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4.0 Storm Sewer Systems
This chapter addressés the planning and design of roadway
drainage systems. The complete system will be referred to as a
storm sewer system, and may consist of curbs and gutters, inlet
structures, laterals and trunk lines, junction chambers and manhpiles.
The purpose of a storm sewer system is to collect and transpaort

storm water runoff from the highway to an outfall.

4.1 Definition

For purposes of 1nterpretat1on of the policies and proceduras
of the Virginia Department of Highways and Transportation, a stomm
sewer system is defined as follows:

A STORM SEWER SYSTEM IS A DRAINAGE SYSTEM INSTALLED TO CARRY
STORM WATER RUNOFF, CONSISTING OF ONE OR MORE PIPES CONNECTING TWD
Oé MORE DROP INLETS. An exception to this general rule is; one or
more cross drain pipes connecting two or more drop inlets,
"hydraulically designed" to function as a culvert or culverts and
not connected to a storm sewer system.

4.2 Policy
 @€}k 1. In general, 3gll storm sewers will be designed for storms
:X;iving a 10-year recurrence frequency. Exceptions to this will be
based on local conditions where potential damage to contiguous
property is excessive and justifies employment of a design storm of
less frequency (greater intensity) and storm sewers that drain

depressed roadway and interstate roadways.
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2. Concrete pipe only will be permitted for storm sewer
installations on roadway projects constructed by the Department.
Exceptions to this rule are outlined in current "Instructional
and Information Memorandum LD‘SICD)]Z], VAR A v 1022

3. Cost participation in the construction of Storm Sewers-
See current "Instructional and-Informatibn Memorandum” LD78 (R)-9.1
entitled "Commission Policies on Participation by towns, Cities
and Others."

4, Access Points - Generally the 'distance between points of
access in storm sewer trunk lines shall be limited to 50 feet
where the pipe diameter is 12'"; 300 feet where the pipe diameter
is bétween 12" and 42" and 800 feet where the pipe diameter is
42" or larger. The distance between acéess points may be increased
100 feet if the pipe diameter is greater than 12" and the velocity

of flow will exceed 5 feet per second when the depth of flow is

4

equal to 25 per cent of the pipe diameter.

[ e

5. A storm sewer system is to be designed using an "n"

factor of 0.013.

6. A hydraulic grade line or potential water surface profile

should be determined for the entire system.
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1. Curb Inlets - For curb or curb and gutter sections, the

4.3 Criteria

inlet spacing shall be sufficient to limit the §pread to 8' to 10°
from the curb. A rainfall intensity of 3 inches per hour will be
used for the design spacing of inlets on non-federal aid highways.
On Federal Aid highways, the roadway inlets should be spaced so
that not more than half of a through lane will be flooded during
a 10-year frequency storm runoff except that a 50-year frequency
shall be used for underpassés or other depressed roadways where
ponded water can be removed only through the storm sewer systen.
2. Storm Sewers - Storm sewers will generally be designed
to accommodate the 10-year storm runoff without surcharge except
the storm sewers will be designed to accommodate the 50-year
storm where necessary to prevent flooding of an interstate roadway
and at underpasses or other depressed roadways on Federal-Aid
projects where ponded water can be removed only through the storm
sewer system. The acceptable practice of matching crowns (not
inverts) at junctions will be employed where practical, and where
this cannot be accomplished, due consideration to the hydraulic
operation will be given so as to prevent the hydraulic grade line
of the system from rising above the top of junction facilities |
such as manholes, eté. Where a 10-year or prescribed greater

design is not feasible, a lower design will have to be given

spec1a1 consideration and approval by the Central Office.
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4.4 Surveys

When a storm sewer system is in place, invert elevations

should be determined on all pipes, drop inlets, catch basins,

manholes, etc. It is essential that all utilities in the area of
of the existing or proposed storm sewer system be located and
their elevations given in order to avoid conflict between the
existing utilities and the future storm sewer system. This
information should be extended well beyond the limits of the
proposed project, both laterally and longitudinally, at least to
the next access structure. The invert elevation of each pipe
entering and leaving a drop inlet and/or manhole must be acquired.

For more detailed information relative to survey data

required see ‘the Virginia Department of Highways and Transportatlon

~ar

poin Qmilag~ <7
Survey Instruction Manual. 34} 4 Con
4.5 Hydrolo Na1‘ﬂ7~éxaaﬂ3f ) ﬁwlihhm’
Hydrology { 3. X

The RATIONAL METHOD to determine discharge is used exclusive-

————

ly by the Department in the design of storm sewer systems This

} swwiW

4.6 Hydraulic Design Methods and Charts 2. B””%‘

method is discussed in detail in Chapter 1 of this manua

This section contains design charts, nomographs and de51gn

methods . Certain of the'design methods are limited to specific

conditions and have limitations as to their application and accuracy.

It is recommended that the user of this mater1al become

familiar with the v

arious explanations and detailed instructions
which precede each design method.
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4.6.1 Shallow Triangular Channels

Shallow triangular channels as use& here include
gutters along curbs having either vertical or sloping faces,
depressed medians that approximate a triangular cross section,
- and other triangular gitches having side slopes flatter than
about 10:1.

Flow in shallow triangular channels is based on the
equation Q = 0.56 z 51/2y8/3. This is a variation of the
Manning formula, sglved graphically by means of the nomograph
in Figure 4.6.1.1.

The friction along the face of a vertical curb is
ignored as being negligible. This assumption also facilitates
the use of the formula in paragraph 2 above and Figure 4.6.1.1
with triangular shaped swales and ditches.

The depth of water at the curb“y“and the spread on the
pavement;‘Spi in a curbed section, depend upon discharge;pr
longitudinal gutter slope: S: pavement cross slope S, = 1/Z =
'ﬁ/sr and gutter roughness coeffitienf‘ﬁi Civen Q, S, Sx and n,
depth and spread can be determined by use of Figure 4.6.1.1. These

charts are all based on the equation in paragraph 2 above.
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Appendix B - TABLES

*1able 8 - Roughness coefficients (Manning's n)

Highway Channels and Swales with Maintained Vegetation

Type of Grass Menning n
Dﬂth 007 ft‘ DAepth 007 - 105 fto
Velocity in fps 2 6 2 6

a. Bermuda, Kentucky bluegrass , buffalo
(1) Mowed to 2" 0.07 0.0k45 0.05 0.035
(2) Length 4" - 6" 0.09 0.05 0.06 0.04
b. Good stand, any grass

(1) Length 12" +_ 0.18 0.09 0.12 0.07

(2) Length 24" +_ 0.30 0.15 0.20 0.10
¢. Fuir stand, any grass

(1) Length 12" + 0.1k 0.08 0.10 0.06

(2) Length 2&"_:_ 0.25 0.13 . 0.17 = 0.09

Street and Expressway Gutters

a. Concrete gutter troweled finish 0.012
b. Asphalt pavement
(1) Smooth texture 0.013
(2) Rough texture : 0.016
c. Concrete gutter with asphalt pavement
(1) Smooth - 0.013
(2) Rough 0.015

d. Concrete pavement

(1) FPloat finish - 0.014
(2) Broom finish 0.016
e. Brick 0.016

For gutters vith small slope where sediment may accumulate, increase all above
values of "n" by 0.002. 1267

* Searcy, J. K., "Drainage ol Highway Pavements", Federal Highway
Administration, U.S. Dept. of Transportation, Washington, D.C.,
Hydraulic Engineering Circular No. 12, 1969,
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4.6.2 Inlet Spacing
Inlets should be so spaced as to limit the spread
of water on the pavement to a predetermined amount that
will not interfere with traffic for a frequent design storm.
The allowable spreaa>depehds upon the width of gutter and
location and width of travel lanes. Suggested design storm
is noted in Section 4.3.

The design discharge for use in determining gutter flow
in the spacing of storm water inlets is determined by means
of the Rational formula.

Having selected the design storm under the first
paragraph, the spacing of inlets will be effected by the
capacity of the individual inlet. See Criteria - 4.3 -
Paragraph 1. - Curb Inlets.

Where an inlet is 1bcated on a continuous grade, flow
bypassing that inlet must be inclqded in the total gutter
flow contributing to the next inlet downstréam unless it is
carried off on a side street or otherwise intercepted.

Where an inlet is located at the bottom of a sag
vertical curve (referred to as a sump or low point) all of
the flow must go into the inlet unless it overtops the curb
or crown of the pavement. The problem in an analysis is to
determine how deep the water must be at the inlet in order for

it to intercept the peak flow.
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To properly drain sag vertical curves, it is usually

a good practice to place three inlets in each curve; one at
the low point and one on each side of the low point. A
check of the width- spread approaching the low point from
each direction, where the gutter grade is one tenth per cent,
will determine the need for and proper location of the two
inlets. This removes the flow before the spread becomes
excessive and will reduce deposits of sediment on the pavement.

Where the pavement on a continuous grade is warped in
transition§ between superelevated and normal sections, water
should normally be picked up before the cross slope of the
pavement begins to change. This is particularly important in
areas where icing occurs.

Large qhantities of runoff from areas off the project
that would norﬁally enter the project from side streets should,
wherever possible, be picked up on the side street before it

reaches the project.

Street inlets are, at best, inefficient devices fgg_

intercepting water. Where curbs are used, runoff from cut
slopes and areas off the right-of-way should, wherever possible,
‘be intercepted by ditches at the top of slopes or in a swale
along the shoulder. This reduces the amount of water that has
to be picked up by gutter inlets and prevents mud and debris
from being carried onto the pavement. This is particularly’

important at the high side of supcrelevated curves on divided
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highways using a continuous raised median.

—p

Grate-type inlets are more effective if designed and
W—

spaced to pick up 75 to 85 per cent of the flow in the gutter.

~— Curb opening inlets should be designed and spaced to pick up

e h
85 to 90 per cent of the flow.

Having located the inlets for the design storm described
in paragraph 1, it is desirable to check the design for a 10-

year frequency storm. If excessive flooding is indicated the

spacing should then be corrected.

When bridges are located adjacent to curb .and gutter

sections, it will be necessary to coordinate the drainage
design with the bridge designer. For bridges without scuppers,
the flow from the entire bridge plus any flow crossing the
bridge will need to be picked up in the storm sewer system.

For bridges with scuppers, it will be necessary for the
drainage designer to review the scupper size, type and
-lbcation. The flow capacity as well as the potential for
scupper clogging should be fully considered and the storm

Sewer system designed accordingly.

4.6.3 Grated Inlets

Where the gutter or other approach channel is on a

continuocus grade, grate inlets with efficient openings

can be expected to intercept, over the end, all the water

Los gl ( guti= limd- 097

Lot —

|
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flowing in the part of the gutter cross section above the
grating plus an amount that will flow in along the exposed
edges. For grates less than 2 feet long this side inflow is
very small.

To estimate the inflow along the side of the grate
use Fig. 4.6.10.1 to 4.6.10.7. Consider the edge of the
grate the same as a curb opening. - Ignore crossbars in
determining the length of opening. Use the depth at the
outer edge of the grate and take inﬁo account any local
depression at the outer edge. In a rigid analysis the
length of the outer edge of the grate shoula be reduced
by the length of the jet falling in over the end of the
grate. 7

A grating has efficient openings if:

e o (a/
"~ a. The bars run parallel to the direction of flow.Q

b. The openings cover at least 50 per cent of the
width of the grate.

c. The unobstructed opening is long enough (generally
at least 18 inches) parallel to the direction of
flow to allow the water entering the end of the

grate to fall clear of the downstream end of the
slot.

The capacity of any other type of grating must be

determined experimentally.

Efficient openings (as defined herein) also appear

to have the best nonclogging characteristics.

,
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The capacity of a“gfété'inlet, where the gutter is on
a continuous grade, increases rapidly when part of the flow
is allowed to go past the inlet. This is due to the increased
depth in the cross section of flow over the grating.

Uniformly spaced inlets in series on a uniform continuous
grade tend to adjust automatically to intercept the runoff
tributary to each inlet by the time the third or fourth inlet
is reached, provided the carryover from the first inlets does
not exceed about 25 per cent. '

The capacity of inlets with diagonal bars is increased
substantially by rounding the top surfac¢ of each bar to the
approximate form of a free overfall,
| The capacity of an efficient grate inlet increases with
the slope up to the point where the falling jet hits the
downstream end of the slot.

Capacity of a grate inlet in a sump or low pdint (water
ponded) may be estimated as follows:

a. For depths of water up to 0.4 feet use the weir
. 3/2 '

\h/JbbA’ — . formula Q = CPH

Where P

perimeter of the grate opening ignoring
the bars

H = depth of water

C = may be taken as 3.0
Where one side of grate is against a curb, this

side must be omitted in computing the perimeter.
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b. For depths of water shove 1.4 feet use orifice
formula Q = CAJ 2 gl
Where A = total area of clear opening
H = depth of water

' //// C = may be taken as 0.67

C. For depths between 0.4 and 1.4 feet operation is
indefinite due to vortices and other disturbances.
Capacity will be somewhere between that given by the
above formulas.

d. Problems involving the above criteria may be
solved graphically by use of Figure 4.6.10.11.

The minimum length of clear opening, parallel to the
direction of flow,; required to allow the jet of water falling
through the opening to clear the downstream end of the slot
depends upon the depth and velocity of flow in the approach
gutter and the thickness of the grate at the end of the slot.

The minimum length may he estimated by the following formula:

L= 2T /0(9%%—‘%%

Where L = minimum length of slot in feet
V = mean velocity of flow in the approach gutter,ﬂm
y = depth of water at curb in approach gutter,#t

d, = thickness of grate at downstream end of the slot. ‘
b ‘ (degh. of +he bar) Q-0
This equation is based on trajectory of a free falling |
body L = Vt S=y + dy= 1/2 gt2 with a numerical cénstant %Q

modified on the basis of experimental data.
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In order to develbp the full capacity of an inlet consist-
ant of two or more grates separated by shért sections of paved
gutter on a continuous grade, the grates should be spaced far
enough apart so the carryover from the first grate will move
into the curb before it reaches the second gréte. This dis-
tance increases with the longitudinal slope and decfeases with
an increase in the cross slope. To determine the capacity of
a given spacing, compute the flow over the end and side of the
first grate based on total gutter flow. Campute capacity of
the second grate based .on carryover from the fifst grate by
two methods: (1) Flow over the end and side assuming the
carryover to-have reached normal gutter depth. (2) Consider’
distance from lower end of first grate to lower end of second
grate as the length of a curb opening inlet and the depth of
flow as the depth at the outer downstream corner of the first ‘
grate. Compute interception as a curb opening. Take the
lower of the two values found in (1) and (2) as the intercep-

tion of the second grate.
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4.6.4 Cufb Opening Inlets
The capacity of a curb opening inlet on a continuous grade

varies directly with:

a. Depth of water at the inlet entrance

b. Length of clear opening

The depth of water at the inlet entrance for a given discharge

varies directly with:

a. Cross slope of the pavement at the curb

b. Amount of warping or depression of the gutter flow
line at the inlet

c. Roughness of the flow line
Inversely with:
a. Longitudinal slope of the’gutter
The cabacity of a curb opening inlet when intercepting 100
per cent of the flow in the gutter is given by the formula:

Q=0.7L (a+y)3/2
Where y = depth of flow in approach gutter
a = depth}of depression of flow line at inlet(iiJﬁ?l)t)
L = length of clear opening '
The capacity of a curb opening inlet is increased somewhat
by allowing part of flow to go by but not as much as with a grate
inlet.
The capacity of a curb opening inlet in a sump or low point

varies directly with the length of the inlet and the depth of

water at the entrance. The inlet will operate as a weir until

‘- .
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the water submerges the entrance. When the depth of watef is
about 1.4 h (where h is the height of the curb opening entrance)
or more, it will operate as an orifice. Between these two depths
it will operate somewhere between the two. The capacity may be
computed graphically by use of Figure 4.6.10.9. |

When using a double curb opening inlet with a center support
flush with the face at the curb the effective area of the second
opening should be reduced by one half to compensate for turbulence
caused by the support. If the support is set back several inches
from the gutter flow line the effectiveness qf the second opening

is much improved.

The capacity of multiple curb openings is often reduced to
the capacity of a single curb opening by debris caught on the
center supports.

A curb opening inlet constructed with a cantilevered top
slab having no intermediate supports, and which can be built in
variable lengths with a local depression of at least 2 inches is
a desirable type of curb opening inlet design. This type of curb
opening inlet can be varied in length according to the amount of
water to be intercepted and has no supports to catch debris or

deflect the flow.
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4.6.5 Combination Gréte and Curb Opening Inlets
The capacity of a combination inlet on a continuous
grade using an "efficient'" grate is not appreciably greater than
with the grate alone. In computing the capacity ignore the curb
opening and compute as a grate inlet.

A combination inlet on a continuous grade with the curb

opening placed upstream from thevgrate is considered to operate
as two separate inlets. Compute the capacity of the curb open-
ing based on the toal gutter flow and the capacity of the grate
based on thé carry-over from the curb opening. This arrange-
ment is desirable as in addition to increasing the capacity, the
curb opening will ;end to intercept the debris brought down by
the first flush of water and thereby reduce the chances of
clogging the grate.

A combination inlet in a sump or low point is very
desirable. The curb opening should be considered as a relief
opening in event the grate becomes clogged by debris. In
estimating capacity, consider the inlet as a grate only but do

not divide the perimeter and area by 2 as with the grate alone.

See 4.6.7 - Procedure Step 2.

For a combination inlet on a continuous grade with the

curb opening placed downstream from the grate to operate

effectively as two separate inlets, the curb opening must be a
sufficient distance below the grate to allow the carry-over

from the grate to move in against the curb before it reaches the

curb opening. The minimum distance will vary with both the
cross slope and the longitudinal slope. It.will be relatively
small for a steep cross slope and flat longitudinal slope and

long for a flat cross slope and steep longitudinal slope.
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4.6.6 '"Capacity of Curb Opening Inlets on Continuous Grade"

Figufe 4.6.10.8 applies to curb or éide opening inlets
on continuous grades. It may also be used to determine
inflow at the side parallel to the direcfion of flow (outer
edge) of grate inlets on continuous grades. For intercep-
tion along his edge, the grate operates like a curb open-
ing except for possible interference from the grate bars.

The capacity of the inlet depends upon the length of
opening and the depth of flow at the upper end of the open-
ing. This depth in turn depends upon the amount of de-
préssion’of the flow line at the inlet and the cross slope,
longitudinal slope, and the roughness of the gutter,

To use Figure 4.6.10.8 (a) and (b) for curb opening
inlets the following information must be known:

1. Length (L) of the inlet opening.

2. Depth (a) of local flow line depression,
if any, at the inlet.

3. Design discharge (Q,) in the gutter or
information as to drainage area, rainfall
intensity, and runoff coefficients from
which a design discharge can be estimated.

Any carry-over from a previous inlet must
be included.

4. Depth of flow in normal gutter for the
particular longitudinal and cross slopes at
the inlet in question. This may be determined
from one of the Figures 4.6.10.1 thru 4.6.10.7
To use Figure 4.6.10.8 (a) and (b) for determining inflow

over th outer edge of an efficient type grate, the following
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information must be known or determined:

1. Length (L) of total grate opening less an amount

estimated to be occupied by the flow entering over
the end of the grate. '

"R Wm wE am

2. Depth (a') of the local pavement depression at the
outer edge of the grate. :

3. The portion of the total gutter flow (Qq) that is
flowing on the pavement beyond the outer edge of the

grate, i.e., total flow less the inflow over the end
of the grate.

4. Depth of flow (y') on the pavement at a point in
line with the outer edge of the grate.

Procedure

1. Enter Figure 4.6.10.8 (a) with depth of flow y or y'
and local depression, a or a’', ang determine Q,/La,
the interception per foot of inlet opening if the
inlet were intercepting 100% of the flow.

2. Determine length of inlet L, required to intercept
100% of the flow. L, = total flow Q, divided by the
factor Qa/Lg,e

(-

3. Compute ratio L/L, where L = actual length of
inlet in question.

4. Enter Figure 4.6.10.8 (b) with L/L, and the ratio
a/y or a'/y' and determine ratio S/Qa, the
proportion of the toal flow intercepted by the
inlet in question.

5. Flow intercepted, Q, is this ratio Q/Q, times the
total flow Q,.

6. Flow carried over to next inlet is Q; - Q.

The partial interception over the end of an efficient type

grate where the pavement has a straight cross slope may be

closely approximated by use of the a/y = 0 curve on Figure 46 /0.8 (b)
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4.6.7 - Capacity of Grate Inlet In a Sump

Figure 4.6.10.11 applies only when the grate is located in a

low point or sump where the water will pond at the grate.

The capacity of the grate depends upon either the exposed
perimeter or the area of the openings and the depth of water
at the grate. Recent experiments (1) have determined that a
grate will act as a weir and follow the weir formula fof depths
(heads) on the grate up to 0.4 ft. It will act as'an orifice
and follow the orifice formula for heads of 1.4 ft. and over.
For heads between 0.4 and 1.4 the operation is indefinite
because of vori{ces and eddies over the grate.

In the usual prohlem, the following are given:

1. A particular design of grate with dimensions

2. A design discharge (Q) or information as to

drainage area, rainfall intensities and runoff

coefficients from which a design discharge can
be estimated.

Procedure

1. Compute the perimeter of the grate opening (P)
ignoring the bars and omitting any side over which
the water does not enter, such as when one side is
against the face of a curb. Divide the result by 2.
This allows for partial clogging of the grate by

assuming that only half of the perimeter will be
effective.

2. Compute the Q/P ratio, using effective perimeter
after allowing for clogging.

3. Compute the total area of clear opening (A), excluding
area taken up by bars, and divide by 2. This allows
for partial clogging of the grate by assuming that
only half of the arca will be effective.




4, Compute the Q/A ratio, using effective area after
allowing for clogging.

S. Enter the chart at the bottom scale, using line (a)
with the Q/P value and line (b) with the Q/A value,
and read the required head in feet at the left margin.

6. If the required head falls below 0.4, (a) only will
apply. This is the usual case.

7. 1If the required head falls above 1.4 ft., (b) only
will apply.

8. If the required head falls hetween 0.4 ft. and 1.4 ft.,
- the actual head may be anywhere between (a) and (b).

Use the value that gives the most conservative result,

being sure to use line (a) with Q/P and line (b) with

Q/A.

Vortices and cddies over the grate may cause the actual

head to differ from the indicated head in this case (See

Second Paragraph).

9. If the inlet is a combination type with grate and curdb
opening the recommended procedure is the same as with
a grate alone except the perimeter and area are not
divided by 2. The reason for this is that the curb
opening will serve as a relief in event the grate
becomes clogged. With the grate operating freely it is
questionable whether much water will get to the curb

opening until the discharge is sufficient to submerge
the entire grate.

10. If the grate has an appreciable cross slope so the
side away from the curb is higher than that next to
the curb, the inflow over the side should be determined
separately from that over the ends. Use the depth at
the middle of the grate for end inflow and depth at
edge away from the curb for side inflow.

(1) Airfield Drainage Structure Investigation (Final Report)

Hydraullc Laboratory Report No. 54

28

U.S. Corps of Engineers, St.Paul District Suboffice, April 1949
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4.6.8 Capacity of Curb\Opening Inlet at a Low Point in Grade

1. Figure 4,6.10.9 is used to solve inlet capacity problems

under the following conditions:

(a) The curb opening inlet (no grate) is located at a
low point in the grade.

(b) All flow coming to the inlet must eventually enter

‘ the inlet and will pond until sufficient head is
built up so the outflow through the inlet will equal
the peak inflow from the gutters.

Z. The definition of the symbols and the terminology used are

as

follows:

Q:

Hi=

H2=

k]
total floQ to the inlet in cfs

vertical height of inlet opening
in feet at the face of curb

length of opening in feet
depth of local depression in feet
width of local depression in feet

perimeter of local depression in feet
(= 3.14 W + L)

normal gutter cross slope in vicinity
of inlet (do not include local depression)

total head at face of inlet opening

total head at outer edge of local depression

If a local depression is used (a> Q) the depth
that determines the spread of water on the pave-
ment may be at the outcr edge of the local
depression.
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3. To determine the spread of water on the pavement proceed

as follows:

- i

(a) Enter nomograph with values of h and Q/L. Read.Hll h
and compute Hl.

(b) If a = 0 then spread of water on the pavement
Sp = Hy/Sx (feet from curb).

(c) If a # 0, enter the ndmograph with a convenient value
of h, designated h (e.g., 0.4) and Q/P.

Read Hz/h and compute lI,,

(d) Then if Hy>» H, + WS_ + a, it will submerge H, and
the spread of water equals (Hj -a)/Sy.

(e) If Hy< Hy + WS, + a, the spread will be determined
by Hy and will equal (H3/Sy,) + W.

4. The spread in each gutter approaching the low point inlet
should be checked in the same way as an inlet on a
continuous grade since it may be greater than the spread
caused by the inlet. Since the longitudinal gutter slope
approaches zero at the inlet, it is suggested that a value
of 0.001 ft/ft be used in checking the -spread in the
approach gutters. -
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[2] Closed Comduit Sgs‘f'ems |

*
1-22. CLOSED CONDUIT SYSTEM

1. DESIGN FLOW:

The

closed conduit system shall be designed for a 10-year rain-

fall frequency when its intended use is to function as the minor

drainage system. Design flows will be determined by methods dis-

cussed in Sections 1-21., and pipes will be sized by the émount of

run-off actually entering the system.

Z. STORM SEWER PIPE:

Size of storm sewer pipe may be determined by the Manning

Formula

.Q=

The

which is expressed as:

Lao 32,

va
Quantity of flow in cubic feet per second
Velocity of flow in feet per second
Required area in_square feet

Coefficient of roughness

Hydraulic radius in feet

cross sectional area of flow
wetted perimeter

Slope of energy gradient in feet per foot

Adjustments of pipe sizes as determined by the Manning
Formula may be necessary due to hydraulic gradient con-
siderations.

Manning Formula is shown on nomograph form on F°‘3&44-

Other guidelines related to size and configuration of storm

sewer pipe are as follows:

A.

Minimum size of pipe to be used outside of the Virginia

Department of Highways and Transportation right of way will be 12"

-% County of

Fairfax, Virginia, "Public Facilities Manual", Volume I

and II, 1976, . :

31




stated in the Bend Standard, Public Facilities Manual; Vol. II

diameter where the distance between access openings is 50 feet
or less and 15" diameter where access openings exceed 50 feet.
The minimum size of pipe permitted within the Virginia Depart-
ment of Highways and Transportation is 15".

Pipeé will be designed for flows intercepted by the inlets.
Pipes 18 inches in diameter and larger may be constructed on
horizontal curves. Public Facilities Manual, Vol. IT, provides
for the geomeﬁric.limitation and information to assist in
design of concrete pipes on horizontal curves.

Except where noted differently under Item A, fhe maximum
length between access openings shall not exceed 400 feet

for pipes less than 36 inches in diameter or 800 feet for

pipes 36 inches in diameter or greater. Access opening

may be in the form of an inlet, manhble, Junction box or
other approved appurtenance.

Prefabricated tee and wye sections may be used under the
conditions stated in the Tee and Wye Standard, Pub]fc
Facilities Manual, Vol. II, when approved by the Director.

Prefabricated bend sections may be used under the conditions

’

when approved by the Director.

In general there may not be a reduction in pipe size along

' the direction of flow.

32
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H,

Minimum cover for storm sewer pipe shall be two.feet from -
finish grade to the outside top of pipe, except where
approved structural correction is provided when cover _
requirements cannot be met.

Minimum easement widths shall be determined as follows:

Pipe Size Easement Width
15" - 18" 10*
21" - 33" 15
36" - 48" 20'
54" - 72" 24'

Where multiple pipes are installed, edge of easement shall
be five feet clear of outside of pipe. Where easements do
not generally follow established lot 11nes. add five feet B
to the easement width on side toward the building. Storm
sewers to be maintained by Fairfax County Department of
Pubiic Works shall be within dedicated "Storm Drainage
Easements”.

Storm sewers shall be designed to provide an average velocity
when running full of not less than two and one-half feet per

second, :

The need for concrete anchors must be investigated on storm

sewer lines with slopes of 20% or grea;er. If anchors are required,
the design engineer will show a detail on the plans with spacing
requirements.

Plain concrete pipe shall conform to the requirements of ASTM
Designation C-14 EXtra Strength; reinforced concrete pipe shall
conform to ASTM Designation C-76 Classes II, IIIl, and IV;

Asbestos Cement pipe shall conform to ASTM C663-73a, Type II

and AASHTO M-217-75.
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3. PIPE MATERIALS:

Pipe materials acceptable for storm drain construction with

the accompanying roughness coefficients are shown below:

Material | Manning "n"

Plain Concrete Culvert Pipe (PCCP)* .013
Non-Reinforced Concrete Sewer Pipe (NRCSP)* .013
Reinforced Concrete Culvert Pipe (RCCP) .013
Reinforced Concrete Sewer Pipe (RCSP) .013
(1) vitrified Clay Pipe, Extra Strength (VCPX) .013
(1) Cast Iron Pipe (CIP) .013

Asbestos Cement Pipe (ACP)** ) .013

(2) Corrugated Metal Pipe (CMP)

(1) Plain .024
(1) 25% Paved .021
(1) 50% Paved ' .018
(1) 100% Paved .013

(1) Unti1 specifications have been developed and approved by the
State and County, use of this pipe material must be approved
by the Director.

(2) Except for residential driveways, and temporary
installations, this type of pipe is to be used
only when approved by the Director. When using
corrugated metal pipe, the designer should be aware that
the coating will probably not last the life of the
pipe. The velocity of flow through the pipe should
therefore be computed using the smoothest pipe lining
(lowest value of 'n') while the capacity of the pipe
should be computed using an uncoated or plain pipe
(n=0.024).

Note *: Plain Concrete Culvert Pipe (PCCP) and Non-Reinforced concrete
sewer pipe (NRCSP) shall conform to the Virginia Department of Highways
and Transportation Road and Bridge Specifications. Pipe sizes 12" through
24" are permitted.
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4. ENERGY AND HYDRAULIC GRADIENTS

The Hydraulic Gradient for a storm sewer system is a line

connecting points to which water will rise in manholes and inlets

throughout the system during the design flow. The energy gradient

2
is a line drawn a distance ——%5— above the hydraulic gradient

of the pipes.

The total energy losses at a junction, HL’ is assumed to be

made up of one or more of the following losses:

1.
2.
3,

Expansion loss, hi’ when storm water enters the junction.
Contraction loss, ho’ when storm water leaves the junction.

Bend loss, ha , due to the change in horizontal direction
of storm water velocity.

These losses may be estimated as follows:

2 1i2

.2
Vi
25 N

Vo
hi + ho + h = 0.1 29 + 0.05 5= Zg

Total Energy Loss

Expansion Loss (flow jj_to junction)

Contraction Loss (f1ow out of junction)

Bend Loss

Velocity in feet per seccnd, Q/A, of upstream pipe
Velocity in feet per second, Q/A, of downstream pipe

Horizontal ang]e in degrees between the direction of
flow of incoming and outgoing pipes

Bend loss coefficient
Wﬁe
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4.7 Hydraulic Grade Line

The final step in the design of a storm sewer system is
to check the Hydraulic Grade Line. Computing the H.G.L. will
determine the elevation, under design conditions, to which the
water will rise in the various inlets, manholes, junctions, etc.
4.7.1 The Hydraulic Grade Line will be computed for all storm
sewer systems and may be tabulated on Form LD-347 using the
following procedure:

Step 1 Enter in Col. 1 the station for the junction
immediately upstream of the outflow pipe. H.G.L.
computations begin at the outfall and are worked
upstream taking each junction into consideration.

Step 2 Enter in Col. 2 the outlet water surface elevation
if the outlet will be submerged during the design
storm or .8 D + invert out elevation of the outflow
pipe whichever is greater.

Step 3 Enter in Col. 3 the diameter (Do) of the outflow pipe

Step 4 Enter in Col. 4 the design discharge (Qo) for the
outflow pipe.

Step 5 Enter in Col. 5 the length (Lg) of the out £low pipe.

Step 6 Enter in Col. 6 the friction slope (Sf,) in Ft./Ft.
of the outflow pipe. This can be determined by
entering the pipe flow charts or similar pipe flow
calculators with the discharge (Q,), diameter (D,),
and "n" factor (0.013) and reading the friction
slope directly. -

2 Virginia Department of Highways and Transportation,"Drainage
Manual", Richmond, Virginia, 1980.




Step 7

Step 8

Step 9

Step. 10

Step 11

Step 12

Step 13

Step 14

39

Multiply the friction slope (Sfo) in Col. 6 by
the length (Ly) in Col. 5 and enter the friction
loss (Hf) in Col. 7.

Enter in Col. 8 the velocity of flow (Vo) of the
outflow pipe.

Enter in Col. 9 the Contraction Loss (H,) by
using the formula Hozo_ZS(Voz)’ where

Zg
g = 32.2 ft./sec.z

Enter in Col 10 the design discharge (Qi) for
each pipe flowing into the junction. (For
exception, See 4.7.2 No. 3)
Enter in Col. 11 the velocity of flow kVi) for
each pipe flowing into the junction. (For
exception, See 4.7.2 No. 3)
Enter in Col. 12 the product of ini for each
inflowing pipe. When several pipes inflow into

a junction, the line producing the greatest

QiVi product is the line which will produce the
greatest Expansion Loss (Hi)' (For exception

See 4.7.2 No. 3)

Enter in Col. 13 the controlling ExpansionvLoss
(Hi) using the formula Hi= 0.35 (Viz)o

Enter in Col. 14 the angle of skew of each inflow-

ing pipe to the outflow pipe.




Step 15

Step 16

Step 17

Step 18

Steﬁ 19

Step 20

Step 21
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Enter in Col. 15 the greatest Bend Loss (Ha)
calculated by using the formula Hy = K Viz , where
K = the Bend Loss coefficient corresponding to the
various angles of skew of the inflowing pipes.
Enter in Col. 16 the Total Head Loss (Ht) by

summing the values in Col. 9 (H,), Col. 13 (H:),
and Col. 15 (Hya) .

I[f the junction incorporates surface inflow, i.e.
drop inlet, increase H, by 30% and enter the
adjusted He in Col. 17.

If the junction incorporates full diameter inlet
Shapingjreduce the value of Ht by‘SO% and enter
that adjusted value in Col. 18.

Enter in Col. 19 the FINAL H, the sum of Hf and

He, where Hy is the final adjusted value of H,.
Enter in Col. 20 the sum of the elevation in Col. 2°
and the Final H in Col. 19. This elevation is the
potential water surface elevation for the junction
under design conditions.

Enter in Col. 21 the rim elevation or the gutter
flow line, whichever is lowest, of the junction
under consideration and compare it with the
potential water surface elevation in Col. 20.

If the potential water surface elevation exceeds

the rim elevation or the gutter flow line, which-
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ever is lowest, adjustments are needed in the system to reduce

the elevation of the H.G.L.

Step 22 Repeat the procedure starting with Step 1 for the next

junction upstream.

4.7.2 The normal design of a storm sewer system will, whenever

possible, incorporate the following:

1. When a trunk line passes through a junction, the

pipe crown lines will be at the same elevation.

An exception is that when the inflow and outflow
pipes are of the same diameter, the outflow pipe
invert elevation will be 0.1' lower than the inflow
pipe invert.

The angle of an inflow trunk line pipe to the outflow
trunkline pipe at a junction will not exceed 90°.

If a lateral pipe line enters a junction with its
invert elevation ahove the crownline elevation of

the outflow trunklins pipe, the lateral discharee will

be conaidered as drop inlet inflow in adjusting Hy

for Step 17. (4.7.1)

Nl A IO
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HYDRAULIC GRADE LINE

PROJECT
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Column Comment

1 Line being investigated
2,3 Inlet or manhole being investigated
4 Length of the line
5 : Subarea for the inlet
6 Accumulated subareas (/)
7 "~ Value of the concentration time for the area “""
draining into the inlet %
8 Travel time in the pipe line 3
9 Weighted C for the area being drained
10 Rainfall intensity based on time of concentration X‘
and a 5-yr frequency curve
11 Unit runoff g = CI ‘ %
12 Accumulated runoff that must be carried by line 3
13 Slope of line
14 Size of pipe : . -
15 Pipe capacity
16 Velocity in full pipe
17 ‘Actual velocity in pipe
. Typical Storm Sewer Computations for the Rational Method for a System
Flow IS Ground
Manhole Area Time 3 s Sewer Eleva-
No. . (acres) {min) 'qu) Design Flow - ; Inven tion
8 ;E oy - S 9
s ~ 8 g =~ € £ g ¢ 2 8
e 3 & ® < $ - 3 = > 5 2 = 2 g .5
S = tu g2 € v % & &£ & g & £ & & § & : »x v v B
€ 3 3 § ¢ T % S % 5§ & : 3 23 & 28 & & & &
s 5 § 5 8 § 3 £ . g &8 § 5§ § £ 9 2 2 s 3 & ® B
e § 2 8§ ¥ 2 6 & £ €& ® g §E & & & & ¥ F § 5§ = g : g =
3 & & § £ 8 £ & 3 & & B 538§ 8 &2 &£ &2 & 5 2 2 &8 8 S5 5 8
(1) (@ (3 (4 (5 (6) (7)) (8 (9 (100 (1) (12) (13) (14) (15 (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27)
1 1-6 1-5 400 2.64 264200 14 030 3.7 111 293085 12 33 40 46 9 ... 3.40 93.00 8960 98.4 949
1 1-5 14 400 361 625214 12 030 36 108 675075 18 92 51 56 11 0.40 3.00 8920 86.20 949 918
1 1-4 1-3 400 3.88 10.13 226 1.2 042 34 143 1450045 24 152 48 5.6 18 0.40 1.80 85.80 84.00 918 89.7
3 3-2 3-1 400 5.55 5.5520 11 030 37 L1l 6.16 100 15 64 51 59 2 ... 4.00 91.00 87.00 96.2 923
3 3-1 -1-3 400 6.43 11.98 211 11 030 3.6 1.08 1292060 24 175 55 6.1 15 0.60 2.40 86.40 84.00 92.3 89.7
1 1-3 1-2 400 3.92 26.03 23.8 11 0.39 3.3 1.29°33.600.30 36 370 51 59 26 0.80 1.20 83.20 82.00 89.7 89.5
2 2-1 1-2 400 2.52 2.52 20 14 030 37 111 280090 12 32 41 4.7 9 ... 3.60 87.50 83.90 92.7 89.5
1 1-2 1-1 400 3.86 32.41 249 11 041 3.2 131 4250024 42 500 52 59 29 0.40 096 8160 80.64 89.5 885
I 3.2 141 53.20 030 42 56.0 5.7 6.6 33 0.10 038 80.54 80.16 885 ...

1-1 Out- 125 544 3785260 ... 0.4
fall ‘

Source: Design and Construction of Sanitary Storm Sewers, ASCE Manuals and Reports w'
.on Engineering Practice, No. 37, 1970. )
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FIGURE 22.—Alignment chart for Manning formula for pipe flow.
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Soufce ! American Society of Civil Engineers, Design and Construction of . '
Sanitary and Storm Sewers, ASCE Manuals and Reports in Engineering
Practice - No. 37, 1976. l
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[3] Open Channel Flow

PART II1
OPEN CHANNEL FLOW

This section deals with the design of new stormwater conveyance channels

in accordance with Std. & Spec. 1.35, and the determination of an adequate

channel as required by General Criteria GC-7. It is assumed that the

reader has some basic knowledge of hydraulic engineering principles and
terms.

Calculation of Flow in Open Channels

To calculate the flow in an open channel, it must be assumed that the
quantity of flow in the channel does not change with time and that the
cross-sectional area and slope of the channel remain constant. While in
reality these conditions are seldom met, the channel can be divided into
reaches which have similar cross-sections and slope, and the flow can be

considered at one point in time, such as the peak flow, when the quantity
of flow will be more or less constant.

Two equations are used to calculate the flow in open channels. They are:

Manning's Equation,

V=1.49R2351/2
n
where,
V = the average velocity in the channel, (ft./sec.)
n = Manning's roughness coefficient, based upon
the 1ining of the channel
R = the hydraulic radius (feet)
S = the slope of the channel, (Feet/foot)

and The Continuity Equation,

Q = AV
where,

Q = flow in the channel,(ft.3/sec.)

A = cross-sectional area of the channel, (ft.z)

V = average velocity in the channel, (ft./sec.)

Manning's Equation and the Continutty Equation are used simultaneously to
determine flow capacity and velocity in the channel. A nomograph for
solving Manning's Equation is given on plate 5-32.

% Virginia Soil and Water Conservation Commission," Virginia
Erosion and Sediment Control Handbook'", Richmond, Virginia, 1980.

Y
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Design of Stormwater Conveyance Channels

The design criteria for STORMWATER CONVEYANCE CHANNELS (Std. & Spec. 1.35)
requires that two primary conditions be satisfied. First, the channel
must have sufficient capacity to pass the peak flow expected from a 2-year
frequency storm or greater (depending upon other local or State drainage
criteria), and second, the channel lining must be resistant to erosion for
the velocity of flow expected in the channel from the 2-year storm.

Both the capacity of the channel and the velocity of flow are functions
of the channel lining, its cross-sectional area and its slope. The task
of the designer is to determine a channel section and lining which will
have sufficient capacity and be stable for a given slope.

The design procedura, which follows, is for determining a cross-section and
lining for straight, uniform channel reaches on a constant slope. The pro-
cedure does not account for channel constrictions (i.e. culverts), changes
in cross-section or slope, or curved alignments. Other engineering pro-
cedures are available to take such factors into account.

Selecting a Channel Lining

For design burposes, efosion resistance is a function of flow velocity in
the channel. There are a number of possible linings to choose from. Com-
monly used channel linings include grass, riprap and concrete.

Concrete and similar structural linings generally do not erode and their
design is not restricted by maximum permissible flow velocities. However,
riprap and grass-lined channels do have maximum permissible velocities
beyond which they will erode. :

Table 5-7 lists maximum permissible velocities for various grass linings.
Permissible velocities for riprap linings is dependant upon the stone size
and can be determined by procedures outlined in cther references.

Determining Manning's "n"

Manning's Roughness Coefficient, "n", is determined by the type of channel
lining.

Ranges of "n" factors for various structural linings are listed in Table
5-8. Generally the lower values should be used to calculate velocity and
the higher values should be used to calculate capacity of the channel.

For riprap lined channels "n" can be determined from the following
equation: '

n = 0.0395 Dgq 1/6
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PERMISSIBLE VELOCITIES FOR GRASS-LINED CHANNELS

Permissible
Channel Slope ‘Lining Velocity
0-5% Bermudagrass 6 ft/sec
Reed canarygrass 5 ft/sec
Tall fescue
Kentucky bluegrass
Grass-legume mixture 4 ft/sec
Red fescue 2.5 ft/sec
Redtop
Annual lespedeza
Small grains
(temporary)
5-10% Bermudagrass 5 ft/sec
Reed canarygrass 4 ft/sec
Tall fescue
Kentucky bluegrass
Grass-legume mixture 3 ft/sec
Greater than Bermudagrass 4 ft/sec
10%
Reed canarygrass 3 ft/sec

Tall fescue
Kentucky bluegrass

Source: USDA Soil Conservation Service

l Sericea lespedeza
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where,

n = Manning's roughness coefficient
Dsg = the median size stone in the mixture of
riprap, (feet)

For grass-lined channels, "n" can be determined by the following procedutes

1. Determine the maximum permissible velocity (V) for the grass
to be used. (See Table 5-7.) » .

2. Calculate the hydraulic radius (R) of the channel (cross-
sectional area divided by the wetted perimeter - Plate 5-31).

3. From Table 5-9, determine the retardance class of the grass
to be used. When calculating channel capacity, the highest
retardance class of the grass should be used (i.e. long con-
dition). When calculating velocity, the lowest retardance
class should be used (i.e. mowed condition). :

4. Enter Plate 5-30 with the product of V times R. Move verti-
cally until the correct retardance curve is intersected. Re
- "n" on the left axis.

Selecting a Channel Cross-Section

The three most commonly used channel cross-sections are vee, parabolic,
and trapezoidal shapes. Plate 5-31 gives mathematical formulas for
determining the area, wetted perimeter, hydraulic radius and top width

of these shapes. St. & Spec. 1.35 contains guidelines for selecting an
appropriate shape based upon size, intended use, and lining of the channel .
Initial estimates of the cross-sectional area of the channel can be made
using the Continuity Equation as follows:

A=0qyV
where,
A = cross-sectional channel_ area, (feet)
Q = required flow capacity, (ft3/sec.)
V = permissible or desired flow velocity, (ft./sec.)

Channel Slope

The slope of the channel is generally fixed by the topography and propose&i
route of the channel. There is little a designer can do to alter this
factor.




Table 5-8

MANNINGS "n" FOR STRUCTURAL CHANNEL LININGS
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o n Values
Channel Lining Min. Design Max.
Asphaltic concrete, machine placed 0.014
Asphalt, exposed prefabricated 0.015
Concrete ' 0.012 0.015 0.018
Concrete, rubble : 0.017 ’ 0.030
Metal, corrugated 0.021 0.024 0.026
Plastic . 0.012 0.014
Shotcrete : 0.016 g.c17
Source: American Society of Civil Engineers
Table 5-9
RETARDANCE CLASSIFICATIONS
Retardance Stand Condition
B Tall Fescue Good  Unmowed - 18 inches
Sericea Lespedeza Good Unmowed - 19 inches
Grass-Legume Mixture Good Unmowed - 20 inches
Small grains, mature Good Uncut - 19 inches
Bermudagrass Good  Tall - 12 inches
Reed Canarygrass Good Mowed - 14 dinches
c Bermudagrass Good Mowed - 6 inches
. Redtop Good Headed - 18 inches
Grass-Legume Mixture, summer Good Unmowed - 7 inches
Kentucky Bluegrass Good Headed - 9 inches
Small grains, mature Poor Uncut - 19 inches
Tall Fescue Good Mowed - 6 inches
D Bermudagrass Good Mowed - 25 inches
Red Fescue Good Headed - 15 inches
Grass-Legume Mixture, spring
and fall . Good Unmowed - 5 inches
Sericea Lespedeza Good Mowed - 2 inches:

Source: USDA-So0il Conservation Service
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- CHANNEL GEOMETRY

V - Shape
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Design Procedure

Following is a step-by-step procedure for designing a stormwater conveyance
channel using the Manning and Continuity equations:

Step 1 - Determine the required flow capacity (Q). (Use methods in Part I
of this chapter to calculate runoff for the required design storm.)

Step 2 - Select a channel cross-section shape and lining, and determine the
slope. '

Step 3 - Determine the permissible velocity (if grass lined), or the desired

: velocity (if structurally lined). :

Step 4 - Determine an initial channel size (i.e. area, top width, depth).
(See Plate 5-31)p353

Step 5 - Calculate the hydraulic radius (R). (See Plate 5-31)”153

Step 6 - Determine the roughness coefficient "n".

Step. 7 - Calculate the channel velocity (V) using the Manning Equation
(or Plate 5-32) and calculate the channel capacity (Q) using the
Continuity equation. (Plate en rp.47)
Check design velocity against permissible velocity and design
capacity to determine if design is acceptable.

Step 8 - If design is not acceptable, return to step 4 (try new size),
or step 2 (try new cross-section or lining).

Example 5-6

Design a parabolic channel to be lined with bermudagrass, which can convey
75 cfs on a 2% slope.

Solution

Step 1
Step 2

Step 3
Step 4

Q = 75 cfs (given)

A parabolic channel with bermudagrass lining on a 2% slope are
design conditions.

The permissible velocity is 6 ft./sec. (Table 5-7).

An initial estimate of required cross-sectional area is determined
from the required capacity and permissible velocity using the
Continuity Equation.
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A=Q=75 ft3/sec = 12.5 t3
v 6 ft/sec

Try 16 ft3*
*An area larger than 12.5 £t2 is assumed initially since the

capacity and velocity will be calculated with different roughness
coefficients.

Assume an initial top width of 12 feet. The depth can be deter-
mined from equations on Plate 5'31’Ff‘53

d=3A=3 16 = 2ft.

27 72 (2
Step 5 - Hydraulic Radius R = T24 (from Plate 5-31)
1.5 Tz + 4d2

R=(12)2 (2) = 1.24 ft.
1.§TT%72§E%2

Step 6 - Use Table 5-9 and Plate 5-30 to determine n. Assume a retardance
class B for calculating capacity and a retardance class C for
checking velocity. :

VxR=6x1.24=7.,44

n
n

.053 (for retardance class B)
.035 (for retardance class C)

Step 7 - Check capacity and velocity

Q = 1.49 (1.24)2/3 (.02)1/2 (16)
.053
Q = 73.01 cfs (slightly less than required 75 cfs)
V= 1.49 (1.24)2/3 (.02)1/2
.035 ‘
V = 6.9 ft/sec (more than permissible 6 ft/sec.)

Step 8 - Return to step 4 and try larger, wider cross-section.

---—----—----—-------—-——-------------—--—--—--—-—--——--—--—-------------.

Step 4 - Try new parabolic cross-section with 20 ft2 area and 20 ft. top
width.

d=3 A =3 20 =1.5f¢t
2 (@ 2 (20



Step 5 - R =_ (20)2 (1.5) = .99
1.5(20)2 + 4(1.5)2

Step 6 - VxR=6x .99 =5.94

n
n

.055 (for retardance class B)
.037 (for retardance class C)

Step 7 - check Q and V

Q= 1.49 (.99)2/3(.02)1/2(20)
-055

Q = 75.85 ft3/sec (OK)

V= 1.49 (.99)2/3( 02)1/2
T037

V = 5.64 ft/sec (0K)

Final Channel Design: Parabolic channel, lined with berquagrass;

20 ft. top width; 1.5 ft. depth.
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TABLE 1 - ENTRANCE LOSS COEFFICIENTS
Outlet Control, Full or Partly Full

Entrance head loss Hg = kg ZE
28

Type of Structure and Design of Entrance

Pipe, Concrete

Projecting from fill, socket emnd (groove-end) . . .
Projecting from fill, sg. cut end . . . . « « . .
Headwall or headwall and wingwalls
Socket end of pipe (groove-end)
Square-edge . .« . + ¢ . o o o &
Rounded (radtus = 1/12D) . . . .
Mitered to conform to fill slope . .
#End-3ection conforming to fill slope
Beveled edges, 33.7° or 45° bevels .
Side~or slope-tapered inlet . . . . .

¢« o o e o o

s * e s+ e
® o & & 8 & o
*» ® ® e & s o
e & ¢ o o 3 o
. o ® & 5 s
* 6 e+ @ s . o

Pipe, or Pipe-Arch, Corrugated Metal

Projecting from f£i111 (no headwall) . . . . . . . .
Headwall or headwall and wingwalls square-edge . .
Mitered to conform to fill slope, paved or unpaved
BlOD@ ¢ & . 4 6 e e 4 e e e s e e e e s s e
*End-Section conforming to £ill slope . « « . « .« .
Beveled edges, 33.7° or 45° bevels . . ......
Side-or slope-tapered inlet . . . . . « « « « o o &

Box, Reinforced Concrete

Headwall parallel to embankment (no wingwalls)
Square-edged on 3 edgesS . . ¢ . 4 e 6 o o o o
Rounded on 3 edges to radius of 1/12 tarrel

dimension, or beveled edges on 3 sides . . .

Wingwalls at 30° to 75° to barrel
Square-edged at crown . . . . . . .
Crown edge rounded to radius of 1/12 parrel

dimensim, or beveled top edge . . . . . . .

Wingwall at 10° to 25° to barrel

Square-edged at crowm . . . . . c e o o o
Wingwalls parallel (extension of sides)
Square-edged at crown . . . . e o e e s e

Side-or slope-tapered inlet . « o o « + o ¢ « « o &

Coefficient ke

OOOOQOO [eN e
[V VRN VAV I SR Y ) )

0.5
0.2
0.4
0.2
0.5

0.7
0‘2

*Note: "End Section conforming to fill slope,"” made of either metal
or concrete, are the sections commonly available from manufacturers.

From limited hydraulic tests they are equivalent in operation to

a8 headwall in both inlet and outlet control. Some end sections,
incorporating a closed taper in their design have a superior
hydraulic performance. These latter sections can be designed
using the information given for the beveled inlet, p. 5-13.
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(5] Qu.lvert Tnlet Improvement

Bevel-Edged Inlets

The first degree of inlet improvement is a beveled edge. The
bevel is proportioned based on the culvert barrel or face dimension
and operates by decreasing the flow contraction at the inlet. A
bevel is similar to a chamfer except that a chamfer is smaller and

is generally used to prevent damage to sharp concrete edges during
construction.

Adding bevels to a conventional culvert design with a square-
edged inlet increases culvert capacity by 5 to 20 percent. The
higher increase results from comparing a bevel-edged inlet with a
square-edged inlet at high headwaters. The lower increase is the
result of comparing inlets with bevels with structures having
wingwalls of 30 to 45 degrees.

Although the bevels used herein are plane surfaces, roundéd
edges which approximate the bevels are also acceptable.

l As a minimum, bevels should be used on all culverts which
operate in inlet control, both conventional and improved inlet
: types. The exception to this is circular concrete pipes where the
l socket end performs much the same as a beveled edge. Examples of
' bevels used in conjunction with other improved inlets are shown
: in Figures5 and 6. Culverts flowing in outlet control cannot be
I improved as much as those in inlet control, but the entrance loss
coefficient, kg, is reduced from 0.5 for a square edge to 0.2 for
beveled edges. Therefore, it is recommended that bevels be used
! l on all culvert entrances if little additional cost is involved. ¥

Side-Tapered Inlets

The second degree of improvement is a side-tapered inlet
(Figure 5). It provides an increase in flow capacity of 25 to 40
percent over that of a conventional culvert with a square-edged
inlet. This inlet has an enlarged face area with the transition
to the culvert barrel accomplished by tapering the sidewalls. The
inlet face nas the same height as the barrel, and its top and bottom
are extensions of the top and bottom of the barrel. The intersection
of the sidewall tapers and barrel is defined as the throat section.

Side-tapered inlets of other configurations were tested, some
with tops tapered upward but with sidewalls remaining an extension
of the barrel walls, and others with various combinations of side and
top tapers. Each showed some improvement over conventional culverts,
but the geometry shown in Figure 5 produced superior performance.

Harrison, L. J., et. al., "Hydraulic Design of Improved Inlets for
Culverts", Federal Highway Administration, U.S. Dept. of Transpor-

tation, Washington, D.C., Hydraulic Engineering Circular, No. 13,
1972.

ot
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For the side-tapered inlet, there are two possible control
sections: the face and the throat. Hg, as shown in Figure 5,
is the headwater depth based upon face control. H, is the head-
water depth based upon throat control.

The advantages of a side-tapered inlet operating in throat
control are: The flow contraction at the throat is reduced; and,
for a given pool elevation, more head is applied at the throat
control section. The latter advantage is increased by utilizing

a slope-tapered inlet or a depression in front of the side-tapered
inlet.

Slope=-Tapered Inlets

A slope-tapered inlet is the third degree of improvement. Its
advantage over the side-tapered inlet without a depression is that
more head is available at the control (throat) section. This 1is
accomplished by incorporating a FALL in the enclosed entrance
section (Figure 6).

This inlet can have over 100 percent greater capacity than a
conventional culvert with square edges. The degree of increased
capacity depends largely upon the amount of FALL available between
the invert at the face and the invert at the throat section. Since
this FALL may vary, a range of increased capacities is possible.

Slope-tapered inlets of alternate designs were considered and
tested during the research. The inlat shown in Figure 6 is recommended
on the basis of its hydraulic performance and ease of construction.

As a result of the FALL concentrated between the face and the throat
of this inlet, the barrel slope is flatter than the barrel.,slope of a
conventional or side-tapered structure at the same site. '

Both the face and throat are possible control sections in a
slope-tapered inlet culvert. However, since the major cost of a
culvert is in the barrel portion and not the inlet structure, the
inlet face should be designed with a greater capacity at the allowable
headwater elevation than the throat. This insures that flow control
will be at the throat and more of the potential capacity of the barrel
will be utilized.

Performance Curves

To understand how a culvert at a particular site will function
over a range of discharges, a performance curve, which is a plot of
discharge versus headwater depth or elevation, must be drawn. Figure
7 is a schematic performance curve for a culvert with éither a
side-tapered or slope-tapered inlet.
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For these inlets, it is necessary to compute the performance
of the face section (face control curve), the throat section (throat
control curve), and the barrel (outlet control curve), in order to
develop the culvert performance curve for a range of discharges.

The actual culvert performance curve, the hatched line of Figure 7,
represents the performance of the face, throat and barrel sections
in the ranges where their individual performance determines the
required headwater. In the lower discharge range, face control
governs ; in the intermediate range, throat control govermns; and

in the higher discharge range, outlet control governs.

Performance curves should always be developed for culverts
with side-tapered or slope-tapered inlets to insure that the designer
is aware of how the culvert will function over a range of discharges,
especially those exceeding the design discharge. It is important to
emphasize that outlet control may govern for the larger discharges,
and, as shown in Figure 7, the outlet control curve has a much
steeper slope - a more rapidly rising headwater requirement for
increasing discharges - than either. the face or throat control
curve. It should be recognized that there are uncertainties in
the various methods of estimating flood peaks and that there is
a chance that the design frequency flood will be exceeded during
the life of the project. ' Culvert designs should be evaluated in
terms of the potential for damage to the highway and adjacent
property from floods greater than the design discharge.

As alternate culverts are possible using improved inlet design,
a performance curve should be plotted for each alternate considered.
The performance curve will provide a basis for selection of the
most appropriate design.

70
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Figure 15
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Figure 17
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f é] Outlet Protection 7

QUTLET PROTECTION ¥
(Std. & Spec. 1.36)

Definition

Structurally lined aprons or other acceptable energy dissipating devices
placed at the outlets of pipes or paved channel sections.

Purgose

To prevent scour at stormwater outlets and to minimize the potential

for downstream erosion by reducing the velocity of concentrated stormwater
flows. :

Conditions Where Practice Applies

Applicable to the outlets of all pipes and paved channel sections where
the velocity of flow at design capacity of the outlet will exceed the
permissible velocity of the receiving channel or area.

, - N : p . i l i

in - 3
N TN
Sl :
N

Ry

* Virginia Soil and Water Conservation Commission," Virginia
Erosion and Sediment Control Handbook", Richmond, Virginia, 1980.
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Planning Considerations

e

The outlets of pipes and structurally lined channels are points of criti-
cal erosion potential. Stormwater which is transported through man-made
conveyance systems at design capacity generally reaches a velocity which
exceeds the capacity of the receiving channel or area to resist erosion.
To prevent scour at stormwater outlets, a flow transition structure is
needed which will absorb the initial impact of the flow and reduce the
flow velocity to a level which will not ercde the receiving channel or
area. ’

The most cammonly used device for outlet protection is a structurally .
lined apron. These aprons are generally lined with riprap, grouted riprap
or concrete. They are constructed at a zero grade for a distance which
is related to the outlet flow rate and the tailwater level. Criteria

for designing such an apron are contained in this practice. Sample prob-
lems of outlet protection design are frovtded .

Where flow is excessive for the econamical use of an apron, excavated

stilling basins may be used. Acceptable designs for stilling basins
may be found in the following sources:

1. BHydraulic Design of Energy Dissipators for Culverts and Channels,
Hydraulic Engineering Circular No.l4, U. S. Department of Transporta=-
tion Pederal Righway Administration, Washington, D.C. (August, 1975).

2. Hydraulic Design of Stilling Basins and Energy Dissipators, Engineer-
ing Monograph No. 25, U. S. Department of the Interior - Bureau of
Reclamation, Washington, D.C. (March, 1974).

(Both of the above are available from the U. S. Government Printing
Office).

3. Recad Designs and Standards, Location and Design Division, Virginia
Department of Highways and Transportation, Richmond, VA (1978).

Design Criteria

Structurally lined aprons at the outlets of pipes and paved channel sec-
tions shall be designed according to the following criteria:

PIPE QUTLETS
(See Plate L.36b)

1. Tailwater depth: The depth of tailwater immediately below the pipe
outlet must be determined for the design capacity of the pipe. Man-
ning's Equation may be used to determine tailwater depth (see 1980
State Handbook - Chapter 5). If the tailwater depth is less than
half the diameter of the outlet pipe, it shall be classified as a
Minimum Tailwater Condition. If the tailwater depth is greater than
half the pipe diameter, it shall be classified as a Maximum Tailwater
Condition. Pipes which outlet onto flat areas with no defined channel




Section A-A

" Pipe Outlet To Flat Area
With No Defined Channel

Pipe Qutlet To Well-Defined Channel

PIPE OUTLET CONDITIONS

Notes

Apron lining may be
riprap, grouted riprap,
or concrete,

La is the length of
the riprap apron as
calculated using
Plates 1.36d and
1.36e.

d = 1.5 times the
maximum stone diameter
but not less than 6
inches.

Source: VaSCSS

Plate 1.36b




:1304n0§

9OLAJDS UOLIRAUBSUO) | LOS-Y(ASN

P9E"T 83e|d

DESIGN OF OUTLET PROTECTION FROM A ROUND PIPE FLOWING FULL
MINIMUM TAILWATER CONDITION (T, < 0.5 DIAMETER)
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DESIGN OF OUTLET PROTECTION FROM A ROUND PIPE FLOWING FULL
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Source:

USDA-Seil Conservation Service

Plate 1.36e
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2.

3.

5.

6.

7.

7

may be assumed to have a Minimum Tailwater Conditians.

Apron lenqth: The apron length shall be determined from the curves
according to the tailwater condition:

Hinimum Tailwater - Use Plate 1.36d.

" Maximum Tailwater - Use Plate 1.36e.

Apron width: If the pipe discharges directly into a well-defined
cgannel, the apron shall extend across the channel bottom and up

the channel banks to an elevation one foot above the maximum tailwater
depth or to the top of the bank (whichever is less).

If the pipe discharges onto a flat area with no defined channel,
the width of the apron shall be determined as follows:

a. The upstream end of the apron, adjaéent to the pipe, shall have
a width three times the diameter of the outlet pipe.

b. For a Minimum Tailwater Condition, the downstream end of the apron
shall have a width equal to the pipe diameter plus the length
of the apron.

¢. For a Maximum Tailwater Condition, the downstream end shall have

a width equal to the pipe diameter plus 0.4 times the length of
the apron.

Bottom grade: The apron shall be constructed with no slope along
its Tength (0.0% grade). The invert elevation of the downstream
end of the apron shall be equal to the elevation of the invert of
the receiving channel. There shall be no overfall at the end of the
apron. : .

Side slopes: If the pipe discharges into a well-defined channel,
the side slopes of the channel shall not be steeper than 2:1 (Hori-
zontal: Vertical).

Alignment: The apron shall be located so that there are no bends
in the horizontal alignment.

Materials: The apron may be lined with riprap, grouted riprap, or
concrete. The median sized stone for riprap shall be determined
from the curves in Appendix (Plates 1.36d and 1.36e) according
to the tailwater condition. The gradation, quality and placement

of riprap shall conform to Std. & Spec. 1.37 - RIPRAP. (r?,84-)
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PAVED CHANNEL OUTLETS
ee Plate 1.36¢

The flow velocity at the outlet of paved channels flowing at design

capacity must not exceed the permissible velocity of the receiving
channel. (See Plate 1.36a)

The end of the paved channel shall merge smoothly with the receiving
channel section. There shall be no overfall at the end of the paved
section. Where the bottom width of the paved channel is narrower
than the bottom width of the receiving channel, a transition section
shall be provided (see Plate 1.36¢c). The maximum side divergence

of the transition shall be 1 in 3F where;

v
F = s and
PEL
Froude number
Velocity at beginning of transition (ft./sec.)

depth of flow at beginning of transition (fFt.)
32.2 ft./sec.

QA<
nnu u

Bends or curves in the horizontal alignment 6f the transition is
not -allowed unless the Froude number (F) is 1.0 or less, or the sec-
_ tion is specifically designed for turbulent flow.

e _ -' 4 - — - — ‘- - - -
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PERMISSIBLE VELOCITIES: GRASS AND EARTH-LINED CHANNELS

GRASS LININGS

Permissible*
Channel Slope Lining Velocity
0-5% Bermudagrass 6 ft/sec
Reed canarygrass 5 ft/sec
Tall fescue :
Kentucky bluegrass
Grass-legume mixture 4 ft/sec
Red fescue 2.5 ft/sec
Redtop
Sericea lespedeza
Annual lespedeza
Small grains
(temporary) .
5-10% Bermudagrass 5 ft/sec .
Reed canarygrass 4 ft/sec
Tall fescue .
Kentucky bluegrass
‘ Grass-legume mixture 3 ft/sec
Greater than Bermudagrass 4 ft/sec_
10% Reed canarygrass 3 ft/sec

Tall fescue
Kentucky bluegrass

* For highly erodible soils, decrease permissible

EARTH LININGS

velocities by

Permissible

Soil Ty es Velncit
Fine Sand (nEEEETTS%EE]) ------- ———— R LR -~ 2.5 ft/sec

Sandy Loam (noncolloidal)=--==eeeemcceccaacaaacaqax 2.5
- Si1t Loam (noncolloidal)====-=eceococcmccacaanann- 3.0
Ordinary Firm Loam-==-=eccccccccmcncncaacacacacans 3.5
Fine Gravel-cesecccocccccccccccccccmcccccccccnnen 5.0
Stiff Clay (very colloidal)=====cceanaccaccacacaa- 5.0
Graded, Loam to Cobbles (noncolloidal)------------ 5.0
Graded, Silt to Cobbles (colloidal)------=veucne-- 5.5
Alluvial Silts (noncolloidal)-===-=esecccccacccna- 3.5
Alluvial Silts (colloidal)-m=ccceccenaccccnaneaans 5.0
Coarse Gravel (noncolloidal)-===s-ececeececaccaea- 6.0
Cobbles and Shingles=-==e=--ecaccccecacccccannanan- 5.5
Shales and Hard Pans----=-=-cccocccccccncaccncanan 6.0

Source: USDA-Soil Conservation Service and
American Society of Civil Engineers

ft/sec
ft/sec
ft/sec
ft/sec
ft/sec
ft/sec
ft/sec
ft/sec
ft/sec
ft/sec
ft/sec
ft/sec

Plate 1.36a
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Notes

1. Riprap apron reduces the flow velocity below the
~ permissible velocity of the natural receiving channel.-

N

Transition side divergence is 1 in 3F, where

F = Froude Number = ! » where

-/ gd

V = Velocity at the beginning of the transition

d = Denth of flow at the beginning of the transition
g = 32.2 ft./sec.2

‘PAVED CHANNEL OUTLET

Source: VaSWCC Plate 1.36c¢c
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Sample Problems
Qutlet Protection Design

Exampie 1

Given: An 18-inch pipe discharges 24 ft. /sec. at design capacity
onto a grassy slope (no defined channel).

Find: The required length, width and median stone size (d ) for
a r1prap Tined apron.

Solution:

1. Since the pipe discharges onto a grassy slope with no
defined channel, a Minimum Tailwater Condition may be
assumed

2. From Plate 1.36d, an apron length (La) of 20 feet and
a med1an stone size (dso) of 0.8 ft.%is determined.

3. The upstream apron width equals three times the pipe
- diameter; 3 x 1.5 ft. = 4.5 ft.

4. The downstream apron width equals the apron length plus
the pipe diameter; 20 ft. + 1.5 ft. = 21.5 ft.

Example 2

Given: The pipe in example No.l discharges into a channel with a
“triangular cross-section, 2 feet deep and 2:1 side slopes.
The channel has a 2% slope and an "n" factor of .045.

Find: The required length, width and the median stone size (dSO)
for a riprap lining.

Solution:

1. Determine the tailwater depth using Manning's Equation.

_ 1.49 2d 2/3 172 2
24 = ~5a% (—TZ\) (.02) (2d%)
’ 2V2° + 1 .

depth of tailwater
1.74 ft.*

where,

d
d

*Since d is greater than half the p1pe diameter, a Maximum
Tailwater Condition exists.

2. From Plate 1.36e, a median stone size (dso) of 0.5 ft.

and an apron length (La) of 41 ft. is determined.

3. The entire channel cross-section should be lined, since
the maximum tailwater depth is within one foot of the
top of the channel.

Gl A O AR A & A AR Al A A AT AR AR AR S AR A s
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RIPRAP
(Std. & Spec. 1.37)

Definition

A permanent, erosion resistant ground cover of large, loose, angular
stone.

Purgoses

1. To protect the soil surface from the erosive forces of concentrated
runoff.

2. To slow the velocity of concentrated runoff while enhancing the poten-
tial for infiltration.

3. To stabilize slopes with seepage problems and/or non-cohesive soils.

Conditions Where Practice Applies

To soil-water interfaces where the soil conditions, water turbulence

and velocity, expected vegetative cover, etc., are such that the soil

may erode under the design flow conditions. Riprap may be used, as appro-
priate, at stormdrain outlets, channel banks and/or bottoms, roadside
ditches, drop structures, at the toe of slopes, etc.

ini i ati ission," Virginia
Virginia Soil and Water Conservation Comm' .
* E’izgion and Sediment Control Handbook", Richmond, Virginia, 1980.
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Planning Considerations

Graded vs. Uniform Riprap

Riprap is classified as either graded or uniform. A sample of graded
riprap would contain a mixture of stones which vary in size from small
to large. A sample of uniform riprap would contain stones which are

all fairly close in size. ‘

Por most applications, graded riprap is preferred to uniform riprap.
Graded riprap forms a flexible self-healing cover, while uniform riprap
is more rigid and cannot withstand movement of the stones. Graded riprap
is cheaper to install, requiring only that the stones be dumped such
that they remain in a well graded mass. Hand or mechanical placement

of individual stones is limited to that necessary to achieve the proper
thickness and line. Uniform riprap requires placement in a more or less
uniform pattern, requiring more hand or mechanical labor.

Riprap sizes can be designated by either the diameter or the weight of

the stones. It is often misleading to think of riprap in terms of diameter,
since the stones should be rectangular instead of spherical. However,

it is simpler to specify the diameter of an equivalent size of spherical
stone. Table l1.37a lists scme typical stones by weight, spherical diameter
and the corresponding rectangular dimensions. These §tone sizes are

based upon an assumed specific weight of 165 lbs./ft. .

TABLE 1.37a

SIZE OF RIPRAP STONES

| Mean Spherical Rectangular Shape
| Weight (lbs.) Diameter (ft.) Length (ft.) wWidth, Reight(ft.)
50 0.8 1.4 0.5
100 1.1 ~1.75 0.5
150 1.3 2.0 0.67
300 l.6 2.6 0.9
500 1.9 3.0 1.0
1000 2.2 3.7 l.25
1500 2.6 4.7 1.5
2000 2.75 5.4 1.8
4000 3.6 6.0 2.0
6000 4.0 6.9 2.3
8000 4.5 7.6 2.5
20000 6.1 10.0 3.3

Since graded riprap consists of a variety of stone sizes, a method is
needed to specify the size range of the mixture of stone. This is done
by specifying a diameter of stone in the mixture for which some percent-
age, by weight, will be smaller. For example, d,. refers to a mixture
of stones in which 85% of the stone by weight would be smaller than the
diameter specified. Most designs are based on d.,.. In other words,

the design is based on the average size of stone” in the mixture. Table




1.37b lists Virginia Department of Highways and Transportation (VDH&T)
standard graded riprap sizes by diametecr and weight of the stone.

TABLE 1.37b

GRADED RIPRAP

30

Mean Mean
. D,5 Spherical(ft.) Dg, Spherical(ft.)
Riprap Class DlS Weight (1lbs.) Diameter Diameter
Class I 50 0.8 1.1
Class II : 150 - 1.3 1.6
Class IIT 500 1.9 2.2
Type I 1500 2.6 2.8
Type IT 6000 4.0 4.5

Sequence of Construction

Since riprap is used where erosion poteantial is high, construction must
be sequenced so that the riprap is put in place with the minimum possible
delay. Disturbance of areas where riprap is to be placed should only

be undertaken when final preparation and placement of the riprap can
follow immediately behind the initial disturbance. Where riprap is used
For outlet protection, the riprap should be placed before or in conjunc-
tion with the construction of the pipe or channel so that it is in place
when the pipe or channel begins to operate.

Design Criteria

Gradation

The riprap shall be composed of a well-graded mixture down to the one-
inch size particle such that 50% of the mixture by weight shall be larger
than the d5 size as determined from the design procedure. A well-graded
mixture as Qsed herein is defined as a mixture composed primarily of

the larger stone sizes but with a sufficient mixture of other sizes to
fill the progressively smaller voids between the stones. The diameter

of the largest stone size in such a mixture shall be 1.5 times the d50
size.

The designer, after determining the riprap size that will be stable under
the flow conditions, shall consider that size to be a minimum size and
then, based on riprap gradations actually available in the area, select
the size or sizes that equal or exceed the minimum size. The possibility
of damage by children shall be considered in selecting a riprap size,
especially if there is nearby water to toss the stones into.

" Thickness

The minimum thickness of the riprap layer shall be 1.5 times the maximum
stone diameter but not less than 6 inches.
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Quality of Stone

Stone for riprap shall consist of field stone or rough unhewn quarry
stone of approximately rectangular shape. The stone shall be hard and
angular and of such quality that it will not disintegrate on exposure
to water or weathering and it shall be suitable in all other respects
for the purpose intended. The specific gravity of the individual stones
shall be at least 2.5.

Rubble concrete may be used provided it has a density of at least 150
pounds per cubic foot, and otherwise meets the requirements of this Stand-
ard and Specification.

Riprap at Outlets

Design criteria for sizing the stone and determining the dimensions of
riprap pads used at the outlet of drainage structures are contained in
STORMDRAIN OUTLET PROTECTION (Std. & Spec. 1.36).

Riprap for channel stabilization shall be designed to be stable for the
condition of bank-full flow in the reach of channel being stabilized.

The design procedure in Appendix 1.37a which is extracted from the derau]1c
Engineering, Circular No. 15 of the Federal Highway Adm1n1strat1on

shall be used.

Riprap shall extend up the banks of the channel to a height equal to
the maximum depth of flow or to a point where vegetation can be established
to adequately protect the channel.

The riprap size to be used in a channel bend shall extend upstream from
the point of curvature and downstream from the point of tangency a dis-
tance of at least 5 times the channel bottom width. . The riprap shall
extend across the bottom and up both sides of the channel.

Where riprap is used only for bank protection and does not extend across
the bottom of the channel, riprap shall be keyed into the bottom of the
channel to a minimum depth equal to the thickness of the blanket and
shall extend across the bottom of the channel the same distance. (See
Plate 1.37a).

Riprap for Slope Stabilization

Riprap for slope stabilization shall be designed so that the natural
angle of repose of the stone mixture is greater than the gradient of
the slope being stabilized (see Plate 1.37d).
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TOE REQUIREMENTS FOR RIPRAP BANK PROTECTION

Source: VDH&T Plate 1.37a

Filter Blankets

A filter blanket is a layer of material placed between the riprap and

the underlying soil surface to prevent soil movement into or through
the riprap.

A filter blanket can be of two general forms; a gravel layer or a plastic
filter cloth. A determination of the need for a filter blanket is made

by comparing particle sizes of the overlying material and the base material
in accordance with the criteria below.

Gravel filter blanket: The fb]lowing relationships must exist:

dlsfilter < 5L d15 filter <« 40
885 base dlS base

3

and,

dsofilter < 40

ds base -
In these relationships, filter refers to the overlying material and
base refers to the underlying material. The relationships must hold
between the filter material and the base meterial and between the
riprap and the filter material. In some cases, more than one layer
of filter material may be needed. Each layer of filter material
should be approximately 6 inches thick.

Plastic filter cloth: Plastic filter cloth may be used in place

of or in conjunction with gravel filters. The following particle
size relationships must exist:
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1. For filter cloth adjacent to granular materials containing 50 percent
or less (by weight), fine particles (less than 0.074mm)

a. d85 base (mm) > 1

EOS* filter cloth (mm)

b. Total open area of filter
is less than 36 percent

2. For filter cloth adjacent to all other soils:

a. EOS* less than U. S. Standard Sieve No.70.
b. Total open area of filter is less than 10 percent.

No filter cloth should be used with less than 4 percent open area
or an EOS* less than U, S. Standard Sieve No.100.

* E0S - Equivalent Opening Size to a U. S. Standard Sieve Size.
Filter blankets should always be provided where seepage from underground
sources threatens the stability of the riprap. No filter blanket is
required for riprap used for storm drain outlet protection.

Riprap for Shoreline Erosion Control

Refer to VDH&T Drainage Manual

Riprap for Abrupt Channel Contractions

Refer to VDH&T Drainage Manual

Construction Specifications

Subgrade Preparation: The subgrade for the riprap or filter shall be

prepared to the required lines and grades. Any fill required in the
subgrade shall be compacted to a density approximating that of the sur-
rounding undisturbed material. Brush, trees, stumps and other objection-
able material shall be removed.

Filter Blanket: Placement of the filter blanket should be done immedi-

ately after slope preparation. For granular filters the stone should
be spread in a uniform layer to the specified depth. Where more than
one layer of filter material is used, the layers should be spread so
that there is minimal mixing of the layers.

For plastic filter cloths, the cloth should be place directly on the
prepared slope. The edges of the sheets should overlap by at least 12
inches. Anchor pins, 15 inches long, should be spaced every 3 feet along
the overlap. The upper and lower ends of the cloth should be buried

a minimum of 12 inches deep. Care should be taken not to damage the
cloth when placing the riprap. If damage occurs, that sheet should be




removed and replaced. For large stone (12 inches or greater), a 4-inch
layer of gravel may be necessary to prevent damage to the cloth.

Stone Placement: Placement of riprap should follow immediately after
placement of the filter. The riprap should be placed so that it produces
a dense well-graded mass of stone with a minimum of voids. The desired
distribution of stones throughout the mass may be obtained by selective
loading at the quarry, controlled dumping of successive loads during
final placing, or by a combination of these methods. The riprap should
be placed to its full thickness in one operation. The riprap should
not be placed in layers. The riprap should not be placed by dumping
into chutes or similar methods which are likely to cause segregation

of the various stone sizes. Care should be taken not to dislodge the
underlying material when placing the stones.

The finished slope should be free of pockets of small stone or clusters
of large stones. Hand placing may be necessary to achieve the required
grades and a good distribution of stone sizes. Final thickness of the
riprap blanket should be within plus or minus 1/4 of the specified thick-
ness.

Maintenance

Once a riprap installation has been completed, it should require very
little maintenance. It should, however, be inspected periodically to
determine if high flows have caused scour beneath the riprap or dislodged
any of the stone. If.repairs are needed, they should be accomplished

~ immediately.
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XI. RIPRAP BASINS

The design procedure for riprap eneryy dissipators is based
on data obtained during a study "Flood Protection at Culvert
Outfalls" (XI-1, XI-2) sponsored by the Wyoming Highway
Department and conducted at Colorado State University.

The purpose of the experimental program was to establish
relationships between flow properties and the dimensions

of riprapped basins at culvert outfalls.

Tests were conducted with 6-inch, l2-inch, 18-inch, and 36~
inch pipes, and 6 by 1l2-inch, 6 by 18-inch, and 6 by 24-~inch
model box culverts with discharges ranging from 0.1 to 100

cfs. Both angular and rounded rock with an average size

(dsqg) ranging from 1.05 to 4.29 were tested. Two pipe slopes
were considered, 0 and 3.75%. In all, 459 model basins were
studied.

The following conclusions were drawn from an analysis of
the experimental data and observed operating characteristics.

The depth (hg), length (Lg), and width (W_) of the scour hole
were related to the characteristic size o§ riprap (dp), |
discharge (Q), brink depth (yo), and tailwater depth (TW). |

The dimensions of a scour hole in a basin constructed with
angular rock were approximately the same as the dimensions
of a scour hole in a basin constructed of rounded material
when rock size and other variables were similar.

When the ratio of tailwater depth to brink depth (TW/y,) was
less than 0.75 and the ratio of scour depth to size of riprap
(hg/dpm) was greater than 2.0, and the scour hole functioned
very efficiently as an energy dissipator. The concentrated
flow at the culvert brink plunged into the hole, a jump formed
against the downstream extremity of the scour hole, and flow
was generally well dispersed as it left the basin.

The mound of material which formed on the bed downstream
of the scour hole contributed to the dissipation of energy
and reduced the size of the scour hole; i.e., if the mound
from a stable scoured basin was removed and the basin was
again subjected to design flow, the scour hole enlarged
somewhat.

% Corry, M. L., et. al., "Hydraulic Design of Energy Dissipators for
Culverts and Channels', Federal Highway Administration. U.S. Dept.
of Transportation, Washington, D.C., Hydraulic Engineering Circular
No. 14, 1975. :
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For high tailwater basins (TW/yo greater than 0.75) the high
velocity core of water emerging from the culvert retained
its jetlike character as it passed through the basin, and
diffused in a manner very similar to that of a concentrated
jet diffusing in a large body of water. As a result, the
scour hole was much shallower and generally longer. Con-
sequently, riprap may be required for the channel downstream
of the rock-lined basin.

General details of the basin recommended in this report are
shown on figure XI-1l. Principal features of the basin are:

1. The basin is preshaped and lined with riprap.

2. The surface of the riprapped floor of the energy
dissipating pool is constructed at an elevation hg below
the culvert invert. hg is the approximate depth of scour
that would occur in a thick pad of riprap, constructed at
the outfall of the culvert, if subjected to the design
discharge. The ratio of hs to ds0 of the material should
be greater than 2 and less than 4.

3. The length of the energy dissipating pool is 10 (hs)
or 3Wo which ever is larger. The overall length of the basin
is 15(hg) or 4Wo which ever is larger. Wo = culvext diameter ov widlh. of

box culvert .
DESIGN PROCEDURE

1. Estimate the flow properties at the brink of the culvert.
Establish the brink invert elevation such that TW/yo<0.75
for design discharge. -

2. For subcritical flow conditions (culvert set on mild
or horizontal slope) utilize figures III-9 or III-1l0 to
obtain yo/D, then obtain Vo by dividing Q by the wetted
area associated with yo. D is the height of a box culvert.
If the culvert is on a steep slope, Vo will be the
normal velocity obtained by using the Manning equation
for appropriate slope, section, and discharge.

3. From site inspection and from field experience in the
area, determine whether or not.channel protection is
required at the culvert outlet.
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NOTE A — IF EXIT VELOCITY OF BASIN IS SPECIFIED, EXTEND BASIN AS REQUIRED TO OBTAIN
SUFFICIENT CROSS—SECTIONAL AREA AT SECTION A—A SUCH THAT Q. /(CROSS
SECTION AREA AT SEC. A—A) = SPECIFIED EXIT VELOCITY.

NOTE 8 — WARP BASIN TO CONFORM TO NATURAL STREAM CHANNEL. TOP OF RIPRAP IN

FLOOR OF BASIN SHOULD BE AT THE SAME ELEVATION OR LOWER THAN NATURAL
CHANNEL BOYTOM AT SEC. A-A. .
Ds’ hs DISSIPATOR POOL APRON
e 10D, 0R 3 W, MIN. e— 6 b, OR W, MIN. —-}
o3 NOTE A
wed TOP OF BERM
b3z TOPOFRIPRAP NOTEB TOP OF NATURAL
CHANNEL
N N
MNNN NN
R - I
y HORI- o 2y~
2 o) ! ZONTAL % a’:\_‘i‘%\‘@ BERM AS REQUIRED
xFrtrs TO SUPPORT RIPRAP
£f~T
L.
2dgyOR = EXCAVATE TO THIS LINE,
3dgg. OR 2dyax 15 dygax SEC. B8 BACKFILL WITH RIPRAP
1.5'MIN 2d5y OR 2d5p OR

164 THICKENED OR SLOPING

1.6 dpgax 2 MAX TOE OPTIONAL ~ CONSTRUCT

iF DOWNSTREAM CHANNEL
DEGRADATION IS ANTICIPATED.

€ secTioN ' /
2

BERM AS REQUIRED
TO SUPPORT RIPRAP

ET-IX

NOTE B
2dgg OR 15 dyax

SEC.C-C EXCAVATE TO THIS LINE,
BACKFILL WiTH RIPRAP

DIAMETER FOR
PIPE CULVERT

BARREL WIDTH X
FOR BOX CULVERT i

SPAN OF PIPE-ARCH

i

|
i i 20 CULVERT
14 i g 9 SYMM ABOUT

i

L

CULVERT e 2

' N ‘I’S e s —h SEC. D-D

HALF PLAN

BERM AS REQUIRED
TO SUPPORT RIPRAP

FIGURE X1-1. DETAILS OF RIPRAPPED CULVERT ENERGY BASIN

cb
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If channel protection is required, compute the Froude
number for brink conditions (ye=(A/2)1/2). Select

dso/ye appropriation for locally available riprap (usually
the most satisfactory results will be obtained if
0.25<d5(0/ye<0.45). Obtain hg/ye from figure XI-2, and
check to see that 2<hg/dsg<4. Recycle computations

if hg/dsg falls out of this range.

Size basin as shown in figure XI-1l.

Design procedures where allowable dissipator exit velocity
is specified:

a. Determine the average normal flow depth in the
natural channel for the design discharge.

b. Extended the length of the energy basin (if necessary)
so that the width of the energy basin at section
A-A, figures XI-1, times the average normal flow depth
in the natural channel is approximately equal to
the design discharge divided by the specified exit
velocity. '

In the exit region of the basin, the walls and apron of

the basin should be warped (or transitioned) so that

the cross section of the basin at the exit conforms to

the cross section of the natural channel. Abrupt transition
of surfaces should be avoided to minimize separation

zones and resultant eddies.

...
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Design Example No. 3

Given:

Find:

6 feet diameter cmp, Q=135 cfs, S0=0.004, Mannings
n=0.024 normal depth in pipe for Q=135 cfs is 4.5 feet,

normal velocity is 5.9 fps, flow is subcritical,
tailwater depth (TW) is 2.0 feet.

Riprap basin dimensions for these conditions:

M h, = /@?-
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DESIGN DISCHARGE — Q

Vave = WETTED AREA AT BRINK OF CULVERT

dsg = THE MEDIAN SIZE OF ROCK
BY WEIGHT. ROUNDED ROCK

3r
& secTion
S
NOTE: 2 < —— . 4
B 50
Tw
:“‘I ; IF K > 0.75

2 |- RIPRAP MAY BE REQUIRED
ON BANKS AND CHANNEL
BOTTOM DOWNSTREAM
FROM BASIN — SEE DESIGN
EXAMPLE IN TEXT.

RELATIVE DEPTH OF SCOUR HOLE

OR ANGULAR ROCK.

EQUIVALENT BRINK DEPTH )
BRINK DEPTH FOR BOX CULVERT
=(A) Y2 £OR NON—-RECTANGULAR

2 SECTIONS

&
[}

FIGURE X1-2. RELATIVE DEPTH OF SCOUR H
CULVERT WITH RELATIVE SIZE O

Vave

FROUDE NUMBER = e
V(32.:2)(v,)

OLE VERSUS FROUDE NUMBER AT BRINK OF
F RIPRAP AS A THIRD VARIABLE
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Solution:
1. Determine yo and Vg 3

Q/D%+%=135/(6) 2+%=1.53
TW/D=2.0/6=0.33

From figure III-9, yo/D=0.45

yo=(0.45) (6)=2.7 £ft.

TW/YO=2¢O/2.7O=0074 TW/y°<0075 0.K.

Brink Area (A) for yo/D=0.45 is

A=(0.343) (36)=12.3 sq. ft. A :
(0.343 is from table III-2) ~Z£-:0343 . A=0343D

Vo=Q/A=135/12.3=11.0 £ps D

2. ye=(A/2)}/2=(12.3/2) }/2=2.48 ft.
3. Fr=vo/[(32.2) (ye)]'/2=11/((32.2) (2.48)]'/%=1.23

4. Try dsg/ve=0.25, dsg=(0.25)(2.48)=0.62 ft.
From Figure XI-2, hg/ye=0.75, hg=(0.75) (2.48)=1.86 ft.
check: hg/d5o=1.86/0.62=3, 2<hg/d50<4 O.K.

5. Lg=(10) (hg)=(10) (1.86)=18.6 ft. ‘
or Lg=(3) (Wo)=(3) (6)=18 ft., Use Lg=18.6 ft.ﬁwﬁﬁfﬁuQr
Ig=(15) (hg)=(15) (1.86)=27.9 ft.
or ILp=(4) (Wo)=(4) (6)=24 ft., Use Ip=27.9 ft.
Sor basin ( pord & apram).,
ds0=0.62 ft. use ds0=8 in.

Other basin dimensions are designed in accordance with details
shown on figure XI-1l.

The design procedure recommended in this chapter is a compro-
mise between the design procedure utilizing the CSU experi-
mentally derived functional relationships and traditional
design methods for riprapped basins. It is recognized that
there is some chance of limited degradation of the floor

of the dissipator pool for rare event discharges. With

the protection afforded by the 2(ds59) thickness of riprap

by the heavy layer of riprap adjacent to the roadway prism,
and the apron riprap in the downstream portion of the basin,
the damage should be superficial.

Concerning the use of filter material, several factors should
be considered. Bank material adjacent to a culvert is not
subjected to flow for long continuous periods. Also, the
streambed material may be sufficiently well graded and not
require a filter. If some siltation of the basin accompanied
by plant growth is anticipated, it may be that a filter

will not be required. If required, a filter cloth or filter
material designed in accordance with instructions in reference
XI-3 should be specified.

. am
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Table {11-2.<Uniform flow in circular sections flowing partly full. From Reference 111-3,

d = depth of flow Q = discharge in cubic feet per second by Manning’s formula

D = diameter of pipe n = Manning's coefficient

A = ares of flow § = siope of the channel bottom and of the water surface

R = hydraulic radius

d A R Qn Qn d A R an Qn
[+ fov s o] 08/331/2 4835172 D o2 o] 08135112 d813sil2

0.01 0.0013 0.0086 0.00007 15.04 0.51 0.4027 0.2631 0.239 1.442
0.02 0.0037 0.0132 0.00031 10.57 0.52 0.4127 0.2562 0.247 1415
0.03 0.0069 0.0197 0.00074 8.56 0.53 0.4227 0.2592 0.25% 1.388
0.04 0.0108 0.0262 0.00138 7.38 0.54 0.4327 0.2621 0.263 1.362
0.05 0.0147 0.0325 0.00222 8.56 0.55 0.4426 0.2649 0.271 1.338
0.08 0.0192 0.0389 0.00328 5.95 0.56 0.4526 0.2676 0.279 1.31
0.07 0.0242 0.0451 0.00455 547 057 0.4625% 0.2703 0.287 1.286 -
0.08 0.0294 0.0513 0.00604 $.09 | 0.58 0.4724 0.2728 0.295 1.262
0.09 0,0350 0.0575 0.00775 476 0.59 0.4822 0.2753 0.303 1.238
0.10 0.0409 0.0635 0.00967 4.49 0.60 0.4920 0.2776 0.311 1.218
0.11 0.0470 0.0695 0.01181 4.25 0.61 0.5018 0.2798 0.319 1.192
0.12 0.0534 0.0755 001417 4.04 0.62 05115 0.2821 0327 11470 |
0.13 0.0600 0.0813 0.01674 3.88 0.63 05212 0.2842 0.335 1.148
0.14 0.0868 0.0871 0.01952 3.69 0.64° 0.5308 0.2862 0.343 1.128
0.15 0.0739 0.0929 0.0228 3.54 0.65 0.5404 0.2882 0.350 1.105
0.16 0.0811 0.0985 0.0257 3.4 0.66 0.5499 0.2900 0.358 1.084
0.17 0.0885 0.1042 0.0291 3.28 0.67 0.5594 0.2917 0.366 1.064
0.18 0.0961 0.1097 0.0327 3.7 0.68 0.5687 0.2933 0.373 1.044
0.19 0.1039 0.1152 0.0365 3.06 0.69 0.5780 0.2948 0.380 1.024
0.20 0.1118 0.12068 0.0408 2.96 0.70 0.5872 0.2962 0.388 1.004
o 0.1199 0.1259 0.0448 287 0.71 0.5964 0.2975 0.395 0.985
0.22 0.1281 0.1312 0.0492 2.79 0.72 0.6054 0.2987 0.402 0.965
0.23 0.1365 0.1364 0.0537 2n 0.73 0.6143 0.2998 0.409 0.947
0.24 0.3449 0.1416 0.058% 2.683 0.74 0.6231 0.3008 0.418 0.928
0.25% 0.1535 0.1466 0.0634 2.58 0.7% 0.6319 0.3017 0.422 0910
0.28 0.1623 0.15186 0.0686 249 0.76 0.6405 0.3024 0.429 0.891
0.27 c.171 0.1566 0.0739 2.42 0.77 0.6489 0.303% 0.435 0873
0.28 0.1800 0.1614 0.0793 2.38 0.78 0.6573 0.3038 0.441 0.856
0.29 0.1890 0.1662 0.0849 2.30 0.79 0.6655 0.3039 0.447 0.838
0.30 0.1982 0.1709 0.0907 2.25 0.80 0.6728 0.3042 0.453 0.821
0.31 0.2074 0.1756 0.0968 2.20 081 0.6815 0.3043 0.458 0.804
0.32 0.2167 0.1802 0.1027 2.14 0.82 0.6893 0.3043 0.463 . 0.787
0.33 0.2260 0.1847 0.1089 209 | 083 0.6969 0.3041 0.468 0.770
0.34 0.2355 0.1891 0.1183 2.0 0.84 0.7043 0.3038 0.473 0.7583
0.25 0.2450 0.1935 0.1218 2.00 0.85 0.7115 0.3033 0.477 0.738
0.36 0.2546 0.1978 0.1284 1.958 086 0.7186 0.3028 0.481 0.720
0.37 0.2642 0.2020 0.1351 1.915 0.87 0.7254 0.3018 0.485 0.703
0.38 0.2739 0.2062 0.1420 1875 0.88 0.7320 0.3007 0.488 0.687
0.39 0.2836 0.2102 0.1490 1.835 0.89 0.7384 0.2995 0.491 0.670
0.40 0.2934 0.2142 0.1561 1.797 0.90 0.7445 0.2980 0.494 0.654
0.41 0.3032 0.2182 0.1633 1.760 0.91 0.7504 0.2963 0.496 0.637
0.42 0.3130 0.2220 0.1705 1.724 092 0.7560 0.2944 0.497 0.621
0.43 0.3229 0.2258 0.1779 1.689 0.93 0.7612 0.2921 0.498 0.604
0.44 0.3328 0.2295 0.1854 1.655 094 0.7662 0.289% 0.498 0.588
0.45 0.3428 0.2331 0.1929 1.622 0.95 0.7707 0.2865 0.498 0.571
0.46 0.3527 0.2366 0.201 1.590 0.96 0.7749 0.2829 0.496 0.583
0.47 0.3627 0.2401 0.208 1.559 0.97 0.7785 0.2787 0.494 0.538%
0.48 0.3727 0.2435 0.216 1.530 0.98 0.7817 0.2735 0.489 0517
0.49 0.3827 0.2468 0.224 1.500 0.99 0.7841 0.2686 0.483 0.498
0.50 0.3927 0.2500 0.232 1.471 1.00 0.7854 0.2500 0.463 0.463
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VII. Example Problems

Example Problem No. 1

This first example problem is presented to illustrate the basic
use of the design charts and the concepts involved.

The objective is to design a channel lining for a trapezoidal
channel with a 4 foot bottom width and 4:1 side slopes. Based
on an analysis of the risks of channel failure, it is decided
to design the permanent lining for a 10-year recurrence
interval runoff and the temporary lining for the mean annual
flood flow, with a recurrence interval of 2.33 years.

To determine the runoff rate, the Rational Equation is used
for the 4.3 acre drainage area. The soil is judged to have
an average erodibility. Due to right-of-way constraints,

the channel top width must be restricted to 12 feet. Channel
slope is 5 percent. Several permanent and temporary channel
lining materials are available.

Detailed calculations are shown in Figure 5. Note that the
bare soil would convey very little flow on this 5-percent
slope without severe erosion. Bermuda grass or rock riprap
are adequate. Since 6-inch Bermuda grass is the lining
chosen, temporary linings are evaluated and either a double
layer of fiber glass roving and asphalt or excelsior mat
are adequate to convey the mean annual flow rate of 5.0 cfs,

Should the grass be permitted to grow to a 12-inch length, the
retardance of the channel would be increased. Then, the
channel may not convey the 10-year runoff without overtopping
its banks. A check of the 12-inch Bermuda grass reveals that
dpax 1s greater than 1.0 ft., so that the top width of the
flow exceeds 12 feet. Therefore, a 1.0 ft. depth of flow is
used to check the channel capacity, which is found to be

15.2 cfs.,

The concrete lining has no dj, 4. From Chart 35, it is found

that a 1.0 ft. depth of flow in the concrete lining at a
5~-percent slope would convey 154 cfs at a velocity of 19 fps.
This is the hydraulic advantage and disadvantage of a concrete
lining in a nutshell: high capacity coupled with a high,
erosive outlet velocity.

2% Normann, J. M., "Design of Stable Channels with Flexible Linings",
Federal Highway Administration, U.S. Dept. of Transportation,
Washington, D.C., Hydraulic Engineering Circular No. 15, 1975.
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Example Problem No. 2

Problem 2 illustrates the design of a rock riprap lining for
channel side slopes steeper than 3:1.

Assume ‘a trapezoidal channel with bottom width of 4 feet,
permissible depth of flow of 4 feet, and side slopes of
1.5:1. Slope = 0.01.

1. From design method (DSO)bottom = (0,5 feet., The
available stone is classified as crushed rock.

2. Determine the angle of repose. From Chart 30,
the angle of repose, 0 = 42°.

3. Determine the ratio of maximum side shear to
maximum bottom shear. From Chart 31, with

4. Determine the ratio of critical side shear to
critical bottom shear. From Chart 32, with
Z=1.5, and 8 = 429, K2 = (0.53.

5. Determine the adjusted rock size for the channel
sides.

_ 0.88
(Ds50) sides = 553 (P50’bottom

= 0.88

0.53 (0.5) = 0.83 f¢t.

Caution: If the angle of the channel side slope exceeds the
rock angle of repose, the channel sides are unstable
at any flow rate.
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1981 international Symposium on Urban Hydrology, Hydraulics, and Sediment Control
(University of Kentucky, Lexington, Kentucky —~ Juiy 27-30, 1981}

OPTIMAL DESIGN OF URBAN STORM WATER
DRAINAGE SYSTEMS

David K. Robinson
School of Civil Engineering
| University of New South Wales
‘ ) : P.0. Box 1

Kensington NSW, 2033 AUSTRALIA

and

John W. Labadie
Department of Civil Engineering
Colorado State University
Ft. Collins, CO 80523

Abstract. Several researchers have develobed screening models
for minimizing the cost of sizing and vertical alignment of

storm sewer systems. One of the disadvantages of these models is
that they are designed with specific physical/economic assump-
tions in mind, as well as specific types of cost functioms.

These assumptions are effectively hard-wired into the program,
which militates against modifying the program to suit situations
not covered in the original assumptions. A generalized dynamic
programming computer code has been developed at Colorado State
University called CSUDP. A library of subroutines is being pre-
pared as adjuncts to the basic code for solving a wide range of
civil engineering problems. One of the packages includes a set
of subroutines for storm scwer design. The coding includes data
management routines for convenience to the user not familiar with
dynamic programming. The code can consider complex branching
networks with up to three pipes entering a given manhole. Defauit
options are available for excavation, pipe, and manhole cost
functions. If the costs for a particular case have a signifi-
cantly different structure, the user can supply his own sub-
routine. There are several other default options which make
this program extremely convenient for noumalf design conditions,
as well as usable for unique problems. Extensive comparisons
have been made between available published results of other
dynamic programming scrcening models and the CSUDP package.
Results are extremely close; differing in total cost by 0.8% to
In most cases, results are extremely close. The one comparison
resulting in a large deviation was due to slightly differing
hydraulic and cost assumptions, which caused larger commercial
pipe sizes to be chosen by CSUDP, even though actual pipe require-
ments deviated little.
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1982 International Symposium on Urban Hydrology, Hydraulics and Sediment Control
{University of Kentucky, Lexington, Kentucky — July 27-29, 1982)

DYNAMIC AND STEADY FLOW MODELING OF
SURCHARGED STORM SEWER SYSTEMS

by

Greg C. Heltzman
Graduate Research Assistant

Don J. Wood
Professor of Civil Engineering

Department of Civil Engineering
University of Kentucky
Lexington, Kentucky 40506

Abstract. Surcharge in a storm sewer system is the condition in
which an entire sewer section is submerged and the pipe is
flowing full under pressure. Flow in a surcharged storm sewer is
essentially slowly varying unsteady pipe flow and methods for
analyzing this flow condition are investigated. In this paper
the governing equations for unsteady and steady flow in
pressurized storm ’‘sewer systems are presented. From these
governing equations two numerical models are developed using
various assumptions and simplifications. These flow models are
applied to an example storm sewer system under surcharge
conditions. Plots of hydraulic grade and flow throughout the
sewer network are presented in order to evaluate the ability of
each model to accurately analyze surcharged storm sewer systems.
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MELVINA DITCH RETENTION RESERVOIR sueT 1 0 2
PROJECT NO. 69-218-2F

DRAINAGE AREA = 2532 ACRES
DESIGN STORM 100 YR.
PUMPING STA. CAPACITY 214.5 cfs.
CONSTRUCTION COMPLETED 7-10-69
CONSTRUCTION COSTS | $ 892,000
LAND AREA 12 ACRES

LAND COST (furnished by village)

BEDFORD PARK RESERVOIR

AVE,

87th

v  H®

O
X
E
P CICERD AVE.
”“—“ I “‘-"

- E
L]
[--
=
e} ‘s“ i
= G
< 3 = -
95m\ = Poase // }
FORMER MELVINA. omend B o S ]
| E
&
g
[- 4

(1) BEDFORD PARK RESERVOIR
(2) STORM SEWER SYSTEM

(3) MELVINA DITCH RESERVOIR
(&) MELVINA DITCH IMPROVEMENT (SEWER)

MELVINA  DITCH

LOCATION MAP

Source, METROPOLITAN SANITARY DISTRICT
OF GREATER CHICAGO

FLOOD CONTROL SECTION
M F564R2 J.G.N. JULY 1973
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MELVINA DITCH RETENTION RESERVOIR
- PROJECT NO. 69-218-2F |
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MELVINA DITCH 7

MELVINA OITCH RETENTION
RESERVOIR PUMPING STATION o

12 ACRE SITE

\--.-.----T(_\

o’

NATCHEZ AVE.

87th ST

REET f,’
SEWER TO 95th ST.

RESERVOIR LAYOUT

36'-6x24-6

PROFILE

N-—-—— S
M 3TOAM PUWP]
. #1. #2, #3
STORAGE IN BASIN - 141 acre ft. SUMP PUMP slch ft.
STORAGE IN SEWER - 35 acre ft 4445 [
TOTAL STORAGE - 176 acre ft. to elev. 608 |prFmerrrran SEWER TO 35 ST. T8
- 196 acre ft. to elev. 610 j o= =" ; - 610
—f L STORM PUMPS #1 & #2 : L 50
i\ 5 VARIABLE - 15,000 to 30,000 gpm -
20" RESERVOIR BAsIv F1ogp _..c:'-. f f 33.3 to 66.6 cfs - 350hp T5%
WER S i R ——— 1} & STORM PUMP_ #3 ° 156
60° SEwen ! i 590
— i CONSTANT - 30.000 gpm - 66.6 cfs - 350hp
58‘1.6]5 ' 585
— 36" SEWER 280 g CONSTANT - 3,500 gpm - 7.35 cfs - 40hp +580
TQTAL PUMP CAPACITY - 97,000 gpm - 214.5 c.is. bss
PUMP STATION

BUMP CONTROLS - AUTOCON - FLOAT
QVERFLOW @ 607" elev.

souYCC_; METROPOLITAN SANITARY DISTRICT

TTF564R3

OF GREATER CHICAGO
FLOOD CONTROL SECTION

J.G.N. JULY 1973
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International Conference on
WATER RESOURCES DEVELOPMENT
TAIPEI, TAIWAN, REPUBLIC OF CHINA
May 12-14, 1980

SIMULATION OF PUMPING STATION IN DRAINAGE SYSTEM

Ru-Yih Wang

Nien-Sheng Hsu Wan-Li Liu
Professor of Agricultural Engineearing Instructor of Civil Engineering Junior Engineer
National Taiwan University National Taiwan University Feitsui Reservoir Planning Commission
. Taipei, Taiwan, R.O.C. . Taipei, Taiwan, R.O.C. Taipei, Taiwan, R.O.C.

ABSTRACT

In this study, a completely mathematiéal model is set up under the con-
ditions that various pPumping flow planmning and all possible affecting pumping
factors in drainage system are combined and analyzed.

The model includes two major parts : inundation model of pumping flow and
model of economic analysis. The simulation for inundated condition of pump-
ing flow is based on the continuity equation of unsteady flow which is express-~
ed in numerical forms and set into computer programs. By using the characte-
ristic curve of inundated stage-inundated loss for the calculations of inun-
dated conditions under various storm frequencies in model of economic analysis,
the inundated losses and annual benifit can be obtained for the conditions
before and after planning of pumping projects. Then, in comparing annual cost

with annual benefit, the optimal design head, discharge and all possible pump-
ing machine layouts can be determined. '

After being applied the model and also with consideration of the future
possible trend of land subsidence at Yuan-Shan No. 1 Pumping Station of the
pumping planning area of Hsin-Sheng North Road in Taipei City, it reveals
that the results of simulation are considerably reasonable and practical.

It is expected that the model is well enough for further modifications to
apply for all other pumping area plannings in Taiwan.
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Table 1 = Flow Chart of Computer Program

A. Plonning Program for Pumping System

INPUT QATA

INITIAL CONOITION
Vi), CH{Y FA[ 1) FOI)}

IS INNER

WTER
WATER LEVER .
GREATER INNER WATE 3>
LEVEL

CMCULATE FOLI}

NATURAL DRAINAGE
BY GRAVITY

CALL LAGRAN FIND FN(1)
FOR NEXT CALCULATION

CHECK IF

PUMPING UIFTT

~_ OVER PUMPING
S LIMIT

FRINT FUMPING DISCHARGE,
HORSEPOWER & INUNODATION
CONDITION

STOP  PUMFING |am—m S5 —

l

| 1:!3

E:.ﬂ

CALLULATE INUNCATION
LOSS, ANNUAL DAMAGE &
ANNUAL BENERT

1:13 I} [J—-

[ *

COMPARE NET BENEFIT
& BENEFIT- COST RATIO

PRINT RESULT OF
L&ONIC ANALYSLS

\_)

< STOP )

B Prediction Model for Land Subsiderce

INFUT DATA
CALL LOGRE

SIMPLE REGRESSION
ANALYSIS

PRITIT= AAATP{T 4985 ]
FROM EXPONENTIAL CYRVE,
PACDICT LAND SUSSIDENCE

CALL LOGRE

PRINT RESULT &
FLOY FIGURE

o
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Elevotion {ft)

3 7 % 3
x 7 o " M ? o J €
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o > H H = 3 3 x 3
USHG 1463
USHG 1294 0.5.HG. u«/\ DSHG. 1463
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.
5 {ws 1480
5310 \ B
<
USHG 98863 ]’ - US. inv. oL 10.40 inv ef 1190
DSHG 9923 - Nov. of 1180
USEG 9615 U.S inv. ot 0800 \_-D S.inv. el 09.40
D.SEG 9643 ~J \-0D.§ inv. sl 0410
$300 N
D V=
\, M
w.s, 95.70/_1 ’
| /U inv o1 9418
5290 lav. ol 91.807 7 05 inv. st 940!
- N Nus inv. ot 9209
P.pe Grades _Sol to Hiustrate Dasired Typas of Flow
105.3' a1 0.40%" ] 3000 a1 060% 3500 gt 0.40% 350001 040% 25.0'ar 0.40%
5280 Q=96 cfs D=54" Q= 8l cfs D=48"  0:5icfs D:=33" Q=i6cfs D=24" Qx28¢fs 03127 Q=l2cfs D=12”

FIGURE 11-8. PROFILE OF EXAMPLE PROBLEM SEWER SHOWING HYDRAULIC PROPERTIES
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INTENSITY, IN INCHES PER HOUR
$

Runoff Coefficients - (1) Residential area, 0.3.

(2) Business area, 0.6. (3) Average coefficient weighted
according to amount of each type of area tributary to a
given inlet.

5-yr. frequency rainfall for Davenport as shown in
(Figure 2).

- 20-min. inlet time assumed.

Sewer capacity by Manning formula, n = 0.013.
Qutlet unsubmerged with free outfall.

A drop of 0.1 ft. across each manhole where no change in
pipe size occurs. When change in pipe size occurs, set
elevation of 0.8 of pipe depth points equal and provide
corresponding fall in manhole invert.

(Note: 1in larger systems, a more rigorous analysis of
hydraulic losses through manholes, at transitions, and at

changes in directions must be made for adequate hydraulic
design.)"

8

A\
AN
N\
WA
N

™

25-yr average frequency
L

i
~ 10-~-yr

\ S-yr /~2~yr

N

7%

0 .
1 B— = —
o

0 20 40 60 80 . 100 120

DURATION, IN MINUTES
FIGURE 2

INTENSITY-DURATION RAINFALL CURVES FOR DAVENPORT, IOWA
(ASCE Manual No. 37, Fig. 9, p. 44)
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FIGURE 3 - TYPICAL STORM-SEWER DESIGN PLAN

(ASCE Manual No. 37, Fig. 12, p.51)
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1]l=6]1-5]400]2.64 0.3 0.85 +60413,40193.0089.60}98.4) 94.9
111-5]|1~4 ] 400] 3.61 0.3 0.75 0.40]3.00189.20]86.20] 94.9| 91.8
1 11-4]1-3]400; 3.88 0.42 0.45 0.40[1.80|85.80|84.00]191.8}89.7
3]3-2]3-1]400]5.55 0.3 1.00 eses [4.00]91.00]87.00}96.2|92.3
3131]11-3 {400 6.43 0.3 0.60 0.6012.40 [86.40]84.00] 92.3| 89.7
1}1-3]1-2]400]3.92 0.39 0.30 0.8011.20]83.20]82,00]89.7 89.5
212-1]1-2]400]2.52 0.3 0.90 se0e|3.60[87,.50|83.90]92.7] 89.5
1 11-211-1|400]23.86 0.41 0.24 0.,4010,96 |81.60}180.64] 89.5( 88.§
1111 {Out-} 125]5.44 0.44 0.30 0.10]0.38 |80.54 | 80.16] 88.5{....
fall

t 1

TABLE 2 - TYPICAL STORM-SEWER COMPUTATIONS FOR RATIONAL METHOD FOR SYSTEM IN FIGURE 3.

(ASCE Manual No. 37, p. 52)

L€l



[38
C coefficients Jor Rotimal Metod

Typical C coefficients for 5- to 1l0-year frequency design.

Runoff
Description of Area Coefficients
Business
Downtown arecas 0.70-0.95
Neighborhood areas 0.50-0.70
Residential
‘ Single-family areas 0.30-0.536
‘ Multiunits, detached 4 0:40-0.60
‘ Multiunits, attached 0.60-0.75
| Residential (suburban) 0.25-0.40
Apartment dwelling areas 0.50-0.70

Tndustrial
Light areas 0.50-0.80

Heavy areas 0.60-0.90
Parks, cemeterics - 0.10-0.25
Playgrounds 0.20-0.35
Railroad yard areas 0.20-0.40
Unimproved areas 0.10-0.30
Streets .

Asphaltic 0.70-0.95

Concrete ' 0.80-0.95

Brick 0.70-0.85
Drives and walks 0.75-0.85
Roofs \ 0.75-0.95
Lawns: Sandy soil

Flat 2% 0.05-0.10

Average 2-77 0.10-0.15

Steep 7% 0.15-0.20
Lawns: Heavy soil

Flat 2% 0.13-0.17

Average 2-7% 0.18-0.22

Steep 7% 0.25-0.35

From ASCE [1972] and Viessman et al. [1977]}.
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Nomograph for estimating Rossmiller C-factor in
the Rational Formula.
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Runoff coefficients for the rational formula by hydrologic soil group and slope range

[after Rawls et al., 1981].

48D = Mg gonl provP™

A B Cc D
Land Use 0-2% 2-0% 6%+ 0-2% 2-6% 6%+ 0-2% 2-6% 6%+ 0-2% 2-6% 6%+
Cultivated 0.08, 0.13 0.16 0.11 0.15 0.21 0.14 0.19 0.26 0.18 0.23 0.31
Land 0.14 0.18 0.22 0.16 0.21 0.28 0.20 0.25 0.34 0.24 0.29 0.41
Pasture 0.12 0.20 0.30 0.18 0.28 0.37 0.24 0.34 0.44 0.30 0.40 0.50
0.15 0.25 0.37 0.23 0.34 0.45 0.30 0.42 .52 0.37 0.50 0.62
Meadow 0.10 0.16 0.25 0.14 0.22 0.30 0.20 0.28 0.36 0.24 0.30 0.40
0.14 0.22 0.30 0.20 0.28 0.37 0.26 0.35 0.44 0.30 0.40 0.50
Forest 0.05 0.08 0.11 0.08 0.11 0.14 ° 0.10 0.13 Q.16 0.12 0.16 0.20
0.08 0.11 0.14 0.10 0.14 0.18 0.12 0.16 0.20 0.15 0.20 0.25
Residential 0.25 0.28 0.31 0.27 0.30 0.35 0.30 0.33 0.38 0.33 0.36 0.42
Lot Size 1/8 acre 0.33 0.37 0.40 0.35 0.39 0.44 0.38 0.42 0.49 0.41 0.45 0.54
Lot Size }/4 acre 0.22 0.26 0.29 0.24 0.29 0.33 0.27 0.31 0.36 0.30 0.34 0.40
0.30 0.34 0.37 0.33 0.37 0.42 0.36 0.40 0.47 0.38 0.42 0.52
Lot Size 1/3 acre 0.19 0.23 0.26 0 22 0.26 0.30 0.25 0.29 0.34 0.28 0.32 0.39
' 0.28 0.32 0.35 0.30 0.35 0.39 0.33 0.38 0.45 0.36 0.40 0.50
Lot Size1/2 acre 0.16 0.20 0.24 0.19 0.23 0.28 0.22 0.27 0.32 0.26 0.30 0.37
0.25 0.29 0.32 0.28 0.32 0.36 0.31 0.35 0.42 0.34 0.38 0.48
Lot Size 1 acre 0.14 0.19 0.22 0.17 0.21 0.26 0.20 0.25 0.31 0.24 0.29 0.35
0.22 0.26 0.29 0.24 0.28 0.34 0.28 0.32 0.40 0.31 0.35 0.46

oed




(continued)

A B C D

0-2% 2-6% 6%+ 0-2% 2-6% 6%+ 0-2% 2-6% 6%+ 0-2% 2-6% 6%+
Industrial 0.67 0.68 0.68 0.68 0.68 0.69 0.68 0.69 0.69 0.69 0.69 0.70

0.85 0.85 0.86 0.85 0.86 0.86 0.86 0.86 0.87 0.86 0.86 0.88
Commercial 0.71 0.71 0.72 0.71 0.72 0.72 0.72 0,72 0.72 0.72 0.72 0.72

0.88 0.88 0.89 0.89 0.89 0.89 0.8 0.89 0.90 0.89 0.89 0.90
Streets 0.70 0.71 0.72 0.71 0.72 0.74 0.72  0.73 0.76 0.73 0.75 0.78

076 077 0.79 0.80 0.82 0.84 0.84 0.85 0.89 0.89 0.91 0.95
Open Space 0.05 0.10 0.14 0.08 0.13 0.19 0.12 0.17 0.24 0.16 0.21 0.28

0.11 0.16 0.20 0.14 0.19 0.26 0.18 0.23 0.32 0.22 0.27 0.39
Parking 0.85 0.86 0.87 0.85 0.86 0.87 0.85 0.86 0.87 0.85 0.86 0.87

0.95 0.96 0.97 0.95 0.96 0.97 0.95 0.96 0.97 0.95 0.96 0.97

a ..
Runoff coefficients

bRunoff coefficients

|

i
%------------------
t

for storm recurrence intervals less than 25 years

for storm recurrence intervals of 25 years or more

>
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