return periods by use of figure 35. Draw a
straight line between the 2-yr and 1g0-yr values to
obtain values for intermediate return periods. (table
10):

Table 1¢. 1l-hr rainfall volumes,

2-yr 5-yr 1f-yr 25-yr 50-yr | 190
1.25 1.6 1.8 2.1 2.4 2.6

Step 4: Estimate precipitation amounts fo
than 1-hr using ratios providedga
intensities (table 11):

of less

nd nvert to

Table 11. I-D-F valdg!, prings, Colorado.

2-yr
5
19
25
50
100-yr

¢« o o e o &
=0 Wwo U e
N NN =

¢ o o o o o |OY
(o) IR i e ol e ) WG] £ o]

B W W N NN

Step 5: Plot r Colorado Springs, Colorado,

ations for Rainfall Intensity-Duration

2,
It 1 pmet imes necessary to develop equations for the
rainfall ensity-duration curves for the various frequencies.

ially useful for computer solutions of runoff rates.
for intensity curves is usually of the form:

i =__28 (34)
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Example 28:

Given: Precipitation intensity vs duration data for 5-year re-
currence interval for Charlotte, North Carolina

Duration (min) 5 10 15 30 60
Rainfall Intensity (in/hr) 6.48 5.34 4.56 3.28 2.16

Required: Develop an equation for rainfall intensity

Step 1l: Make a table similar to table 12 with sev columns
for trial and error solution and record the a in the
first 2 columns.

Table 12. I-D-F curve fitting table.

(1) (2) (3) | (4) (7)
i t
in/hr min b =275 b
6.48 5 10
5.34 10 15 L 2T
4.56 15 20
3.28 39 35
2.16 60 65
Step 2: Plot the data \¢& ns 1 2) on 2-cycle logarithmic

o) e/ bhrough the data points. Gener-
int i1l not be on a straight line; if
to Step 5. These data points

37.

paper and dra
ally, the d
the line is
are plot

alue to column 2 and enter in column
isfexample, b = 5 is used., Plot the values in
dw3 in figure 37 and draw a curve through

Step 3: Add s

points are not on a straight line, change
constant b and repeat step 3 until the data points
roximate a straight line.

Step 4:

Step 5: Th&value of a is then read as the ordinate at t = 1.
The value of m is the slope of the line. For this
example, b = 12, a = 57, and m =¢.77. Thus, the
equation for a 5-year recurrence interval is:
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, 57
i =

g.77
(t + 12)

Step 6: Confirm the constants derived for the equation by
checking against the original values of i. Adjust the
constants as necessary.

Step 7: Repeat the procedure for other frequencies.

122



APPENDIX B. MEAN VELOCITY IN A TRIANGULAR CHANNEL

Flow time in curbed gutters is one component of the time of
concentration for the contributing drainage area to the inlet.
Velocity in a triangular gutter varies with the flow rate, and
the flow rate varies with distance along the gutter, i.e., both
the velocity and flow rate in the gutter are spatially varied.
Figure 38 is a sketch of the concept used to develop average
velocity in a reach of channel,.

Time of flow can be estimated by use of an avera3
obtained by integration of the Manning equation for
channel with respect to time. The assumption of t
that the flow rate in the gutter varies uniformly
beginning of the section to Q, at the inlet.

velocity
iangular
ion is
the

(35)

= P0.56c@.55 1.67

T25,/2 D




_1.12.0.54 0.67
K2 = T—S SX

From equation (35):
Tg'67 = (Q/Kl)ﬂ.ZS (37)
Substituting equation (37) into equation (36) results in:

K
or = 2

= dt
dt g 0.25 gf8-25 g 0.25

K
2 Qﬂ.25 dx

Here, Q = Q; + gx and therefore dQ = gdx. Combini

equation (38) and performing the integration,

equation results:

g, 925
1

t = 4/3(Q2@o75 - Qlﬂ.75)K .
2

(39)

com ed by dividing the

Then, the average velocity, V,&n
length, L, by time, t:

3K2q
g.25
4K,

V = L/t = ( (40)

Upon substitution of L nd Q = K1T2'67, V becomes:

. 2467

(41)

(42)

(43)
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Solving equation (43) for values of Tl/T2 gives results
shown in the table below.

Spread at average velocity in a reach of triangular gutter.

Tl/T2 g g.1 (B.2 |0.3 (V.4 |B.5 |0.6 (0.7 |0.8 (8.9 1.0

Ta/T2 p.65(0.66|0.68|0.70|0.74|0.77,0.82{0.86|40.

The average velocity in a triangular channel
by using the above table to solve for the spread,

average velocity occurs. Where the initial

average velocity occurs where the spread ig
spread at the downstream end of the reach.

S
&
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APPENDIX C. DEVELOPMENT OF SPREAD-DISCHARGE RELATIONSHIP FOR
COMPOUND CROSS SLOPES.

The computations needed to develop charts relating spread to
conveyance for a gutter section are not original with this
Circular. The purpose for including the procedure, as well as
the procedure for developing charts for parabolic sections, is to
encourage agencies to develop charts for sections which they use
as standards.

Computations for the development of charts invo dividing
the channel into two sections at the break in crosgls and use
of the integrated form of the Manning equation to & he
conveyance in each section. Total conveyance in { ]
equal to the sum of the parts. Following is a _ste
procedure for the computations.

0 = 0.565X1.6780.5T2.67
n
B.542.67
~ 9.568 d
&
Example 29: \

(4)

Given: W =2 ft
a =2 in
T =6 ft
Sy = g.04

Required: Develo feld@¥ionship
Proced
nd d2 where dl is the depth of flow at the

the cross slope and d, is the depth at the
(See sketch, Chart 4)

(T - WS, = (6 - 2)0.04 = @.16

dy = TSy, + a = 6(0.04) + g.167 = @.407
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Step 2: Compute conveyance in section outside of gutter

0y _ 8.56d,2-67
gP.5 ns,
_ .56 % 8.162°%7 _ o oo o030
$.016 x 9.04
Step 3: Compute conveyance in the gutter

0, _ 0.56(d,2-67 - 4,267,

w

_ 0.56(0.407%°%7 - g,162-67)
0.016 (0.0833 + 0.04)

23.61 ft3/s

Step 4: Compute total conveyance by a ng s from
Steps 2 and 3. ‘

6.56 + 23.61 = 30.184f

Step 5: Repeat Steps other widths of

spread, T.
r other cross slopes, S

Step 6: Repeat Steps V¥t x*

of K -
ction

Step 7: Plot curv
figure 3,
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APPENDIX D. DEVELOPMENT OF SPREAD-DISCHARGE RELATIONSHIP FOR
PARABOLIC CROSS SECTIONS
A parabolic cross section can be described by the equation:

y = ax - bx?2 (44)

where: a = 2H/B

b= H/B?2
H crown height, ft (m)
B half width, ft (m)

The relationships between a, b, crown height,
width, B, are shown in figure 39.

of a parabolic curve

e 1 gutter flow, divide the cross section
into sed ) width and compute the discharge for each
segment 9 equation. The parabola can be approximated
very clo by, 2 ft (8.61 m) chords. The total discharge will

x H, and half width, B, vary from one design
to another., " Since discharge is directly related to the config-
uration of the cross section, discharge~depth (or spread) rela-
tionships developed for one configuration are not applicable for
roadways of other configurations. For this reason, the relation-
ships must be developed for each roadway configuration.
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The following procedure illustrates the development of a
conveyance curve for a parabolic pavement section with a half
width, B = 24 ft (7.32 m) and a crown height, H = 0.48 ft (g8.15
m). The procedure 1is presented with reference to table 13.
Conveyance computations for spreads of 2 ft, 4 ft and 6 ft are
shown for illustration purposes.

Procedure:

Column 1: Choose the width of segment, ax, for whiglhi the vertical

rise will be computed and record in colu

Column 2: Compute the vertical rise using equationg - (46) .
For H = g.48 ft and B = 24 ft, equation q@omes :

y = 0.04x - 0.0083%2

record

Column 3: Compute the mean rise, ¥y, of eac}h
in column 3.

spread, T, is
column 2, The
b, S equal to depth at
mean rise in that

rb for a 2 ft spread

ean rise in the segment is
¢ average flow depth in

4 = ¢,.0383., This will be
umn 6.

Column 4: Depth of flow at the curby d,
equal to the vertical ris
average flow depth

the curb for the spre

segment. For example}

is equal to 00,0767

equal to @.0

the segment,

Column 5: nt can be determined from the

inf £he above equation varies from one segment
Therefore, the equation can be operated on

mation of d5/3.

erage flow depth in the first 2 ft segment nearest
e curb is equal to the depth at the curb minus the
rage rise in the segment,

dv= y - ¥ = §.1467 - 0.0384 = 0.1083 ft.

Similarly, the average flow depth in the second 2 ft
segment away from the curb is:

d = 0.1467 - 9.1117 = @#.9350 ft

Column 6
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Table 13. Conveyance computations, parabolic street section.
Dist.| Vert Ave., T = 2 ft¥* T = 4 ft** T = 6 ft***
from | Rise Rise |Ave.Flow Ave ,Flow Ave .Flow
Curb | y,ft v Depth, d a>/3 Depth, d g>/3 Depth, d a°/3

(1) (2) (3) (4) (5) (6) (7) (8) (9)
7] @
.0384 | .@383 .0043 | .1083 .0244 | .1716 .3527
2* |3.8767
.1117 0359 0037 .0208
4**% | 1467
.1784 .0031
6%*%% ,2100
.2384
8 «2667
2917
10 .3167
.3384
12 .3600
.3784
14 .3967
.4118 ‘
16 .4268
.4385
18 .4501
.4585
20 .4668
.4718
22 .4768
.4784
24 .48
> .0281 0766
o/s?-> 5.23 14.27

2 ft:

K = (AX)dl.67

For n g.016 and Ax =

K=-2 = (186.25)al-07
8.5
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Columns 7, 8 and 9 are computed in the same manner as columns
4, 5 and 6.

The same analysis is repeated for other spreads equal to the
half section width or for depths equal to the curb height, for
curb heights <H.

Results of the analyses for spreads of 8 to 24 ft are shown
in table 14:

Table 14. Conveyance vs spread, parabolic street

8 10 12 14 16 18
.267{ 317 .368} .397| .427 .450
27.53/44.71 |64.45185.26|105.54(123.63

Rlo)3

The results of the computations ar
For a given spread or flow depth at the
be read from the figure and t dai

equation, Q = KSG’5. For a give
slope, the flow depth or spre

conveyance can
ompdted from the

nd longitudinal
read directly from the

r K = Q/Sﬂ's, and using
xample is given on figure

figure by first computi
this value to enter the
4@.
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APPENDIX E. DEVELOPMENT OF DESIGN CHARTS FOR GRATE INLETS

The following step-by-step procedure may be used to develop
design curves relating intercepted flow and total gutter flow,
with spread as the third variable, for a given roadway geometry,
grate type and size.

Example 30:

Given:

Required:

Procedure:

Step 1:

Step 2:

Step 3:

Sy = 0.04

Grate - Type: P - 1-1/8
Size: 2 x 2 ft (W x L)
n = @g.916

Develop design curves relating in W, Qi
total gutter flow, Q, for various dths, T.

Intercepted flow is a functio ter flow,
cross slope, and longitudinal discharge

3 ft3/s and 1ongitud’a1
illustrate the develep

ga@1 are used here
s,

Determine spre
form of equatiodn

th s = 9.01,
375
/(8.94)%-625 = 7 gg £t
the ratio, Egr of the frontal flow to total
Chart 4.

= 2/7.08 = ¢.28

Determine the mean velocity from Chart 2.

vV = 3 ft/s
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Step

Step

Step

Step

Step

Design curves for
slopes, and gutter c

Determine the frontal flow interception efficiency,
Rer using Chart 7.

Determine the side flow interception efficiency, Ry
using Chart 8.

R, = #.15

S

Compute the inlet interception efficienc using
equation (11).

E = RgEy + Rg(1l - Eg) = 1 x 8.59 + 0.15

= §.65
Compute the intercepted flow.
Q; = EQ = #.65(3) = 1.95 cfs
Repeat steps 1 through 7 feor o udinal slopes
to complete the design @&ur = 3 ft3/s.

other flow rates. Curves
s) Selected for this illus-
1 and 42.

Repeat steps 1 thro
for the grat
tration are s

nfigurations, roadway cross
s/ can be developed similarly.
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HEC No. 13 HYDRAULIC DESIGN OF IMPRO CULVERTS - August 1972
HEC No. 14 HYDRAULIC DESLGN OF PATORS FOR CULVERTS AND

HEC No.
HEC No.

FLEXIBLE LININGS - October 1975
ER ENVIRONMENT - HYDRAULIC AND

HEC No. 15 DESIGN Of STABL
HEC No. 16 ADDENDUM TO HIGH

HEC No. 17 TS ON FLOOD PLAINS USING RISK ANALYSIS -

October 1

HY-2 HYD
HY-4 HYDRA OF, "BRIDGE WATERNAYS - 1969
HY-6 DRAUL ALYSIS QF CULVERTS (Box and Circular) - 1979

Calculator Design Series
DRAULIC DESIGN OF IMPROVED INLETS FOR CULVERTS USING

PRGGRAMABLE CALCULATORS, (COMPUCORP 325) - October 1980

YDRAULIC DESIGN .OF IMPROVED INLETS FOR CULVERTS USING

OGRAMABLE CALCULATORS, (HP-65) - October 1980

YDRAULIC DESIGN OF IMPROVED INLETS FOR CULVERTS USING
PROGRAMABLE CALCULATORS, (TI-59) - January 1981

CDS No. 4 HYDRAULIC ANALYSIS OF PIPE-ARCH AND ELLIPTICAL SHAPE
CULVERTS USING PROGRAMABLE CALCULATORS, (TI-59) - March 1982

CDS No. 5 HYDRAULIC DESIGN OF STORMWATER PUMPING STATIONS USING
PROGRAMABLE CALCULATORS, (TI-59), May 1982








